
 
ABSTRACT 

 
 
Title of Document: REDOXIMORPHIC FEATURES INDUCED 

BY ORGANIC AMENDMENTS AND 
SIMULATED WETLAND HYDROLOGY   

  
 Adam Lincoln Gray, Master of Science, 2010 

  
Directed By: Professor Martin C. Rabenhorst, Department of 

Environmental Science and Technology 
 

 

During wetland construction, it is common to add organic amendments to the soil, 

although little research has evaluated the effects of organic additions on the development 

of redoximorphic features. The objective of this study was to evaluate the effects of 

adding different types of organic materials, using different methods of incorporation, on 

the formation of redoximorphic features under hydric soil conditions.  Five types of 

organic materials were incorporated into soil cores lacking redoximorphic features, using 

three incorporation methods. Cores were established as mesocosms in a controlled 

greenhouse environment or transplanted into a natural wetland.   Mesocosms were 

periodically dissected and examined for newly formed redoximorphic features. The 

method of incorporating organic materials had a significant influence on the development 

of redoximorphic features, but the type of organic material had no significant effect.  

Organic materials should be concentrated into deeper zones during wetland construction 

to maximize development of redoximorphic features.  
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I.  Introduction 

 

The United States government defines wetlands as, “areas that are inundated or 

saturated by surface or ground water at a frequency and duration sufficient to support, 

and that under normal conditions do support, a prevalence of vegetation typically adapted 

for life in saturated soil conditions” (Federal Register, 1980).    Rooted in this definition 

are the three fundamental characteristics of wetlands: hydrology, hydrophytic vegetation, 

and hydric soils (Cowardin et al, 1979).  Hydrology is important in any landscape, but 

critical to wetland ecosystems (Mitsch and Gosselink, 1993).   The term “wetland” even 

implies wet hydrology (Richardson et al, 2001), and can be thought of as water at or near 

soil surface for extended periods (Environmental Laboratory, 1987).  However, 

hydrology alone is not enough to define a wetland.    If that was the case, ponds, rivers, 

and lakes would be called wetlands.  The plants that colonize wetlands and supporting 

soils must also be representative.  Plants communities within wetlands are very unique, 

and are used to help identify wetlands (Environmental Laboratory, 1987).   The indicative 

species within wetlands are called hydrophytic (water-plant) species and can be 

summarized as plant life that occurs in areas where soil saturation is of sufficient duration 

to exert a controlling influence on the plant species present (Environmental Laboratory, 

1987). 

Soils are the third recognized component of wetlands.   Much like plants, soils 

within wetlands are very unique (USDA-NRCS, 2006), and are referred to as hydric soils. 

The concept of hydric soils was developed by observing the connections between wetland 
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soils, hydrology, and vegetation (Mausbach and Parker 2001).  The term “hydric soil” is 

defined as “a soil formed under conditions of saturation, ponding, or flooding long 

enough during the growing season to develop anaerobic conditions in the upper part” 

(Federal Register, 1995).    Hydric soils have distinct morphological characteristics that 

are long-term indicators of wetland conditions (Cowardin et al, 1979).  These 

morphological characteristics include gleying of the soil matrix, iron oxide 

concentrations and depletions (redoximorphic features), and organic matter accumulation.  

Under most natural wetland conditions, these morphological characteristics have been 

combined into hydric soil morphological indicators (USDA-NRCS, 2006).  These 

indicators are characteristics that are sufficiently robust to provide “proof positive” 

evidence that a hydric soil is present and are used by trained wetland professionals to 

identify a hydric soil simply by making a few quick observations. 

The three necessary components of wetlands (hydrology, hydrophytic vegetation, 

and hydric soils) constitute a very important ecosystem. Wetland ecosystems provide 

critical habitat for plants and animals, improve water quality, are reservoirs for flood 

waters, enhance erosion control, as well as many other important functions (Mitsch and 

Gosselink, 1993).  Despite the importance of these functions, the value of wetlands was 

not always appreciated, and as a result, wetlands were not well protected in the United 

States.  Non-tidal wetlands first became protected upon the introduction of section 404 

(navigable water of the U.S.) of the Clean Water Act in 1977.  The lack of federal 

protection before 1977 resulted in huge wetland  loss (Figure 1.1).  Most of these losses 

were the result of wetlands being converted to more profitable agricultural production or 

urban development (Shaw and Fredine, 1956).  Despite federal protection, wetland areas 
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continued to be lost in the 1980s and 1990s, although at a much slower rate.  It was not 

until recently (1998-2004), that a net gain in wetland acreage was realized (Figure 1.1). 

The gain was attributed to small agricultural areas being converted to wetland ecosystems 

by wetland creation (construction of a wetland in an area where one did not previously 

exist) and restoration (re-establishment of natural wetland functions and characteristics to 

a historic wetland) efforts (Dahl, 2006).   

Figure 1.1 Average annual net gain and loss estimates for the United States from 1954 to 2004 (Dahl, 
2006).   It shows that substantial wetland acres were lost in the past, but are recently accruing. 

 

The goal of wetland creation and restoration is to replace the chemical, physical 

and biological functions of lost wetlands (Federal Register, 1995).  However, it has been 

argued that created wetlands do not replace many key functions that occur in natural 

wetland systems (Kentula, 2000), and as a result, created wetlands are often scrutinized 

and compared to natural wetlands (Bishel-Machung et al, 1996; Stauffer and Brooks, 

1997; Stolt et al, 2000; Campbell et al, 2002; Edwards and Proffitt, 2003, Bruland and 
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Richardson, 2004).  These studies argue that some of the most significant differences 

between created and natural wetlands are soil properties.  Soils in created wetlands often 

have lower organic matter content, higher bulk density, and far less development of 

redoximorphic morphology.  These soil properties are significant because without 

suitable soil conditions, constructed wetlands may not function like natural wetlands 

(Bruland and Richardson, 2004), and therefore perhaps should not be considered 

adequate replacements. 

The development and presence of redoximorphic features in created wetlands 

would indicate that they are progressing toward becoming more like a natural wetland.   

Redoximorphic features are a common type of hydric soil characteristic and are 

indicative of prolonged soil wetness.   However, redoximorphic features and other hydric 

soil characteristics can be slow to form within created wetlands and thus are difficult to 

compare to natural wetland soils that have had many years to develop (Stolt et al, 2000; 

Campbell et al, 2002; Bruland and Richardson, 2004). 

Organic matter has a critical role in the development of redoximorphic features in 

created and natural wetlands.   Organic matter in wetlands is oxidized by microbial 

organisms to create a reducing biogeochemical environment (Craft, 2001) that allows for 

the redistribution of iron and manganese oxides that constitute redoximorphic features 

(Verpraskas, 2001).  In an effort to increase the level of organic matter in created 

wetlands organic materials are often added to the soil during wetland construction (Hayes 

et al, 2000).  These organic additions have the effect of decreasing bulk density, 

increasing water holding capacity, and serving as an energy source for respiring soil 
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fauna and microbial populations (Craft, 2001).   As a result, adding organic materials 

during wetland construction is thought to be essential.  

Because organic matter is essential to the development and evolution of 

redoximorphic features in soils (Craft, 2001), it is thought that adding organic materials 

during wetland construction may affect the development redoximorphic features.  

However, very little research has focused on how these organic additions might affect the 

formation of redoximorphic features.   As a result, it is unclear if the type of organic 

material (leaves or hay) used in constructed wetlands effects the development of 

redoximorphic features.  The type of organic material added may affect the development 

of redoximorphic features because different organic materials have different properties 

(C:N ratio and lignin content)  that cause them to be decomposed by microbial organisms 

at different rates (Vanlauwe et al. 1996; Nicolardot, 2001; de Neiff et al, 2006).   The 

microbial activity associated with the decomposition of different organic materials can 

have different effects on wetland biogeochemistry (Beauchamp et al, 1989; Vera, 2001), 

and as a result, could affect the development of redoximorphic features.    

Also, little research has focused on the best way to incorporate organic materials 

into constructed wetlands to maximize the formation and expression of redoximorphic 

features.   The incorporation method (placing on the soil surface or plowing in) may be 

significant because it influences the physical location of the organic materials.  

Redoximorphic features have been shown to concentrate in localized areas near 

decomposing organic materials, most notably in soil horizons with higher organic carbon 

content and near decaying root matter left behind from plant senescence (Vepraskas, 
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1992).   Thus the placement of the organic materials during wetland construction 

activities could have an effect on the development of redoximorphic features. 

Based on the previous research and reasoning presented above, the following 

objectives and hypotheses have been developed. 

 

Objectives 
 

1. To evaluate the effect of adding different types of organic materials to soils, on 

the formation of redoximorphic features under induced hydric soil conditions over 

time. 

2. To evaluate the effect of different methods of incorporating organic materials into 

the soil, on the formation of redoximorphic features under induced hydric soil 

conditions over time. 

3. To evaluate the formation of redoximorphic features in a field wetland setting and 

to compare the results with results generated in a greenhouse setting. 

4. To develop recommendations regarding types of organic materials to be used and 

methodology for incorporation during wetland creation/restoration efforts. 

 

Hypotheses 

It is hypothesized that; 1) Incorporating different types of organic materials, into a 

soil under induced hydric conditions, will result in different expressions (size, quantity, 

contrast) of redoximorphic features over time.   2) Using different physical arrangements 

when incorporating organic materials into soils that are subjected to induced hydric 



 

7 
 

conditions, will result in different expressions (size, quantity, contrast) of redoximorphic 

features over time. 
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II.  Background 

 

Biogeochemistry in Wetland Soils 

The chemistry of wetland soils has been extensively studied in the past 

(Ponnamperuma, 1972; Mcbride, 1994;  Sparks, 1995; and Kirk, 2004). These studies 

show that the biological and chemical functions of wetlands are controlled by microbially 

mediated oxidation and reduction reactions.  The chemistry within wetland soils is 

different from terrestrial soils because terrestrial soils have access to atmospheric oxygen.  

This is significant because oxygen is the preferred electron acceptor for heterotrophic 

microorganisms.  In saturated wetland systems, oxygen is not easily available.  When 

oxygen is depleted from the soil environment, such as in wetland soils, aerobic 

heterotrophic microorganisms can no longer proliferate.  Under these oxygen limited 

environments, anaerobic heterotrophic microorganisms can use electron acceptors other 

than oxygen for respiration.  Alternate electron acceptors for these anaerobic 

microorganisms are NO3-, MnO2, Fe(OH)3, SO4
-2, and CO2 ( Ponnamperuma, 1972).  

Figure 2.1 lists these electron acceptors in their corresponding reducing half reactions 

(oxidation half reaction always involves an organic substrate) (Vepraskas and Faulkner, 

2001), and shows that the electron acceptors are used by microbes in a sequenced order 

(Mitsch and Gosselink, 1993).  As one electron acceptor begins to become depleted, 

microbes begin to use the next on the list, if available.  For example, once NO3- is 

depleted from the soil, MnO2  may be used as an electron acceptor.    The potential for 

these reduction reactions to take place can be estimated or predicted using the concepts of 

Eh and pH.   Eh is  a voltage that can be used to predict the stability of types of reduced 
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or oxidized species (when plotted against soil pH) in the soil solution (Vepraskas and 

Faulkner, 2001).  Eh is typically measured as voltage difference between a platinum 

tipped electrode and a known reference electrode (Mansfeldt, 2003).   

Figure 2.1 Sequence of reducing half reactions that occur in listed order within wetland soils.  
Modified from Vepraskas and Faulkner, 2001.  
   

 

 

 

 

 

 

 

Figure 2.2 shows an example of an Eh/pH diagram.  These lines were derived 

using equations of chemical equilibrium (Nernst equation), and are dependent on a 

number of assumptions such as activity of a particular chemical species, temperature, and 

partial pressure (Vepraskas and Faulkner, 2001).  These theoretical lines are useful in 

comparing mineral stability and Eh changes with respect to pH.  The lines represent the 

threshold at which a particular chemical or mineral phase changes from oxidized to 

reduced, which may also include phase changes from solid to soluble.  For example, if 

the Eh/pH values plot above the line for a specific chemical or mineral phase shown in   

6O2 + 24e- + 24H+ → 12H2O 

2NO3- + 10e- 12H+ → N2 + 6H20 

MnO2 + 2e- + 4H+ → Mn2+ + 2H2O 

Fe(OH)3 + e- + 3H+ → Fe2+ + 12H2O 

SO4
2- + 8e- + 10H+ → H2S + 12H2O 

CO2 + 8e- + 8H+ → CH4 + 12H2O 
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Figure 2.2, then the oxidized phase is predicted to be stable under those conditions.  

Alternately, if the values plot below the line, the mineral’s phase is predicted to be 

reduced and in some cases, solid phases become soluble.   

Much like a mineral stability line, the National Technical Committee on Hydric 

Soils (NTCHS) has developed a technical standard line (shown in Figure 2.2) that it is 

used to separate aerobic (oxidizing) and anaerobic (reducing) soil conditions for hydric 

soil determination (NTCHS, 2006).   The technical standard line was developed by 

comparing field observations of reduced iron to Eh/pH measurements.   According to the 

technical standard adopted by the NTCHS, in order for a soil to be considered hydric, it 

must simultaneously demonstrate reducing and saturated conditions in the upper part for 

14 consecutive days, in most years (NTCHS, 2006).   

 

Factors Affecting Reducing Conditions and Redoximorphic Features in Hydric Soils 

There are many factors that affect the transition between aerobic and anaerobic 

conditions in soils.   Vepraskas and Faulkner (2001) conclude that for a soil to become 

anaerobic it must have: 1) saturated hydrology, 2)  oxidizable organic matter, and 3)  an 

active microbial population. 

 

Saturated Hydrology 

Hydrology is recognized as one of the controlling components affecting reducing 

conditions in wetland soils.  However, wetland hydrology can be dynamic and difficult to 
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observe, and as a result, soil morphology is often used to show wetland hydrology 

(USDA-NRCS, 2006).  The Army Corp of Engineers has developed hydrology indicators 

that can be used to identify “wetland hydrology” for wetland identification 

(Environmental Laboratory, 1987).  These indicators include observation of inundation or 

soil saturation, water marks, drift lines, sediment deposits, and drainage patterns. 

Hydrology for hydric soil determination is different.  According to the technical 

standard adopted by the NTCHS, in order for a soil to be considered hydric, it must 

simultaneously demonstrate reducing and saturated conditions in the upper part for 14 

consecutive days, in most years. (NTCHS, 2006).      The technical standard was designed 

to capture the relationship between hydrology, the onset of reducing conditions, and the 

time required under normal conditions to exert a controlling influence on the soil 

environment.  It was developed because there are many problem settings (Vepraskas and 

Sprecher eds., 1997), such as in newly constructed or restored wetlands (Campbell et al, 

2002), sandy soils with low organic carbon and low in content of iron oxide minerals 

(Kuehl et al, 1997), or very dark soils subjected to seasonally saturated conditions (Bell 

and Richardson, 1997), where common hydric soil morphology (USDA-NRCS, 2006) is 

less easily used as an indicator of the saturated conditions. 

In non-problem settings, it has been well documented in field studies that 

redoximorphic features are representative of hydrology (Rabenhorst et al, 1998).    More 

recent research has attempted to relate the abundance of redoximorphic features to water 

table duration (Fielder and Sommer, 2004; D’Amore et. al, 2004; Morgan and Stolt, 

2006).  These studies reveal that in most soils there is good correlation between 

abundance of redoximorphic features and soil saturation time, but the specific saturation 
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time required for soils to develop various redoximorphic features is dependent on many 

site specific conditions.    It is generally understood that it takes less saturation time for 

redox concentrations to form than redox depletions.  A summary of redoximorphic 

features and saturation time completed by Morgan and Stolt (2006) showed redox 

concentrations can form in finer texture soils that are saturated on average for just 2% of 

the year and in coarser textures soils 30% of year.  The study also showed that redox 

depletions formed in finer textured soils that were saturated on average 19% of the year 

and coarser textured soils 32% of the year.    

 

Soil Organic Matter  

Soil organic matter refers to the sum of all organic substrates (Collins and Kuehl, 

2001), and is comprised of plant and animal residues in various stages of decomposition.   

Organic matter has many important functions in soils which include reducing soil bulk 

density, increasing water holding capacity, releasing and retaining nutrients, increasing 

cation exchange capacity, and providing an energy source for respiring microorganisms 

(Tate, 1987).   

In unsaturated soils, organic matter decomposition is dominantly regulated by 

temperature and moisture (Donnelly et al, 1990).  Jenny (1950) showed that for each 

10◦C rise in mean annual temperature, soil organic matter content decreased 2 to 3 times.  

In wetland soils, organic matter content is similarly regulated by temperature and 

moisture (saturated conditions).  However, soil organic matter accumulates in much 
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greater quantities in wetland settings because anaerobic decomposition of plant residues 

is much slower (Collins and Kuehl, 2001).    

During plant and root growth, small amounts of plant tissue are normally 

sloughed off in the soil, and are available for microbial and fungi consumption.  Plant 

tissue residue has been divided into three components by Craft (2001): (1) sugars and 

amino acids, (2) cellulose and hemicellulose, and (3) lignin, which are listed in 

decreasing ease of decomposition.  Therefore, the decay of plants residues can be linked 

to their relative proportions of soluble components, cellulose, hemicellulose, and lignin 

(Benner et al, 1985; Moran et al, 1989; Vanlauwe et al., 1996).   It has been demonstrated 

that C:N ratio also has a significant effect on plant decomposition (Iritani and Arnold, 

1960; Trinsoutrot et al., 2000; Nicolardot, 2001; Jensen et al, 2005).  These studies show 

that as C:N ratio increases, the decomposition rate of plant residues decreases.     

The addition of different types of plant tissues under anaerobic conditions has 

been linked with anaerobic biogeochemical activity.  In a summary of organic matter’s 

role in denitrification, Beauchamp et al.(1989) concluded that organic carbon availability 

during plant decomposition is one of the most important factors affecting denitrifying 

activity in soil.   Vera (2001), showed that unrefined chitin, rather than corn crop residue 

or wood chips was the best electron donor to degrade Non-Aqueous Phase Liquids in 

anaerobic groundwater.  Although this study was not completed under wetland 

conditions, the reduction/oxidation processes are similar between the two ecosystems.  

Thus, the ease with which microbes can extract energy from organic matter is often 

dependent on its chemical composition.   As a result, organic matter with varying 

components could affect the development of anaerobic conditions in soils. 
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Microbial Ecology  

It is recognized that microbial communities are an important component of soil 

ecology, are very diverse, and readily adapt to changes in environmental conditions.  

Microorganisms are also recognized as key agents that regulate organic matter 

decomposition and the development of hydric soil characteristics (Craft, 2001). Since 

wetland soils are dominantly anaerobic when they are saturated, anaerobic bacteria are 

mainly responsible for organic decomposition (Mitsch and Gosselink, 1993).  Other 

organisms (most fungi and terrestrial bacteria) that decompose organic materials are 

aerobic and do not easily function in the absence of oxygen in wetlands.  However, many 

wetlands are only seasonally saturated and allow aerobic organisms to populate the soil 

environment when they are not saturated. 

Microbial ecology in constructed and restored wetlands has been shown to be 

very similar to that of natural wetlands (Duncan and Groffman, 1994).  Recent research 

investigating microbial communities in bogs showed that very similar microbial 

communities existed in bogs with different soil properties (Morales et al., 2006). These 

studies show that despite variability in hydrologic conditions, soil properties, and 

physical location, similar active anaerobic microbial communities developed.  

Soil saturation initiates the anaerobic process by segregating the soil from 

atmospheric oxygen (Richardson et al, 2001), but alone does not guarantee the 

development of anaerobic conditions.  The development of anaerobic soil conditions once 

a soil is saturated is dependent on things such as microbial activity and available organic 
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carbon (Craft,2001).  As a result, the time it takes a soil to become anaerobic once it 

becomes saturated is variable (Vepraskas, 2001).  For example, if a soil with adequate 

organic matter becomes saturated, but is subjected to low temperatures (<5° C), the 

microbial metabolic activity may be slowed (Rabenhorst, 2005) to the point that the 

development of anaerobic conditions may be impeded.  In another case, soil may be 

saturated at a warmer temperature, but if there is very little available organic carbon to 

provide energy for microbial populations, the onset of anaerobic conditions may be very 

slow (Beauchamp et al, 1989).    

 

Redoximorphic Features in Hydric Soils 

In most upland soils (Figure 2.3) iron and manganese oxides form coatings on silicate 

grains that create homogeneous red, brown, or yellow surfaces (Schaetzl and Anderson, 

2005).  In wetland or hydric soils, some of the iron or manganese oxides are usually 

dissolved and redistributed by the anaerobic biogeochemistry (Vepraskas, 2001).  The 

visual evidence of this redistribution is often referred to as redoximorphic features.  

Common redoximorphic features are redox concentrations (mainly composed of iron 

oxides and to a lesser degree manganese oxides) and/or redox depletions (of the oxides).  

Redox concentrations (Figure 2.4)  are defined as, “…bodies of apparent 

accumulation of Fe/Mn oxides that include soft masses, pore linings, nodules, and 

concentrations” (USDA-NRCS, 2006).  Soft (crushable with fingers) iron masses are 

accumulations of iron oxide minerals (such as goethite, ferrihydrite, and lepidocrocite) 

occurring within the soil matrix in various shapes and sizes that are usually redder
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(redder Munsell hues or brighter chromas) than the surrounding soil material.  Pore 

linings are accumulations of iron oxides in root channels or pores and only differ from 

soft masses in that they are found in a particular location. Nodules or concretions usually 

have a spherical shape, but are somewhat solidified because of a higher Fe/Mn oxide 

content that cause some degree of cementation. 

Depletions are zones  that have been stripped of Fe/Mn oxides (USDA-NRCS, 

2006).  Essentially, these are areas of exposed mineral grains (often gray) that occur in 

the soil matrix, pores, root channels, or ped faces.  These areas often have lower Munsell 

chromas coupled with higher Munsell values that cause them to appear lighter than the 

surrounding soil material.  A soil may have only a few small depletions or the entire 

matrix can be stripped of iron oxide minerals, as evident in Figure 2.4.    

Although the redoximorphic features described above can be readily observed in 

most natural wetland soils, newly saturated soils in constructed wetlands often lack 

significant development of redoximorphic features and have a low organic carbon content 

(Bishel-Machung et al, 1996; Stauffer and Brooks, 1997; Stolt et al, 2000; Campbell et al, 

2002; Edwards and Proffitt, 2003, Bruland and Richardson, 2004).    The development of 

a significant quantity of redoximorphic features and increased organic carbon within the 

soils of constructed wetlands would likely indicate the wetlands’ progression toward a 

more natural state.   However, very little research has investigated or attempted to 

experimentally evaluate the development of redoximorphic features in these newly 

saturated soils.   
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Previous Work 

Vepraskas and Bouma (1976) were the first to take an experimental pedological 

approach to redoximorphic feature formation in newly saturated soils.  They manipulated 

the water table in 4 homogenized soil cores in an experimental setting.  The setting was 

rather artificial as a glucose solution was used to provide a carbon source for the 

microbes.  Also, the soil material was homogenized and artificial structure was 

introduced by creating macropores.    The results showed that reducing conditions 

developed and that redoximorphic features (concentrations and depletions) were formed 

even with the contrived and abnormal conditions.   However, the results achieved using 

the unnatural conditions have limited applicability to natural or constructed wetlands. 

Dobos et al (1990) attempted to induce the formation of redox features in soil 

materials from the B-horizon of the Hagerstown soil (fine, mixed, mesic typic 

Hapludalf), which is derived from limestone residuum.   Homogenized soil was mixed 

with three levels (0, 15, and 30 g/kg soil) of alfalfa hay and packed into PVC columns.     

The cores were saturated with water from the bottom up, with the atmospheric conditions 

surrounding the cores alternating weekly between nitrogen (anaerobic) and compressed 

air (aerobic).  The study lasted for 35 weeks with four sampling periods. The process 

revealed <2% redoximorphic feature development in all cores.  The study also 

documented a “yellowing” of the soil matrix.  Although some minor features were 

observed, the homogenization process was quite artificial and did not closely represent a 

natural soil profile.  In addition, weekly alteration between anaerobic and aerobic 

atmospheric conditions may not have been adequate to promote sufficiently reducing 

conditions to cause the redistribution of iron oxide minerals.   
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In a study by Stolt et al (1998) envelopes of soil materials (some amended with 

organic materials) were buried in various wetland settings.   Half of the soil envelopes 

were removed after one year, with the final envelopes removed after two years. During 

the two-year study period, iron oxide concentrations and depletions were documented 

(type, quantity, contrast) in most soil materials.  However, the study failed to relate 

saturation and carbon content to a percentage of redoximorphic features over time.  This 

correlation is essential to determine the effects of saturation time and carbon content on 

feature formation.  The experiment also used homogenized samples contained in bags.  

The homogenization process (similar to Dobos et al, 1990) destroyed the inherit soil 

structure and possibly disrupted natural hydrologic gradients.  

Wheeler et al (1999) compared redoximorphic feature formation in a laboratory 

setting between soils derived from red parent materials (high hematite content) and 

Mollisols with very high organic carbon content.   The study focused on these soils 

because the development of redoximorphic features within these types of soils is often 

limited.   The restricted development of redoximorphic features in these soils is thought 

to result from the masking effects of hematite and organic matter (Verpraskas and 

Sprecher, 1997). In this study, homogenized soils were packed into PVC columns and 

permanently saturated to within 15 cm of the soil surface for the length of the experiment.   

The homogenized soil columns were dissected and examined for the presence of any 

redoximorphic features after 8, 12, and 16 weeks.  The study revealed the development of 

only a few redoximorphic features.  These features were classified as iron oxide 

concentrations associated with platinum electrode holes (inserted to document reducing 

conditions) and a textural discontinuity (resulted from the column filling method).  The 
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study could be criticized because the soils were only saturated and allowed to become 

reducing once (for periods up to 16 weeks) during the experiment.  Conversely, in natural 

environments most soils undergo cycles of saturation/drainage that create reducing and 

oxidizing conditions that are favorable for  redoximorphic feature formation.  This 

particular study also used soils that were known to demonstrate difficulty in forming 

redoximorphic features.  It was unlikely that these soils would develop redoximorphic 

features in just 16 weeks. 

Vepraskas et al (1995 and 2006)  documented the rapid formation of 

redoximorphic features along transects in two areas of a constructed floodplain wetland, 

one created of subsoil only and the other with topsoil over subsoil.  The study 

demonstrated the formation of iron oxide concentrations and depletions in the constructed 

floodplain wetland after only one single 7 day inundation event.  In the wettest areas of 

the constructed wetland, the surface horizon in areas amended with topsoil had 15 to 27% 

iron oxide depletions after nine soil inundation events ranging from 4 to 44 days over the 

three year study period.   Vepraskas et al (2006) also noted that hydric soil indicators 

(USDA-NRCS, 2006), formed in many areas of the same constructed wetland after only 

three years.  The rapid formation of redoximorphic features, most notably depletions, are 

contrary to the results presented by others (Stolt et al, 2000; Campbell et al, 2002) that 

show these types of redoximorphic features can be slow to form in constructed wetlands.    

These differing results suggest that under optimum conditions, redoximorphic features 

can form relatively quickly in constructed wetlands, but there are still many constructed 

wetlands that have difficulty developing significant redoximorphic features.  Thus, more 
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research is warranted into the factors controlling redoximorphic feature formation in 

constructed wetlands.  

The previous studies have attempted to use experimental settings to document 

redoximorphic feature formation.   They have used many variables under many different 

simulated and natural wetland conditions.  However, none of the studies have used a 

natural soil profile.  Many of the studies used homogenized or constructed soils which 

can disrupt natural hydrologic gradients and soil structure.  This disruption is likely to 

have an effect on the development of redoximorphic features.  Even though some of the 

studies added some type of organic carbon material, none of the studies evaluated the 

effect of adding different types of organic materials.  Also, most of the studies failed to 

mimic natural hydrological cycling with alternating oxidizing and reducing conditions.  

Mimicing this cycling more closely could affect the development of redoximorphic 

features.  Most of the studies have also failed to document how time relates to the 

abundance of redoximorphic feature formation.  None of the studies have compared the 

formation of redoximorphic features in an experimental setting with a more natural field 

setting.  A combination of ideas derived from these studies can be united in an 

experiment to better evaluate the factors affecting the formation of redoximorphic 

features in newly saturated soils. 
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III. Effect of Different Organic Material Amendments on Newly Formed 

Redoximorphic Features Under Simulated Wetland Hydrology 

 

INTRODUCTION 

Redoximophic features are morphological soil characteristics that are indicative 

of wetland conditions (Vepraskas, 1992). These morphological characteristics include 

accumulations of organic matter, redistribution of iron and manganese oxides in the form 

of concentrations or depletions, and gleying of the soil matrix.  In most natural 

landscapes and settings, redoximorphic features can be used to identify hydric soils for 

jurisdictional wetland determination (Environmental Laboratory, 1987; USDA-NRCS, 

2006). 

However, there are problem soil settings where redoximorphic features are not 

typical of what would be expected under a given set of wetland conditions (Vepraskas 

and Sprecher eds, 1997). One such problem setting would be newly saturated soils 

constructed for wetland remediation.  Often, these soils do not show the abundance or 

degree of expression of redoximorphic features expected for the given hydrological 

conditions. This is likely because soils have not had adequate time to develop significant 

redoximorphic features since they were created or their hydrology altered (Stolt et al, 

2000; Campbell et al, 2002; Bruland and Richarson, 2004).    The development of a 

significant amount of redoximorphic features in the constructed wetlands would likely 

indicate that proper wetland biogeochemical activity had developed, and thus are 

functioning like the natural wetlands they were designed to replace. 
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In order to stimulate wetland biogeochemical activity, reduce soil bulk density, 

and increase organic matter, organic materials are often added during wetland 

construction (Hayes et al, 2000).  Since wetland biogeochemical activity regulates 

redoximorphic feature formation, stimulating this activity would likely have an effect on 

the formation of redoximorphic features.   However, very little research has attempted to 

evaluate the type of organic materials that should be added in order to maximize wetland 

biogeochemical activity and redoximorphic feature formation.  The type of organic 

material may affect the development of redoximorphic features because different organic 

materials have unique properties, such as C:N ratio and lignin content, that cause them to 

decompose at different rates (Vanlauwe et al., 1996; Nicolardot, 2001).  This differential 

decomposition may have an effect on wetland biogeochemical activity and the 

development of redoximorphic features. Therefore, the objective of this study was to 

determine how different types of organic material amendments affect the formation and 

expression (size, quantity, contrast) of redoximorphic features under induced hydric soil 

conditions over time. 

 

MATERIALS AND METHODS 

Summary of Research Approach 

Well-drained soil cores (lacking redoximorphic features) were extracted and 

transported to a greenhouse where they were established as mesocosms.  The mesocosms 

were periodically saturated and drained to simulate wetland hydrology. A time series 

experiment was used so that mesocosms could periodically be opened and dissected and 
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redoximorphic features described in detail.  The experiment utilized six different organic 

matter type treatments over a period of six different reduction/oxidation cycles in a 6 X 6 

replicated factorial treatment structure. 

 

Soil Selection 

The Downer soil series was chosen to be used in this experiment because of its 

broad extent on the Mid-Atlantic Coastal Plain and the high likelihood that it could be 

impacted by wetland construction activities.  According to the Official Soil Series 

Description, this soil is well drained and very deep and is classified as a coarse loamy, 

semi-active, siliceous, mesic, Typic Hapludult.   A sampling site was located on Wye 

Island on the Maryland Coastal Plain (38◦ 58’ 50” N, 76◦ 28’ 20” W).  To ensure that this 

soil had no redoximorphic features, a detailed soil description was done and is shown in 

Table 3.1.  Before soil extraction, the soils were examined at several points around the 

perimeter of the sampling area to ensure that all cores collected would be similar in 

properties. 

 

Organic Material Selection 

Five different organic materials were selected for the experiment, which included: 

oak leaves; maple leaves; timothy hay; wheat straw; and hardwood sawdust were selected 

for the experiment. These materials were chosen because they represent a wide range of 

C:N ratios and lignin contents (Table 3.2) both of which can impact the ease or rate of  
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Table 3.1 Description of Downer soil pedon located at Wye Island, Maryland.  The soil was described 
on 9/25/2004 on a summit landscape position with corn stubble. 
Horizon Depth (cm) Description 

Ap 0-20 
Brown, 10YR 4/3 sandy loam, 8% clay, weak medium subangular blocky 
structure, friable, abrupt smooth boundary. (0.50% carbon) 

BE 20-24 
Yellowish Brown, 10YR 5/4 sandy loam, 9% clay, weak medium 
subangular blocky structure, friable, clear irregular boundary. (0.15% 
carbon) 

Bt1 24-49 
Dark Yellowish Brown, 10YR 4/6 loam, 15% clay, moderate medium 
subangular blocky structure, clay films, friable, clear boundary. (0.10% 
carbon)   

Bt2 49-70 
Dark Yellowish Brown, 10YR4/6 loam sandy loam, 9% clay weak medium 
subangular blocky structure, clay films, weak lamella, friable, clear 
boundary  

BC/ 

 

Bt 

70-100+ 

Brownish Yellow, 10YR 6/6 sand, 3% clay, single grain loose, very friable 

Dark Yellowish Brown, 10YR 4/6 loamy sand, lamella, 1-2 cm thick, with 
6% clay, weak medium platy structure, friable 

 

 

 

 
  
 

 

 

 

 

 

Organic 
Material Type 

Total Carbon 
g/kg C/N Ratio 

Lignin   
g/kg 

Oak Leaves 500 68 241 

Maple Leaves 520 49 152 

Wheat Straw 460 82 66 

Timothy Hay 470 44 48 

Sawdust 490 189 188 

Table 3.2 Properties of organic materials used in this study.   
Generally, higher C/N ratios and Lignin contents indicate less easily 
degradable materials. 
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decomposition (Craft, 2001). These also represent readily available materials that could 

possibly be used during wetland construction projects.  The materials were collected from 

local sources near College Park, MD and were considered to be representative of 

materials found in the Mid-Atlantic region.  To eliminate decomposition bias caused by 

size and shape, the organic materials were ground to less than 2 mm using a plant grinder.  

The C:N ratio and total carbon were analyzed on each sample by total combustion at 

900ºC using a LECO-CHN Analyzer (LECO Corp., St. Joseph, MI). Lignin content was 

determined by forage analysis using AOAC (Association of Official Agricultural 

Chemists) method 973.18 (Holmes Laboratory, Millersburg, OH).    Forage Analysis 

laboratory reports are included in Appendix A. 

 

Mesocosm Procedures 

Sections of intact soil profiles (40cm column) were extracted from a site where 

the Downer soil series was identified (discussed previously).  This was done by using 

15cm diameter schedule 40 PVC pipe that had been cut into 50cm lengths and sharpened 

on one end.  The pipe sections were carefully hammered 40cm into the ground and then 

excavated.  Once extracted, the cores were taken to the greenhouse and prepared for the 

experiment.  A cap with a 2.5cm hole was placed on the bottom of the mesocosm.  Gravel 

had been placed in the base to assure that water could easily drain from the core.  A layer 

of geotextile fabric and a plastic strainer were used to keep the soil from moving into the 

gravel and plugging the hole. A section of tygon tubing (3/8” inside diameter, 5/8” 

outside diameter) connected the mesocosm (through rubber stoppers) to a reservoir that 
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was placed near the top of the core and was used to control water levels.    A schematic 

diagram of a mesocosm is illustrated in Figure 3.1.  

Figure 3.1 Schematic representation of a constructed mesocosm.  The parts used to construct each 
mesocosm are listed in red.  The hatched area represents organic material that was uniformly mixed 
into the upper 10cm. 
 

 

 

Prior to the start of the experiment, each core received an addition of 60g of 

organic material.  The addition corresponded to approximately 25-30g carbon per core 

(7-10 g/kg carbon added in upper 10 cm) or 1.4-1.7 kg carbon added /m²  which is 

approximately three times the average annual litter fall (500g/m²) of eastern riparian 

wetlands (Mitch and Gosslink, 1993).  The addition was accomplished by excavating, 

sieving (<2mm), and homogenizing the top 10cm of moist soil from each individual core.   

The 60g of organic material was uniformly mixed with the processed soil, and then 

returned to the core and hand packed in 3 to 4 cm increments.  The control cores were 

subjected to the mixing process, but no organic materials were added.  The uniform 
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mixing was intended to represent a shallow plow layer that might possibly be used to 

incorporate organic materials during wetland construction.  It is important to note that 

vegetation was not allowed to grow on mesocosms, thus eliminating the possibility of 

organic additions through plant growth and senescence. 

 It should be noted that although soil cores used for the organic treatments were 

collected in August, 2004, the cores used for the control treatment were collected in 

March, 2005.  These cores were collected in the same field using the same methodology 

employed to collect the previous cores.  However, since these cores were not randomly 

distributed throughout the other organic material treatments, there could be confounding 

effects. 

To ensure that a wetland microbial community would be present in the 

mesocosms, each core was inoculated with 50ml of a suspension prepared from the upper 

5 cm of a natural riparian wooded wetland soil. 

All mesocosms were maintained in the same greenhouse room and exposed to 

twelve hours of “daylight” (natural or artificial light) at approximately 30 degrees C, 

followed by 12 hours of “night” with a temperature of approximately 20 degrees C.  Soil 

temperature was monitored throughout the experiment by thermocouples placed in 

several mesocosms located in various parts of the greenhouse.  Figure 3.2 shows the 

temperatures recorded throughout the experiment.  In the spring and fall the greenhouse 

facility was able to keep temperatures in the desired range (20-30◦C).  However, during 

the summer and winter seasons, the facility was unable to maintain the temperature 

within the range during extreme warm and cold periods.  Summer temperatures were  
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generally 5 to 9°C warmer than desired.  Winter temperatures were generally about 3 to 

5°C cooler than desired.  Nevertheless, extreme temperatures were observed on a limited 

basis and are not believed to have significantly impacted the results of this study. 

The water table was controlled in each core using a reservoir (connected to the 

bottom of the mesocosm by tubing) located on the side of each mesocosm (Figure 3.1).   

The soil was saturated from the bottom of the mesocosm and the water table was 

maintained at or near the surface for eight weeks to promote the development of 

anaerobic conditions.  During this eight-week period the water table was lowered twice 

for one-week periods to a depth of 10cm in an attempt to more closely replicate natural 

variation in water table movement.  Following the eight weeks of saturation, the 

mesocosms were drained for eight-weeks to promote aerobic conditions and oxidation.  

One wet period followed by one dry period (16 weeks total) was termed a cycle.  A cycle 

was intended to simulate what might happen over the course of a year through the wet 

winter and spring, and the dry fall and summer.  There were six cycles in the experiment. 

 

Monitoring Procedures 

To document the presence of reducing and oxidizing conditions, soil oxidation-

reduction potentials (Eh) were measured periodically throughout the experiment.  Redox 

potentials were measured in mesocosms at approximately one week intervals at 10 and 25 

cm depths. This was done using three replicate platinum electrodes at each depth coupled 

with a calomel reference electrode (correction factor of 244 mV). To avoid data 

redundancy and the high cost of instrumenting all mesocosms, platinum electrodes were 

initially only placed in 1/3 of the mesocosms (cycles 1 and 2).   After the first cycle was 
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complete, electrodes were removed from the cores that were dissected, tested to ensure 

their accuracy and functionality, and installed into mesocosms of the next cycle.  This 

testing and rotation process continued for the length of the experiment.  

Soil pH (1:1 water) was measured every four weeks at the same depth (10 and 25 

cm) where Eh measurements were made. This was done by collecting a 1cm micro-core 

from three randomly selected mesocosms.  In order to minimize the effect of introducing 

macropores in the mesocosms, pH was measured on those mesocosms that were to be 

dissected following that particular cycle. 

To document the changes in carbon over time, total soil carbon was analyzed 

using a LECO CHN-2000 analyzer (LECO Corp., St. Joseph, MI). The procedures were 

completed in duplicate on soil samples from experimental units before the initial 

experiment as well as on samples collected following the completion of cycles 1, 3, and 

6.    

Active carbon was measured on soils from all organic material treatments after 

the completion of cycles 1, 3, and 6 using the permanganate oxidation method of Weil et 

al. (2003).  Active carbon can be thought of as the most labile fraction of soil carbon that 

is most easily available to microbial organisms.  Active carbon was measured by mixing 

2.5 g of soil with a dilute (0.02M) potassium permanganate solution and shaking for 

exactly 120 seconds.  An aliquot of the shaken solution (0.5 ml) was diluted into 45.5 ml 

of distilled water.  A spectrophotometer was then used to measure the absorbance at a 

wave length of 550 nm wavelength.  Using a standard linear calculation presented by 

Weil et al (2003), the absorbance reading was transferred into active carbon (mg/Kg soil).  
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Documenting Morphology 

After the completion of the first saturation-drying cycle, one set of mesocosms 

(termed “cycle 1”) was dissected so that detailed soil morphological descriptions could be 

made.  All remaining mesocosms continued through additional cycles.   The mesocosms 

were dissected by using a circular saw to make two lengthwise cuts in the PVC directly 

across from each other.  Once the PVC cuts were made, the mesocosms were split in half 

using a hand held rip-saw.  The smeared surface of each mesocosm half was “picked” to 

reveal a fresh soil surface.    

Initially, redoximorphic features were documented and quantified by making 

visual estimates comparing the observed features to a set of known charts (Stoops, 2003; 

Schoeneberger et al, 2002).   It became clear that this approach would not provide 

adequate quantification of the features. A new method was developed to more accurately 

quantify the newly formed redoximorphic features.  Redoximorphic features were traced 

onto a clear mylar sheet using a fine point marker.  Duplicate 5cm square areas were 

traced for the top two (Ap1 and Ap2) horizons in each dissected core as shown in Figure 

3.3.  These were scanned (200 DPI) , cleaned using Adobe Photoshop Editor, and 

quantified using Image Tool 3.0 (UTHSCSA, 2002).  

A digital colorimeter (Minolta Data Processor DP-301 coupled with a Chroma 

Meter-300 Series) was used to document possible soil color changes in the zone (upper 

10cm) where organic materials were mixed.  Five replicate (random) measurements were 

taken on the mixed horizon (Ap1) of every mesocosm following dissection. 
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Statistical Analysis 

Statistical analysis was performed using SAS Version 9.0 (SAS Institute Inc., 

2007).  All data were checked for normality.  Analysis of variance was performed using 

the “proc mixed” procedure with the denominator degrees of freedom calculated using 

the Satterth method.  Means were compared using least square difference.  Alpha for all 

analyses was set at 0.05. 

 

Figure 3.3 Redoximorphic features within each of the two white 5 cm square areas in each horizon 
were traced using a very fine point permanent marker.  The resulting areas (shown at the right) were 
then analyzed for % black area using Image Tool 3.0. 



 

35 
 

RESULTS AND DISCUSSION 

Total Soil Carbon 

Figure 3.4 shows how total soil carbon changes over time in mesocosms amended 

with different organic materials. A complete total soil carbon data set is presented in 

Appendix B.   Initially, the organic amended treatments had 1.25-1.50% total soil carbon.  

These values were significantly higher than the 0.75% total carbon found in the control 

mesocosms.   This was expected because the control didn’t have any organic materials 

added.  The difference corresponds well with the calculated 0.75-1.0% increase in soil 

organic carbon that was added to each core through organic materials at the start of the 

experiment.  

After cycle 1, the total soil carbon within timothy hay and wheat straw treatments 

began to fall and show a slight separation from the other organic type treatments.  By the 

end of cycle 3, total soil carbon within mesocosms amended with maple leaves, timothy 

hay, and wheat straw dropped to levels similar to that of the control mesocosms.   

However, the total soil carbon observed (after cycle 3) in mesocosms amended with oak 

and sawdust was significantly higher than the other treatments.   

Even though the total soil carbon percentages of soil cores amended with  oak and 

sawdust treatments had been higher in Oct. 05 (after cycle 3), by the end of cycle 6 

(conclusion of the experiment) the carbon contents were similarly low across all organic 

treatments.  Based on these results, it was evident that soil organic carbon was steadily 

depleted over time, and by the end of cycle 6, there was no significant difference between 

any of the treatments and the control. 
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It is thought that the high lignin content and C:N ratio (Table 3.2) of sawdust and 

oak leaves caused these materials to decompose at a slower rate than the other organic 

materials.  Evidence of this is shown in Figure 3.4 where the total soil carbon content of 

mesocosms amended with oak and sawdust remained higher for a longer period of time.  

Similar decomposition trends of fresh organic materials have been found by Vanlauwe et 

al. (1996) and Nicolardot (2001), who showed that materials with higher lignin contents 

and C:N ratios decompose more slowly.  

The depletion of organic carbon is not usually observed in natural wetland soils.  

In fact, due to periodic additions of slowly decomposing plant material, most wetlands 

accumulate organic carbon (Collins and Kuehl, 2001).   However, since there was only a 

single addition of organic materials at the onset of the experiment, the observed soils 

responded much differently.  There was also no vegetation growing in the mesocosms, 

which eliminated the possibility of continued organic matter additions from plant 

material. 

   

Active Carbon 

Figure 3.5 displays active soil carbon in mesocosms before the start of the 

experiment and after the completion of cycles 1,3, and 6.  A summary table of all active 

carbon data is shown in Appendix C.  The data show no clear trends.   Active carbon 

ranged between 65 and 115 mg/kg across all organic material type treatments during the 

length of experiment.  Mesocosms in the control treatment had the lowest active carbon 

for most of the investigation.  This was not surprising because no fresh organic material 
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was added to these mesocosms.   After the completion of cycle 1, there seemed to 

consistently be a 25-30 mg/kg active carbon increase in mesocosms across all organic 

material type treatments even when no carbon was added.  This suggests that during the 

course of the 1st wet/dry cycle, some of the initially less labile C (perhaps relict root 

matter), was converted into more labile forms.  It is interesting to note that active carbon 

in mesocosms amended with maple leaves, timothy hay, and wheat straw drop sharply by 

the time cycle 3 was completed, whereas active carbon in mesocosms amended with oak 

leaves and sawdust remained essentially the same at the completion of cycle 3.   Perhaps 

the higher C:N ratio and lignin content of these organic materials (oak leaves and 

sawdust)  which causes them to decompose more slowly, also results in the release a 

medium concentration of more easily degradable organic compounds. 

 

Redox Potential and pH 

Figure 3.6 shows the pH data (Appendix D) collected during the experiment.  The blue 

and yellow areas represent times when the mesocosms were saturated or drained, 

respectively.  The pH varied throughout the experiment, but most values were between 

5.5 and 6.5.  There was no consistent difference in measured pH between the two depths 

(10 and 25 cm).   The regression lines show that the values were a little lower earlier in 

the experiment when compared to later.  The rise is probably a result of anaerobic 

biogeochemistry that tends to shift wetland soil systems toward a neutral pH 

(Ponnamperuma, 1972).  We postulated that the pH would rise and fall with 

corresponding saturated/drained periods.  There is some slight evidence of this cyclical 

pattern at the end (in cycle 6) of experiment, but was not consistent.  The inconsistency in 
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the data is probably due to the measurement of a very small sample.  Although, more 

replication may have been useful, additional sampling would have compromised the 

integrity of the mesocosms.   

Figures 3.7 and 3.8 depict the mean Eh (calculated from four independent 

experimental units) of each treatment at the depths of 10 cm and 25 cm, respectively.  

The orange zone in each graph represents an approximation of the transition zone 

between oxidizing and reducing conditions.    The zone was calculated using the 

technical standard of the NTCHS (Figure 2.2) and the measured pH range of 5.75-6.5 

(Figure 3.6).   The regular sinusoidal shape of the data corresponds very well to each 

saturated/drained cycle. When the cores were saturated, redox potentials moved into the 

reducing zone.  Conversely, when the cores were drained, redox potentials were observed 

in the oxidizing zone.    

Measurements taken at the 10 cm depth during the first cycle (12/04-2/05) are 

very similar despite different organic material type treatments (Figure 3.7). Redox 

potentials quickly fell deep into the reducing zone (-200 Eh) after saturation and then 

quickly climbed into the oxidizing zone after draining.   During cycles two and three, the 

treatment Eh values again fell deep into the reducing zone with the control treatment 

approximately 100 mV higher.  This was likely due to the difference in organic carbon 

percentage between the control and rest of the treatments observed in Figure 3.4.  

However, after cycle three, the redox potentials for the other treatments were not nearly 

as low. As a result, the difference between the control and the other reducing Eh 

potentials disappear.  Figure 3.4 shows that after cycle 3, the total carbon becomes 

similarly low across treatments, which might explain why the redox potentials found in  
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Figure 3.7 from cycle 3 on are not as reducing.     It was also noteworthy that later in the 

experiment, redox values for maple, oak, and sawdust treatments were consistently found 

lower than timothy and wheat treatments.  It is believed that these treatments are lower 

because they retain a higher total carbon percentage over time (Figure 3.4).  

Initially (12/04-2/05), redox potentials at 25 cm were very similar to those at the 

10 cm depth.  However, after cycle 1, the values measured at the 25cm depth were 

consistently 75-100 mV higher than those at 10 cm.  The difference was likely due to the 

fact that the Bt horizon had a much smaller total organic carbon content (0.15%) 

compared to the Ap horizon (0.5-1.0%) (Table 3.1).  Thus, the Eh data measured at 25 

cm (Figure 3.8) reveals that the addition of different organic material types, into the 

upper 10 cm, does not affect redox potentials at 25 cm.  This trend is not surprising 

because organic materials were not added at this depth.  Following a trend similar to that 

found at the 10 cm depth, the redox potentials at 25 cm become progressively less 

reducing during subsequent cycles.  This reinforces the idea that organic carbon is being 

depleted over time and is becoming limiting to microbial activity.   

Summary tables of redox potentials are presented in Appendix E.  Overall, the 

redox potential measurements at both depths suggest that the soil environment was 

reducing with respect to iron and manganese oxides during saturated periods and then 

reoxidized during drained periods to conditions where oxidized forms of iron and 

manganese would be stable.  
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Changes in Soil Morphology 

In the Downer soil pedon sampled at Wye Island, Maryland, three horizons were 

identified within a 40 cm depth (Table 3.1).  However, due to the manipulation of the 

upper 10 cm during organic additions, a new horizon (Ap1) was created in all 

mesocosms.   Soil morphological descriptions of all mesocosms can be found in 

Appendix F. 

 

Soil Matrix Color 

A complete soil color data set is presented in Appendix G.  The surface horizon of 

the untreated Downer soil had an initial brown color of 10 YR 4/3 (colorimeter 10YR 

3.7/2.9). Figures 3.9 and 3.10 show how matrix Munsell value and chroma differ as a 

result of organic material treatments and how they change across cycles.  The nearly 

horizontal lines in Figure 3.9 show that different cycles have little effect on Munsell 

value. However, Figure 3.10 shows that addition of some types of organic materials result 

in significantly lower Munsell chroma that gradually increases through later cycles.   It is 

thought that observed color changes are mostly due to the initial addition of the organic 

materials that gradually change overtime as the organic materials decompose. 

It is also important to note that different organic materials had different effects on 

matrix Munsell value and chroma.  Figures 3.9 and 3.10 show that mesocosms amended 

with oak and maple leaves have significantly lower Munsell value and chroma.  This 

trend of lower value and chroma persists through cycle four, but tends to fade in cycles 

five and six. The difference in Munsell value and chroma between different organic type 
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treatments may be subtle, but is also visually discernable using the naked eye.  Figure 

3.11 A/B illustrates the visible effect of adding maple leaves versus adding timothy hay 

to the soil.    The darker shade is perhaps related to the wetland phenomena of 

“blackened” or water-stained leaves (USAEWES, 1993).  It is also interesting to note that 

blackened leaves are a secondary indicator of wetland hydrology for jurisdictional 

wetland determination (environmental laboratory, 1987).  It is thus recognized that leaves 

under ponded conditions often turn dark in color.  It is possible that the observations here 

represent a similar phenomenon.  There were no visually documented matrix color 

changes in the Ap2, BE, or Bt horizons. These results are similar to that found by 

Vepraskas and Bouma (1976) and Wheeler et al., (1999) that showed under experimental 

conditions, there was not a color change in the soil matrix.  It is suspected that 

experiments of this nature lack the hydrological gradients and the time required to strip 

iron oxides from the soil matrix in significant quantities to observe a matrix color change. 

 

Redox Concentrations  

Redox concentrations were observed mostly in the Ap1 and Ap2 horizons.  These were 

typically 7.5YR 4/4 or 4/6, fine (< 2mm) and very fine (< 1mm), faint (or occasionally 

distinct) iron oxide concentrations found as soft masses and pore linings (Figure 3.12a).  

A summary table of redoximorphic feature abundance in each mesocosm is shown in 

Appendix H. 

The Ap1 horizon (0-10cm) across all treatments and cycles had mostly between 0 

and 1% iron oxide features (Figure 3.13).  Based on the evaluation of organic carbon 

content (Figure 3.4) and Eh data (Figure 3.7), it was very surprising that such a small 
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(0-1%) percentage of (and often no) features were found in the Ap1 horizon. The small 

percentage of redox features also made it very difficult to make comparisons (Figure 

3.13) between different treatment combinations.  It was hypothesized that different 

organic materials would affect the abundance of hydromorphic features.   However, 

Figure 3.13 demonstrates that different organic materials affected the abundance in the 

Ap 1 horizon very little.  The wheat straw treatment seemed to have the largest 

percentage of features, but is questionably inflated by one large value observed in cycle 

5.   There is some evidence in Figure 3.13 suggesting that the abundance of features 

increased over time.  Albeit most of the slopes are positive, they increase so subtlety and 

are too statistically variable to be considered different from zero. The most distinct 

features found in the Ap1 horizon were iron oxide concentrations in artificial 

“macropores” that were created by pH sampling or platinum electrodes (Figure 3.12b).  

The features found in macropores were typically much larger (< 10mm) than the ones 

observed in natural soil pores.  Comparable concentrations were also recognized in 

similar macropores by Vepraskas and Bouma (1976).  They concluded that these 

enlarged pores drained first upon a moisture regime change, and as a result were avenues 

for oxygen to enter the soil system and create an oxidized environment.   Vepraskas 

(1992) also explains the importance of soil structure and related macropores on the 

formation of redoximorphic features in natural settings.  He explains that soil ped 

surfaces and larger pores (structure) are preferential areas for redoximorphic 

concentrations. They are preferred because as the soil drains, oxygen diffuses to these 

areas first creating an interface where dissolved iron and manganese can precipitate.  As a 

result, soil structure is thought to be critical to the formation of redoximorphic features.   



 

53 
 

In this study soil structure was essentially destroyed in the Ap1 horizon during 

homogenization and organic material incorporation and is likely the reason why there 

was limited formation of redoximorphic features in most mesocosms.  Thus any effect of 

using different organic materials through time was likely masked by the overriding effect 

of soil structure being absent. 

The quantity of redox concentrations in the Ap2 horizon was generally greater than in the 

Ap1 horizon and ranged between 0-2.5 % across all treatments and cycles (Figure 3.14).  

Since organic materials were not mixed into the Ap2 horizon, it was initially thought that 

there would not be an organic treatment effect.  However, Figure 3.14 shows that the 

control treatment formed significantly more iron oxide concentrations than the other 

treatments.  This is very confounding because it was expected that control mesocosms 

would have fewer or equal features than the other treatments because there was not as 

much organic matter to create a reducing environment.  It is believed that the 

development of a greater quantity of features in the control treatment was due to 

unforeseen factors during mesocosm collection.   The control soil cores were collected in 

April, 2005 only a couple meters away from the other treatment soil cores collected in 

August, 2004.  As result, it is thought that the difference between the control and the rest 

of the treatments was not due to the lack of organic matter addition, but rather unseen 

inherent soil properties that were different between the soil cores.   Perhaps the 

agricultural field from which the all the soil cores were collected was fertilized with 

nitrogen or phosphorus just before collecting the control cores causing increased 

microbial activity when they were first saturated.   It is also possible that soil structure 

was slightly different in the control cores affecting the microhydrologic gradients  
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differently.   Despite the confounding effects of the control treatment in Figure 3.14, the 

effect of time was evident.   The slope across all organic treatments had a positive slope 

(α = 0.05) as a function of time which indicated that approximately 0.2% concentrations 

were formed per cycle.    

Iron oxide concentrations were seldom observed in the BE or Bt horizons.  This 

was surprising because during every cycle, redox potentials at those depths were 

documented to be reducing with respect to common iron oxide minerals (Figure 3.7 and 

3.8).  The lack of significant redoximorphic feature formation in these horizons is 

probably due to lower organic carbon content or masking of redistributed iron oxides.  

Organic carbon content in these horizons was significantly lower (Table 3.1) than the 

overlying (Ap1 and Ap2) horizons.  The low levels of organic carbon may have been 

insufficient to sustain microbial activity necessary to mobilize large quantities of iron.  

Also, slight segregation of iron could have been masked by the redder hues or higher iron 

oxide content found the BE and Bt horizons.  When the concentration of iron oxide 

minerals is high in the surrounding soil matrix, a greater degree of segregation is required 

for redoximorphic features to become visible (Vepraskas and Sprecher eds, 1997). 

 

CONCLUSIONS 
 

In summary, this laboratory greenhouse study was designed to determine the 

effect of different organic materials on the formation of redoximorphic features in newly 

saturated hydric soils.  The study showed that a small percentage of iron oxide 

concentrations can form within soils relatively quickly, after only one saturated and dry 
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period, and that the abundance of concentrations increase with the amount of time 

subjected to alternating saturated and dry conditions.   These observations are not 

surprising and agree with the generally accepted concepts of redoximorphic feature 

formation.   

The addition of the organic materials was adequate to sustain reducing 

biochemistry for approximately for the length of the experiment, but without periodic 

additions from plant senescence, the strength of the reducing conditions was less.  The 

addition of different types of organic materials had no significant effects on the formation 

of redoximorphic features.   It is suspected that the uniform mixing process used to 

incorporate the different organic materials had an overriding effect on feature formation.     

These results lead to the conclusion that the type of organic material initially 

added to a newly saturated or constructed wetland soil, has little effect on quantity and 

nature of redoximorphic features found.   Perhaps, different results would have been 

achieved had the experiment had a more natural hydrology, continued longer, or used a 

different set of organic materials.   Although different organic materials had little effect 

on newly saturated soil morphology, it is still critical to add some source of organic 

carbon during wetland construction to stimulate anaerobic biogeochemical functions. 
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 IV. Effect of Using Different Application Strategies for Adding Organic Material 

on Newly Formed Redoximorphic Features Under Simulated Wetland Hydrology 

 

INTRODUCTION 

Organic material has many ways in which it can impact wetland soils including 

decreasing bulk density, increasing water holding capacity, and serving as an energy 

source for respiring soil fauna and microbial populations (Craft, 2001).  However, newly 

formed wetland soils, such as those found in constructed wetlands, often lack sufficient 

organic matter to function like the natural wetlands they were designed to replace 

(Bishel-Machung et al, 1996; Stauffer and Brooks, 1997; Stolt et al, 2000; Campbell et al, 

2002; Edwards and Proffitt, 2003).  Therefore, in an effort to increase the initial organic 

matter content in soil during wetland construction and remediation projects, it has been 

common practice to add organic material to soil (Hayes et al, 2000).   This added organic 

material is thought to stimulate biogeochemical activity (Craft, 2001) and likely 

contributes to the development of redoximorphic features.    

In newly constructed wetlands, little research has attempted to evaluate the 

influence of the organic material incorporation method on the development of 

redoximorphic features.   The incorporation method (placing on the soil surface or 

plowing in) may be significant because it influences the physical location of the organic 

materials.  Redoximorphic features have been shown to concentrate in localized areas 

near decomposing organic materials, most notably in soil horizons with higher organic 
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carbon content and near decaying root matter left behind from plant senescence 

(Vepraskas, 1992).   Thus the placement of the organic materials during wetland 

construction activities could have an effect on the development of redoximorphic 

features.  Therefore the objective of this experiment was to evaluate the effect of using 

various techniques for incorporating fresh organic materials into newly formed wetland 

soils, particularly on the development of redoximorphic features.   

 

MATERIALS AND METHODS 

Research Approach 

Soil cores were extracted from a well-drained soil and then established as 

mesocosms in a greenhouse.  Before mesocosm establishment, ground organic materials 

were added to separate mesocosms in three different ways.  The organic materials were 

1) applied to the soil surface, 2) mixed uniformly throughout the upper 10 cm of soil, or 

3) placed in zones within the upper 20 cm of the soil surface.  The mesocosms were 

subjected to six cycles of saturation and drainage that simulated wetland hydrology in a 

time series experiment.  The experiment used two different types of organic materials and 

three application strategies in a 2 x 3 x 6 replicated factorial treatment structure.  At the 

completion of each cycle, the mesocosms were dissected so that a detailed morphological 

description could be completed. 
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Mesocosm Construction 

Intact soil profiles were extracted from a representative Downer (coarse loamy, 

semi-active, siliceous, mesic, Typic Hapludult) soil series located at the Wye Research 

Institute on Wye Island (38◦ 58’ 50” N, 76◦ 28’ 20” W) in Maryland.  Before extraction, a 

detailed soil morphological description (Table 3.1) was completed to ensure that there 

were no redoximorphic features in the soils.   Additionally, the perimeter of the sampling 

site was investigated to a depth of 50 cm to ensure that similar soil characteristics 

encompassed the entire sampling area. Each soil core was collected using a 50cm long by 

15 cm diameter schedule 40 PVC pipe that was sharpened on one end.  The integrity of 

soil horizons was preserved by vertically inserting each pipe 40 cm into the soil.  The 

cores were carefully extracted and transported to a staging area where they were prepared 

for the experiment.   

Once at the staging area, each core was capped on the bottom using a standard 15 

cm PVC cap modified with a 2.5 cm hole in the base.  Each cap included a plastic strainer 

(covering a drainage hole) and two layers of geotextile fabric sandwiching approximately 

250 cm3 of quartz gravel.  A water reservoir was placed near the top of each core.  The 

reservoir was connected to the core through the hole in the cap at the bottom by a length 

of 9.5 mm inside diameter tygon tubing and rubber stopper.  A schematic of a constructed 

mesocosm is shown in Figure 3.1.   

Prior to the beginning of the experiment, a single addition of 60g of either ground 

(< 2 mm) oak leaves or wheat straw was added to each mesocosm. Oak leaves and wheat 

straw were chosen because they were readily available materials that could easily be used 

during wetland remediation and construction practices.  The materials were collected 
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from sources near College Park, Maryland and are thought to be representative of 

materials found in the Mid-Atlantic region.   Total carbon, C:N ratio, and lignin content 

were analyzed on both organic materials before they were added to the soil cores and are 

presented in Table 3.2.   

Sixty grams of organic material was added to each core using one of three 

different incorporation strategies: mixing, surface application, or zoned additions (Figure 

4.1).  The mixing application was designed to replicate the addition of organic materials 

by uniform tillage.  It was accomplished by excavating, sieving (<2mm), and 

homogenizing the top 10 cm of moist soil from an individual core and then adding and 

mixing the organic material with the soil before repacking each core by hand in 3 cm 

increments.  The surface application was intended to represent a mulch layer that could 

be broadcast over the soil surface.  The surface method was accomplished by placing 60 

grams (1.7 kg C/m2) of organic material uniformly over the soil surface. The zonal 

application was performed by drilling four 2 cm diameter holes, 20cm deep within the 

soil, and then packing 60g of organic material (oak leaves or wheat straw) into the 

vacated holes.  The zoned method was intended to represent chisel plowing or disking 

that could insert the organic materials deeper into the soil profile. 

Since the Downer soil cores were collected from an ecosystem that did not 

represent a natural wetland, it was possible that they did not contain microbial organisms 

that are present in wetland soils.  Therefore, prior to the start of the experiment, each 

mesocosm was inoculated on the surface with a 50ml suspension derived from the fresh 

O and A horizons of a wooded wetland soil.   This suspension was prepared by 

harvesting the upper 5cm of material (organic and soil) from approximately 1 ft2 of a 



 

61 
 

wooded wetland and mixing it with water from a nearby stream.    The suspension was 

applied just prior to initial saturation. 

Figure 4.1 Schematic mesocosm cross-section of each incorporation/application method.   The brown 
area in each mesocosm represents soil while the yellow area symbolizes organic material.  The 
organic material was laid on the surface of the soil  (left), uniformly mixed throughout the upper 10 
cm (middle), or placed in four 2cm diameter by 20cm deep vertical columns (right). 

 

Mesocosm Environment 

To replicate natural hydrologic variation that occurs in wetlands the mesocosms 

were subjected to a periodic pattern of saturated and drained conditions.  The pattern 

consisted of 8 weeks during which the mesocosms were saturated where the water table 

was maintained at or near the soil surface, followed by an 8 week period where they were 

drained and allowed to dry.    Also, to create additional hydrologic movement within the 

8 week saturated period, the water level was periodically lowered to a depth of 10 cm 

below the soil surface for two one-week periods.  A 16 week period, during which there 

were 8 weeks of saturated conditions followed by 8 weeks of drained conditions, was 

termed a “hydrologic cycle”.    After each hydrologic cycle, a block of mesocosms was 
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removed from the experiment and described.  The mesocosms that remained in the 

experiment continued to be subjected to additional hydrologic cycles.  There were a total 

of six hydrologic cycles in the experiment. 

All mesocosms were contained in the same greenhouse setting.  To replicate 

natural diurnal temperature variations, the greenhouse temperature was adjusted to 

approximately 30°C during the day and 20°C at night.  The soil temperature in 

mesocosms was monitored using thermocouples inserted into four mesocosms 

strategically placed in different corners of the greenhouse. The daily high and low soil 

temperature monitored by the thermocouples can be seen in Figure 3.2 which shows that 

the soil temperatures occasionally extended beyond the desired temperature range (20-

30°C).  However, these temperatures were not extreme and are not believed to have had 

any detrimental effects on results. 

 

Monitoring Procedures 

To document the oxidation state in each mesocosm, soil reduction-oxidation 

(redox) potentials were periodically measured throughout the experiment.  The redox 

potential (Eh) was measured at depths of 10 and 25 cm using three replicate platinum 

electrodes coupled with a calomel reference electrode (correction factor of 244 mV).  

However, due to the high cost of platinum electrodes, they were initially only placed in 

1/3 of the mesocosms and then rotated to the next block once the hydrologic cycle was 

complete.   For example, at the start of the experiment only mesocosms scheduled to be 

removed and dissected after 1 and 2 hydrologic cycles were instrumented with electrodes.  
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The mesocosms scheduled to be dissected after 3, 4, 5 and 6 hydrologic cycles were not 

instrumented.  Once the first hydrologic cycle was complete, electrodes were removed 

from the block of cores that were to be dissected, tested to ensure their accuracy and 

functionality, and installed into mesocosms to be dissected after the third cycle.  This 

testing and rotation process continued for the length of the experiment.    In the event that 

a platinum electrode was found to be faulty, it was replaced with a new one. 

So that redox potentials could be used to predict mineral stability, soil pH (1:1 

water) was also documented throughout the experiment.  Soil pH was measured every 

four weeks at the same depths where platinum electrodes were placed.  Soil pH was 

measured by collecting a 1cm micro-core from three randomly selected mesocosms.  In 

order to minimize the effect of introducing macropores in the mesocosms, pH was 

measured on those mesocosms in the group that were to be dissected following that 

particular cycle. 

 

Documenting Morphology 

Upon the completion of each hydrologic cycle, a block of mesocosms was 

removed from the experiment so that detailed morphological descriptions could be made.   

To dissect each mesocosm the PVC cap attached to the bottom was first removed with a 

circular saw.  Two length-wise cuts were then made directly opposite each other so that 

the mesocosm could be split in half.  A hand-held wood saw was used to split each 

mesocosm in half.    Fresh soil surfaces were exposed by picking away soil that had been 

disturbed by the sawing activity. 
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Once dissected and fresh soil surfaces were exposed, each mesocosm half was 

carefully described and inspected for redoximorphic features.    If redoximorphic features 

were visually observed, the type and quantity of features were documented.   The 

quantity of features in a particular horizon was evaluated using a computerized image 

analysis method to more accurately quantify the features.  This was accomplished by 

placing a clear mylar sheet over a representative 5 cm square area and tracing the features 

using a fine point marker.  The tracing was completed on two separate areas in each 

horizon as shown in Figure 3.3.  The mylar sheets on which the features were traced were 

then scanned (200 DPI), cleaned using Adobe Photoshop Editor, and quantified using 

Image Tool 3.0 (UTHSCSA, 2002).  

 

Micromorphology 

In an effort to observe newly formed redoximorphic features on a microscopic 

level, soil thin sections were prepared from select mesocosms. The goal was to confirm 

and observe newly formed redoximorphic features in mesocosm soil microstructure. Soil 

micromorphology was observed by making 30µm thin sections from soils clods that had 

been impregnated with epoxy resin.  Polished slides were viewed under a petrographic 

microscope under both plane and cross-polarized light.  Slides were described using 

standard terminology (Stoops, 2003). 
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RESULTS AND DISCUSSION 

Soil Reduction and Oxidation Potentials 

Figures 4.2 (oak leaves) and 4.3 (wheat straw) show the redox potentials at depths 

of 10 and 25 cm for each mesocosm treatment throughout the experiment.  The values on 

each figure represent the mean of 12 replicate electrodes at a given depth and equally 

distributed among four mesocosms of a given treatment.  The orange zone in Figure 

4.2a/b and blue zone in Figure 4.3a/b represent the diffuse boundary between oxidizing 

and reducing conditions based upon the measured pH values (ranging between 5.7 and 

6.5) and the technical standard for reducing conditions in hydric soils shown in Figure 2.2 

(NTCHS, 2006).  

Figures 4.2 and 4.3 demonstrate that redox potentials correspond well with 

saturated and drained periods.  Redox potentials fall into the reducing zone during 

saturated periods and rise into the oxidizing zone when drained.   Also, regardless of 

organic treatment or application strategy, the redox potentials are not as reducing in later 

cycles as they were in earlier ones.  As discussed in Chapter III, it is thought that the 

upward trend in redox potentials over time is a result of a decrease in organic carbon.   

This was likely caused because the experimental units were kept unvegetated, and as a 

result, supplementary organic carbon that would have been added thorough plant growth 

was prevented.  Thus, it is thought under a more natural and vegetated setting, a more 

sustainable redox environment would probably be maintained. 
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Figures 4.2a/b  Mean Eh values measured in mesocosms treated with ground oak leaves at depths of 
10(a) and 25(b) cm over the 6 cycles between October 2004 and August 2006.  The shaded area 
represents the diffuse boundary between reduction and oxidation of iron oxides based on measured 
soil pH (5.7-6.5) and the technical standard of the NTCHS (Figure 2.2).  Redox potentials fell into the 
reducing zone during saturated periods and rose into the oxidizing zone when the mesocosms were 
drained. 
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Figures 4.3a/b  Mean Eh values measured in mesocosms treated with ground wheat straw at depths 
of 10(a) and 25(b) cm over the 6 cycles between October 2004 and August 2006.  The shaded area 
represents the diffuse boundary between reduction and oxidation of iron oxides based on measured 
soil pH (5.7-6.5) and the technical standard of the NTCHS (Figure 2.2).  Redox potentials fell into the 
reducing zone during saturated periods and rose into the oxidizing zone when the mesocosms were 
drained. 
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It was initially hypothesized that specific soil zones amended with organic 

materials would show lower redox potentials during saturated periods than other to areas 

that were not amended with organic materials.  Thus, it was thought that mesocosms 

treated with the with organic material homogenized throughout the upper 10 cm (mixed) 

would have lower redox potentials during saturated periods than the other two treatments 

(at the upper 10 cm depth) because of the higher concentration of organic carbon in that 

area.  However, illustrated in Figures 4.2a and 4.3a the mixed treatment mesocosms were 

not consistently more reducing at a depth of 10 cm during saturated periods than the other 

two application treatments.  Similarly, it was postulated that zoned treatment mesocosms 

would be more reducing at 25 cm during saturated periods because of the close proximity 

of fresh organic materials.  However, this expected trend was not observed at 25 cm with 

either oak leaves or straw (Figure 4.2b or 4.3b).   Instead, redox potentials were generally 

similar throughout the mesocosm regardless of the location of the added organic 

materials.  It is suspected that redox potentials were similar because dissolved organic 

compounds were dispersed by hydrological gradients throughout the soil mesocosm 

instead of only being localized to the area in which organic materials were added.  

Summary tables of redox potentials are presented in Appendix E.  Overall, the 

redox potential measurements at 10 and 25 cm suggest that the soil environment was 

reducing with respect to iron oxides (the primary component involved in forming 

redoximorphic features) during saturated periods and oxidizing during drained periods.  

The reduction and oxidation of iron oxide minerals are key to the development of 

redoximorphic features.  
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Redoximorphic Features 

Iron oxide concentrations were the dominant, and often the only type of 

redoximorphic feature observed in the mesocosms.   The iron oxide concentrations were 

mostly observed in the Ap1 and Ap2 horizons, with occasional features in the upper part 

of the BE/Bt horizon.   The concentrations were typically faint in contrast, 7.5YR 4/4 to 

4/6 in color, fine (< 2mm) to very fine (< 1mm) in size, and found as soft masses and 

pore linings (Figure 3.11).  Examples of typical iron oxide concentrations observed in 

mesocosms subjected to each application strategy are shown in Figure 4.4.  A summary 

table listing the abundance of iron oxide concentrations in each mesocosm is provided in 

Appendix H. 

Figures 4.5 and 4.6 show the percentage of iron oxide concentrations in the Ap1 

(Figure 4.5) and Ap2 (Figure 4.6) horizons for each organic material type and application 

strategy in each cycle.   It was initially postulated that organic material type (wheat straw 

or oak leaves) would have an effect on the development of redoximorphic features.    

However, as shown in Figures 4.5 and 4.6, wheat straw and oak leaves did not have 

significantly different effects on the percentage of iron oxide concentrations in the either 

the Ap1 (p=0.7451) or Ap2 (p=0.5446) horizon.   Similar results were also presented in 

Chapter III, where organic material type had little effect on the results.  Since organic 

material type had no significant effects on the results, organic material type was removed 

as explanatory variable and data were combined across organic material type for the 

analyses that follow. 
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Figures 4.5 and 4.6 demonstrate that the method in which organic material was 

incorporated into the mesocosms significantly (p<0.0001) affected the abundance of iron 

oxide concentrations observed in the mesocosms overtime.     These trends can be seen 

more clearly for the Ap1 horizon in Figure 4.7 where data were combined across organic 

material type.   Mesocosms in which organic material was uniformly mixed in the upper 

10 cm tended to have the lowest percentage of iron oxide concentrations in Ap1.  As was 

discussed more thoroughly in Chapter III, it is thought that these mesocosms have the 

fewest features because the inherent soil structure was destroyed during the mixing 

process.  Competent soil structure provides distinct soil surfaces and accompanying fine-

scale moisture gradients that are very important for the formation of redoximorphic 

features (Verpraskas, 1992).    

Mesocosms in which organic material was inserted into deeper zones tended to 

have more iron oxide concentrations in the Ap1 horizon than mesocosms in which 

organic material was laid on the soil surface.  It is thought that vertical distribution of the 

organic materials in columns effectively influenced more naturally intact soil in the upper 

10 cm when compared to the surface application.  It influenced more naturally intact soil 

because the zonal arrangement (4 vertical 2 cm diameter columns) had a greater volume 

of soil in close proximity to the organic material (approximately 250 cm2 vs. 175 cm2 in 

the upper 10 cm).  More soil close to the organic material likely caused enhanced 

microbial activity to occur in a greater volume of soil which resulted in dissolution of 

more iron oxide minerals and created more iron oxide concentrations throughout the Ap1 

horizon.
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Figure 4.8 shows the percentage of iron oxide concentrations observed in the Ap2 

horizon, regardless of organic material type.  The figure shows that there was no 

difference between the percentages observed in the Ap2 horizon of mesocosms with 

mixed and surface applied organic materials.   However, mesocosms with the zoned 

application had a significantly higher percentage of iron oxide concentrations than either 

of the other two strategies.  This observation is not surprising because the zoned 

application inserted organic material directly into the Ap2 horizon, while the other did 

not.  

Figures 4.7 (Ap1) and 4.8 (Ap2) also show the effect of 6 cycles of alternating 

saturated and dry conditions on the development of iron oxide concentrations.  The 

figures show that the percentage of iron oxide concentrations in most treatments 

increased with time and number of alternating cycles.   This trend was expected as it is 

generally accepted that the expression of wetland soil characteristics in newly saturated 

soils becomes stronger the longer it’s subjected to wetland biogeochemical conditions.   

Mesocosms with organic material placed on the soil surface tended not to have an 

increase in iron oxide concentrations in the Ap1 horizon (Figure 4.7) as cycles and time 

increased.  This could have been a result of the organic material acting as a mulch layer 

and withholding soil moisture in the Ap1 horizon upon mesocosm draining.  Delayed 

drying in the Ap1 horizon could have caused a lag in the onset of soil oxidizing 

conditions and thus limiting the formation of iron oxide concentrations. 
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Micromorphology 

Micromorpholigcal descriptions were made from thin sections of the untreated 

Downer Ap and Bt horizons using the methods and terminology presented in Stoops, 

2003.   Both the Ap and Bt horizons had vughy microstructures with a quartzite 

mineralogy in the coarse fraction.  The particles were arranged in a stippled speckled b-

fabric with a single spaced porphyric related distribution.  The pores were a little larger 

and more abundant in the Ap than in the Bt horizon.  In thin section, the Ap horizon 

showed spherical excrement features probably from earthworms and a few areas where 

materials from the B horizon had been incorporated into the A horizon matrix.  The Bt 

horizon had about 1% clay films.  No redoximorphic features were observed in the thin 

sections taken from the untreated downer mesocosms.  Select photos taken from the 

Downer thin sections are shown in Figure 4.9.  

Figure 4.10 A&B show an iron oxide concentration that formed after three cycles 

around a pair of macropores (approximately 0.1mm) in the Ap2 horizon of a mesocosm 

treated with oak leaves and the zoned application.  The feature likely formed when the 

mesocosm was transitioning from the reducing wet period(s) into the more oxidizing dry 

period(s).  Dissolved iron in solution moved toward the center of the macropores where 

more oxidizing conditions resulted in precipitation of iron oxides.  The gradation in color 

from light area on the outside to dark area on the inside of the iron oxide concentration 

likely represents an increasing concentration in iron oxides toward the interior of the 

feature adjacent to the pores and possibly also, enrichment in manganese oxides.  The 

photomicrograph shown in Figure 4.10 C&D was from the Ap1 horizon of a mesocosm 

where oak materials were mixed throughout.  The micrographs show organic material  
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uniformly distributed through homogenized soil material that has a high porosity, a single 

spaced porphyric related distribution, and a spongy microstructure.    The  spongy 

microstructure and high porosity were a consequence of the mixing process implemented 

during the addition of ground organic materials.  No soil macrostructure was observed in 

the thin sections taken from the uniformly mixed horizon (Ap1).  As presented previously 

in Chapter III and above in the previous section, it is thought that the destruction of soil 

macrostructure in mesocosms that had been mixed, has adversely affected the abundance 

of iron oxide features formed in the Ap1 horizon.   

 

CONCLUSIONS 

The addition of organic material to newly constructed or remediated wetlands is 

recognized as an integral part of creating a sustainable and naturally functioning wetland.   

The addition of these organic materials is thought to have positive effect on the 

development of wetland soil characteristics, most notably redoximorphic features. 

The data show that regardless of method by which organic materials were 

incorporated into the soil, reducing conditions developed when the soil was saturated, and 

that oxidizing conditions developed after the soil was drained.  The measured Eh and pH 

of the systems indicate that iron oxide minerals, the primary component of most 

redoximorphic features, were predicted to be mobilized during reducing periods and 

could have moved along moisture gradients where they could accumulate during 

oxidizing periods as iron oxide concentrations.  
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The method of organic material incorporation greatly influenced the abundance 

and location of the iron oxide concentrations.  Concentrating organic material in zones 

within the soil resulted in a greater abundance of iron oxide concentrations throughout 

the Ap soil horizons when compared to the other two methods of application.     The 

abundance of iron oxide concentrations generally increased with time and wet/dry cycles 

in most treatments.  This trend agrees with the general consensus that soil will have a 

stronger expression of hydric soil properties the longer it’s subjected to wetland 

biogeochemical conditions. 

This study confirms that the method used to incorporate organic material into 

newly saturated soils, such as during wetland remediation or construction, does effect the 

development of redoximorphic features.  This research indicates that the development of 

redoximorphic features will be maximized by concentrating organic amendments into 

deeper zones, rather than mixing uniformly or surface applying.  
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V.  Development of Redoximorphic Features in an Upland Soil Transplanted within 

a Natural Riparian Wetland 

 

INTRODUCTION 

Wetlands are often constructed in upland landscapes.  However, the soils within 

these constructed wetlands often do not have the soil characteristics typically found in 

natural wetlands (Bruland, 2004).  It has been argued that the soil characteristics in the 

constructed wetlands must become like natural wetland soils for the ecosystem to 

function properly (Bishel-Machung et al, 1996; Stauffer and Brooks, 1997; Stolt et al, 

2000; Campbell et al, 2002; Edwards and Proffitt, 2003).   However, little research has 

attempted to experimentally evaluate the development of wetland soil characteristics in 

newly formed wetland soils over time in a natural setting.   

In a study by Stolt et al (1998), envelopes of soil material (some amended with 

organic materials) were buried in various wetland settings.   Half of the soil envelopes 

were removed after one year, with the final envelopes removed after two years. During 

the two-year period, iron oxide concentrations and depletions were formed in most soil 

materials.  One of the objectives of the study was to investigate the time necessary for the 

formation of redoximorphic features in a wetland environment.  Although they did 

document that redoximorphic features formed, the study failed to relate the specific 

percentage of redoximorphic features to soil properties such as time of saturation and 

carbon content.  A better understanding of the effects of time of saturation and carbon 
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content on the abundance of redoximorphic features would provide insight into how 

newly constructed wetland soils become like natural wetland soils. 

Verpraskas et al (1995) documented the rapid formation of redoximorphic 

features (iron oxide concentrations and depletions) in a constructed floodplain wetland 

after only a single 7 day inundation event.   Verpraskas et al (2006) concluded that at 

least one Hydric soil indicator (USDA-NRCS, 2006) was met in many areas throughout 

this constructed wetland after only three years.  These results show that under optimum 

conditions significant redoximorphic features can form within constructed wetlands 

rather quickly.  However, there are still many constructed wetlands where redoximorphic 

features are slow to develop.  Also, Verpraskas et al did not address the potential effects 

of adding fresh organic materials (a common practice) during wetland construction on 

formation of redoximorphic features, and thus additional research is warranted.   

As part of her Master’s thesis research at the University of Maryland, Roslyand 

Orr implemented a sister study to the experiment presented herein (Orr, 2010).  She 

transplanted three different well-drained intact soil types (one of which was the same 

Downer soil used in this experiment) into the same wetland and removed experimental 

units after one and two years.  The percentage of iron oxide concentrations formed in the 

Downer soil cores from her study is presented in Table 5.1.  She concluded that most iron 

oxide features in the A horizons formed during the first year, with a small increase in the 

percentage of features during the second year.  The objectives of this study were to:  (i) 

evaluate the potential effects of incorporating different quantities of organic carbon into 

newly saturated soils on the formation of redoximorphic features over time in a field 

setting; and (ii) compare the abundance of newly formed redoximorphic features formed 
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in a field setting with the results from the greenhouse experiment presented in Chapter 

III. 

Table 5.1 Summary of percent iron oxide concentrations formed in intact Downer soil cores that 
were transplanted into the same natural riparian wetland and removed after one and two years.  
Results are from Roslyand Orr’s Master Thesis research completed at the University of Maryland 
(Orr, 2010). 
 

Horizon 

Approximate Percentage of Iron 
Oxide Concentrations 

One Year Two Years 

A 7.0 8.5 

Ap 4.0 4.1 

B1 0.3 1.8 

B2 0.0 1.5 

 

 

MATERIALS AND METHODS 

Research Approach 

To further evaluate how an upland soil develops wetland soil characteristics under 

natural hydrologic wetland conditions, intact soil profiles were transplanted into a natural 

wetland field site.    Before the soil profiles were transplanted into the wetland, timothy 

hay was uniformly mixed throughout the upper 10 cm at two different concentrations.   

Half of the transplanted soil profiles were removed after one year and detailed 

morphological descriptions were completed.  The remaining experimental units were 
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allowed to remain in the wetland for an additional year before being removed and 

descriptions completed. 

 

Soil Profile Collection and Organic Addition 

The upland soil used in this experiment was from the Downer soil series located 

at the Wye Research Institute on Wye Island (Coastal Plain) in Maryland, which is 

classified as a coarse loamy, semi-active, siliceous, mesic, Typic Hapludult.    Prior to 

implementing the experiment, a detailed soil morphological description (Table 3.1) was 

completed to ensure that there was no morphological evidence of extended saturation 

(redoximorphic features).  To ensure that similar soil characteristics encompassed the 

sampling area, the perimeter of the sampling site was investigated to a depth of 50 cm.  

Twelve intact soil profiles were harvested from the sampling area using 50cm long 

sections of 15 cm diameter schedule 40 PVC pipe that was sharpened on one end.   The 

horizon integrity was preserved by vertically inserting each PVC casing 40 cm deep into 

the soil.  The cores were carefully extracted and transported to a staging area where they 

were prepared for the experiment.   

Once at the staging area, 60 grams (28 grams of carbon) of ground and 

homogenized timothy hay was uniformly mixed throughout the upper 10 cm of soil 

(Figure 4.1) in half (six) of the soil profiles.  The addition corresponds to approximately 

1.5 kg carbon added per square meter of soil which is approximately three times the 

average annual litter fall (500 g/m²) of eastern riparian wetlands (Mitch and Gosslink, 

1993) and was equivalent to adding approximately 12 g/kg of organic carbon to the 10 
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cm Ap1 horizon.  The remaining 6 soil profiles were amended with 180 grams of timothy 

hay or 4.5 kg carbon/m2 soil (approximately 36 g/kg added to the 10 cm thick Ap1 

horizon).   The addition of timothy hay was implemented by excavating, sieving (<2mm), 

and homogenizing the upper 10 cm of soil from an individual experimental unit.   The 

60g or 180g of timothy hay was uniformly mixed with the processed soil and then hand 

packed back into the PVC temporary casing in 3 or 4 cm equal increments.  To solidify 

the upper 10 cm of soil, approximately 500 to 1,000 mL of water was added to the soil 

several times and allowed to dry for 2-3 weeks. 

 

Transplantation and Extraction 

Once prepared, the experimental units were inserted into a natural riparian 

wetland.  The wetland used in the experiment was along the North Branch of Rock Creek 

(39◦ 07’ 25” N, 77◦ 06’ 05” W) near Olney, Maryland.  The site was chosen because of 

the well documented wetland hydrology and reducing biogeochemistry in the wetland 

area from the work done between 2001 and 2003 as part of Karen Castenson’s Master’s 

thesis research at the University of Maryland which focused on the hydromorphology of 

piedmont floodplain soils (Castenson, 2004).   Castenson’s research indicated that during 

a year with normal rainfall the water table at the site (Rock Creek Low) was within 20 cm 

of the soil surface and reducing with respect to iron oxide minerals for most of the year.   

To confirm the wetland hydrology during this experiment, water table levels were 

automatically recorded twice daily in a nearby well.  A soil description presented in 

Appendix A of Castenson’s thesis classified the Hydric soil as a Fine loamy, mixed, 

mesic, Typic Fluvaquent within the Hatboro Soil Series.  Notable observations from the 
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soil description include a 2.5 cm thick mucky Oe horizon at the soil surface followed by a 

Bg hozion from 2.5 cm to 66 cm with 10% prominent (7.5YR 4/6) iron oxide 

concentrations in a depleted matrix (2.5Y 4/2), which met hydric soil field indicator F3 

(depleted matrix).   

Before each amended core was inserted into the wetland, an open a 15cm 

diameter hole 40cm deep was created in the wetland using a 15cm diameter hand auger.   

The PVC casing containing the soil core was placed vertically directly over the open hole 

and the soil core was carefully extruded from the PVC casing into the open hole, taking 

care to preserve the soil horizonation.  The perimeter of each soil core was marked with 

flags to identify the exact location so that it could be recovered upon returning to the 

wetland at a later date (Figure 5.1).  A total of 12 cores were inserted into the wetland in 

two blocks of six in March 2005.  One block of soil cores (3 high timothy and 3 low 

timothy) was removed after one year in March 2006 and other six removed after two 

years in March 2007.  Each soil core was removed from the wetland by carefully 

inserting a PVC casing to a depth of 40-50 cm back over the exact location of each core 

using the flags as a guide.   Each PVC casing and soil were carefully excavated from the 

wetland and transported to a staging area where the soil was allowed to drain and 

partially dry until moist. 
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Figure 5.1 Photo of 12 upland soil cores amended with timothy hay transplanted into a riparian 
wetland soil along the North Branch of Rock Creek near Olney, Maryland in March 2005.  The white 
flags mark the perimeter of each soil core so it can be found at a later date.  Block A was removed 
after 1 year and block B removed after 2 years. 
 

 

 

Documenting Morphology 

Each moist soil core was cut in half lengthwise by making two lengthwise cuts 

through the PVC casing directly across from each other using a circular saw.  A handheld 

wood saw was then used to cut the soil core in half.  The smeared surface of each core 

half was dressed with a knife and spatula so that fresh soil surfaces could be observed.  A 

detailed morphological description was completed on each core with special attention 

paid to any redoximorphic features.  The abundance of redoximorphic features were 

Block A 

Block B 
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quantified in each core using computerized image analysis.  This was accomplished by 

placing a clear mylar sheet on representative 5 cm square areas and tracing all 

redoximorphic features using a fine point marker.  The tracing was completed on two 

separate areas in each horizon as shown in Figure 3.4.  The tracings on the mylar sheets 

were then scanned (200 DPI), cleaned using Adobe Photoshop Editor, and quantified 

using Image Tool 3.0 (UTHSCSA, 2002).  

 

RESULTS AND DISCUSSION 

Water table data collected from a well adjacent to the study area over the two year 

experimental period is presented in Figure 5.2.  These data show that during the winter 

and spring months, the water table was generally at or near the soil surface.  Not 

surprisingly, during the dryer summer and fall months the water table tended to migrate 

away from the soil surface.  Although the water table did drop in the summer and more 

substantially in the fall months, the zone in which the soil core was transplanted was 

saturated for most of the year.  Similar hydrologic data from previous years at this site 

were presented in Castenson’s (2004) thesis.  Based on Eh measurements and the use of 

IRIS (Indicator of Reduction in Soil) tubes, she concluded that the site was reducing with 

respect to iron oxide minerals within 20 cm of the soil surface for much of the year.  

Given the similar hydrologic data during this study, it can be assumed that the zone in 

which the soil cores were transplanted experienced reducing conditions with respect to 

iron oxide minerals for much of the year, which favored the formation of redoximorphic 

features in the transplanted soil cores. 
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Figure 5.2 Water table data collected from a well adjacent to the study area over the two year period 
of the experiment.  The depth value 0 is ground surface.  Where indicated, A) the cores were inserted 
into the wetland; B) Half of the cores were removed from the wetland; C) Remaining cores removed 
from wetland. 

 

The soil descriptions for each core are presented in Appendix F.   The soil descriptions 

show that most redoximorphic features formed in cores tended to be faint to distinct iron 

oxide concentrations occurring as soft masses and pore-linings that were 7.5YR 4/4 

and4/6 in color, and medium (3 to 5 mm) to very fine (< 1 mm) in size.   Occasional very 

faint depletions that were 0.5 to 1 chroma lower than the matrix color were observed in 

some cores in the Ap1 and Ap2 horizons.  Stripped sand grains were also observed in 

various cores in the Ap1 horizon. A photo of a soil core removed from the wetland after 

one year is presented in Figure 5.3 and highlights the redoximorphic features.   Very few 

redoximorphic features (<1%) formed in the Bt horizon of most cores.   If features were 

observed in the Bt horizon, they were typically within a couple centimeters of the 
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overlying Ap2 horizon or adjacent to small pieces of wetland soil material that were 

captured along the edge of the core during extraction from the wetland. 

Figure 5.4 shows the average percent iron oxide concentrations (quantified using image 

analysis) in the Ap1 and Ap2 horizons after 1 and 2 years in the wetland.   A summary 

data table is presented in Appendix I.  The data show that oxide concentrations were 

highest (8-10%) in the Ap2 horizon with relatively fewer (2-5%) in the Ap1 horizons.  

Contrary to expectation, statistical analysis demonstrated that there was no significant 

difference (p 0.73) in the quantity of iron oxide concentrations found in the same 

horizons of cores amended with high and low levels of timothy hay.  This was probably 

because a substantial amount of organic carbon (1.5 kg/m2 or approximately 12 g/kg 

within the Ap1 horizon) was added with just the low level treatment and thus organic 

carbon was not limiting to the formation of redoximorphic features.  Because there was 

no significant treatment affect due to the amount of organic material added in the Ap1 

horizon, these data could be combined for analysis.  When this was done (Figure 5.5) the 

data show that significantly more iron oxide concentrations formed in the Ap2 horizon 

than the Ap1 horizon, but that there was no significant difference (p 0.21)  between years 

1 and 2.    These results were contrary to the initial hypotheses.  Due to the addition of 

organic material in the Ap1 horizon, it was initially postulated that more redoximorphic 

features would form in the Ap1 than Ap2.  As noted in Chapters III and IV, it is thought 

that more features formed in the Ap2 than the Ap1 due to the homogenization process 

that was used to mix the organic material into the upper 10 cm which effectively 

destroyed the natural structural units.  It is also possible that more redoximorphic features
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formed in the Ap2 because the horizon was deeper in the soil profile, and as a result, was 

saturated and thus reducing more frequently.   

It was also surprising that more features did not form in cores that remained in the 

wetland during the second year because it is generally understood that saturation time and 

abundance of redoximorphic features are positively correlated (Fielder and Sommer, 

2004; D’Amore et. al, 2004; Morgan and Stolt, 2006).  Results of this study, however, 

indicate that most iron oxide concentrations formed during the first year, and little during 

the second year.  Perhaps if the experiment were allowed to continue for a longer period, 

a significant effect of time would be observed.  It would also be interesting to have 

additional data during the first year to see when most of the iron oxide concentrations 

developed.    

The sister study completed as part of Rosyland Orr’s Master’s thesis research 

(Orr, 2010), showed that 4-9% iron oxide concentrations formed over two years, with 

most features induced during the first year and little additional in year two (Table 5.1).   

Contrary to this experiment, her study showed that more features formed in the upper A 

horizon (7-8.5%) than the lower Ap horizon (4%) of Downer soil cores with natural 

structure transplanted in the same wetland between 2004 and 2006.  The lesser quantity 

of iron oxide concentrations in the upper A horizon of this experiment was likely due to 

the homogenization (mixing) process that destroyed the natural soil structure and 

interrupted the mircohydrologic gradients that contribute to the formation of 

redoximorphic features.  These same soil structural effects were also observed in the 

greenhouse experiment and discussed in Chapter III and IV.   It is also noteworthy that 

approximately twice as many features (8-10%) formed in the lower Ap2 horizon of this 
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experiment as formed in of the lower Ap horizon (4%) in Orr’s (2010) experiment.   

Perhaps this was because the iron oxide minerals mobilized by the reducing conditions 

were unable to precipitate in oxidizing areas of the homogenized zone (Ap1) because of 

the impacts to soil structure.    The soluble iron could have migrated through hydrologic 

gradients to the immediately adjacent intact Ap2 horizon with stronger soil structure 

where it was precipitated from solution and formed iron oxide concentrations.   Some of 

the differences between the experiments could be attributed to 1) the cores being 

collected on different years, 2) the cores were located in slightly different areas within the 

wetland, and 3) they were implanted during different years. 

In Table 5.2, data are presented for greenhouse and field mesocosms that received 

the same amount (1.5 kg/m2) of timothy hay mixed uniformly mixed throughout the 

upper 10 cm.  Three simulated hydrologic cycles spanned approximately 1 year and thus 

could perhaps be compared to 1 year in field, and similarly the 6th greenhouse cycle 

might be comparable to the 2nd year in the field.    However, the field study values and 

the greenhouse values (Table 5.2) are very different.  Generally speaking, the mesocosms 

placed in the natural wetland showed 4 to 10 times more iron oxide concentrations those 

saturated in the greenhouse.  These results indicate that the natural and greenhouse 

environments were not equivalent.   This difference may have been due to the much more 

dynamic hydrology in the wetland (Figure 5.2).  The natural and more dynamic 

hydrology likely created many more alternating reducing and oxidizing cycles than the 

greenhouse simulated hydrology and thus resulted in the development of more 

redoximorphic features.  Alternatively, the effects of the surrounding wetland soil (which 
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was high in soil organic matter) or the effect of vegetation could have contributed to the 

substantial difference in the quantity of iron oxide concentrations formed. 

Table 5.2 Comparison of percent iron oxide concentrations in mesocosms amended with 1.5 kg of 
timothy hay in the greenhouse (Chapter III) and natural wetland environments.   
 

Cycle 
Percent Iron Oxide Concentrations 

Greenhouse Component  Year 
Percent Iron Oxide Concentrations  

Field Component 

Ap1  Ap2  Ap1  Ap2 
1  0.0  0.0     ‐  ‐ 
2  0.0  0.0     ‐  ‐ 
3  0.7  1.0  1.0  2.9  7.9 
4  0.2  0.7     ‐  ‐ 
5  0.7  0.7     ‐  ‐ 
6  0.2  1.0  2.0  6.1  9.3 

 

 

CONCLUSIONS 

Few attempts have been made to quantify the development of redoximorphic 

features in newly saturated soils under natural wetland conditions over time.  This small 

scale field study investigated the development of redoximorphic features in an upland soil 

profile amended with organic material and transplanted in a wetland over a two year 

period. 

 The research shows that a well-drained soil subjected to natural wetland 

conditions can develop significant redoximorphic features relatively quickly (less than 

one year).  Most of the redoximorphic features formed were iron oxide concentrations 

that accumulated quickly during the first year and developed at a much slower rate during 

the second.  The data indicated that the amount of organic material, either low or high, 
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mixed uniformly into the soil had little effect on the development of redoximorphic 

features during the two year length of the experiment.  It is thought that organic carbon, 

added at the lower level (1.5 kg) was adequate to remove this as a limiting factor to 

redoximorphic feature formation and thus further additions had no additional effect. 

It was apparent that there was stronger expression of redoximorphic features in 

cores transplanted in the wetland when compared to similar mesocosms from the 

greenhouse study.  It is likely that the hydrology in the wetland was much more dynamic 

than that of the greenhouse mesocosms causing a greater abundance of redoximorphic 

features.  The surrounding soil, which was high in organic matter and had an active 

vegetation stand, could have also contributed to the increased formation of redoximorphic 

features in the natural wetland.
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VI. Thesis Summary and Conclusions 

 

In summary, this project was undertaken to determine the effect of adding organic 

material on the formation of redoximorphic features in newly saturated soils in 

constructed wetlands.   A total of three studies were run that included two in a 

greenhouse setting where intact soil profiles were subjected to various organic material 

types that were added to the soil in various ways.  They were then subjected to simulated 

wetland conditions over a two year period.  A third study involved placing mesocosms 

into a natural wetland.   

In each of the experiments, redoximorphic features formed relatively quickly.   

Most of the features observed were iron oxide concentrations that were typically faint to 

distinct in contrast, 7.5YR 4/4 to 4/6 in color, fine to very fine in size, and found as soft 

masses and pore linings.  Iron oxide concentrations generally increased with the length of 

time they were subjected to wetland hydrology.  Depletions, which are characteristic of 

longer saturated conditions, were rarely observed.  These trends were expected and agree 

with the general consensus that soils will develop stronger expressions of redoximorphic 

features with time. 

The results of this study indicate that the type of organic material used during 

wetland construction has little effect on the quantity and nature of redoximorphic feature 

formation.  However, different organic materials did decompose at different rates and 

seemed to affect the redox potentials measured in the soils.  Materials that were high in 

lignin content and had a high C:N ratio, such as sawdust and oak leaves, sustained lower 
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redox potentials toward the end of the experiment.  It is thought that these materials 

decomposed more slowly over the length of the experiment and were gradually releasing 

easily oxidizable organic compounds instead of decomposing more rapidly in the 

beginning.    Although the organic additions (1.5 kg carbon/m2) were adequate to sustain 

reducing biogeochemistry over the length of the experiment, the strength of reducing 

conditions was progressively less because there were no periodic additions of organic 

material from plant growth.    This suggests that organic materials added to newly 

constructed wetlands support reducing conditions during the first couple of years, but 

quickly become more dependent on organic carbon contributions from natural plant and 

root decay. 

The method in which organic material was incorporated into the soil greatly 

affected the development of redoximorphic features.   Concentrating organic material into 

zones deeper within the soil profile resulted in a greater abundance of redoximorphic 

features compared to applying the organic materials to the soil surface or uniformly 

mixing the organic material in the upper part.  The mixing process (completed on the 

upper 10 cm) negatively impacted the formation of redoximorphic features by destroying 

natural soil structure and therefore impacting microhydrologic gradients.  The zoned 

application preserved the natural soil structure in the soil material surrounding the 

organic columns and had a greater influence on the soil profile than just laying the 

organic materials on the soil surface. 

Cores with organic material mixed into the upper part and transplanted into a 

natural wetland developed significantly more redoximorphic features than their 

greenhouse counterparts.   This was likely a result of a more natural hydrologic condition 
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that was much more dynamic than that of the cores in the greenhouse setting, high 

organic matter content in soil surrounding the implanted mesocosms, and an active 

vegetation stand.    These results make it difficult to compare and extrapolate the results 

in the greenhouse setting to a more natural setting.   However, even though the absolute 

value of observed redoximorphic features may be different between the greenhouse and 

field setting, it is expected that a similar relative relationship exists between the 

treatments used in the greenhouse and field component.  Thus, it is thought that the 

relationships documented in the greenhouse remain valid for a field setting. 

Based on the findings of this project, it is recommended that, during the 

construction of wetlands, organic material be concentrated into deeper zones to maximize 

the development of redoximorphic features.  Uniform mixing via plowing and disking 

should be avoided due to the negative effects resulting from impacted soil structure.   
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Appendix A: Forage Analysis Laboratory Reports 
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Appendix B: Total Soil Carbon Data 
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Appendix C: Active Soil Carbon Data 

Core ID DATE Replicate Treatment Cycle Absorbance 
Reading (550 nm) 

Active C 
(mg/Kg soil) 

DOWNER 3/5/2007 A control 0 0.811 57 
DOWNER 3/5/2007 B control 0 0.785 78 
RDOWNER 3/5/2007 A control 0 0.795 70 
RDOWNER 3/5/2007 B control 0 0.809 59 
MAPLE 3/5/2007 A maple 0 0.733 121 
MAPLE 3/5/2007 B maple 0 0.754 104 
OAK 3/5/2007 A oak 0 0.810 58 
OAK 3/5/2007 B oak 0 0.765 95 
SAWDUST 3/5/2007 A sawdust 0 0.745 111 
SAWDUST 3/5/2007 B sawdust 0 0.737 118 
TIMOTHY 3/5/2007 A timothy 0 0.749 108 
TIMOTHY 3/5/2007 B timothy 0 0.734 120 
WHEAT 3/5/2007 A wheat 0 0.748 109 
WHEAT 3/5/2007 B wheat 0 0.782 81 
1A 2/26/2007 A control 1 0.766 94 
1A 2/26/2007 B control 1 0.826 45 
44B 2/22/2007 A control 1 0.771 90 
44B 2/22/2007 B control 1 0.758 101 
1556 2/22/2007 A maple 1 0.731 123 
1556 2/22/2007 B maple 1 0.727 126 
3702 2/22/2007 A maple 1 0.704 145 
3702 2/22/2007 B maple 1 0.700 148 
1301 2/22/2007 A oak 1 0.773 88 
1301 2/22/2007 B oak 1 0.728 125 
4455 2/22/2007 A oak 1 0.781 82 
4455 2/22/2007 B oak 1 0.760 99 
103 3/5/2007 A sawdust 1 0.700 148 
103 2/22/2007 B sawdust 1 0.674 169 
557 2/22/2007 A sawdust 1 0.810 58 
557 2/22/2007 B sawdust 1 0.740 115 
1159 2/22/2007 A timothy 1 0.738 117 
1159 2/22/2007 B timothy 1 0.724 128 
4505 2/26/2007 A timothy 1 0.750 107 
4505 2/26/2007 B timothy 1 0.735 119 
258 2/22/2007 A wheat 1 0.763 96 
258 2/26/2007 B wheat 1 0.691 155 
304 3/5/2007 A wheat 1 0.778 84 
304 2/22/2007 B wheat 1 0.715 136 
3A 3/5/2007 A control 3 0.825 46 
3A 3/5/2007 B control 3 0.766 94 
45B 2/26/2007 A control 3 0.764 96 
45B 3/5/2007 B control 3 0.802 65 
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520 2/26/2007 A maple 3 0.712 138 
520 2/22/2007 B maple 3 0.766 94 
3174 2/22/2007 A maple 3 0.759 100 
3174 2/26/2007 B maple 3 0.800 66 
2119 2/26/2007 A oak 3 0.737 118 
2119 2/22/2007 B oak 3 0.784 79 
5073 2/22/2007 A oak 3 0.743 113 
5073 2/22/2007 B oak 3 0.743 113 
375 2/26/2007 A sawdust 3 0.806 61 
375 2/22/2007 B sawdust 3 0.744 112 
821 2/22/2007 A sawdust 3 0.676 168 
821 2/22/2007 B sawdust 3 0.692 154 
177 2/22/2007 A timothy 3 0.766 94 
177 2/26/2007 B timothy 3 0.782 81 
3823 2/22/2007 A timothy 3 0.729 124 
3823 2/22/2007 B timothy 3 0.738 117 
1222 2/22/2007 A wheat 3 0.736 119 
1222 3/5/2007 B wheat 3 0.782 81 
2776 2/22/2007 A wheat 3 0.809 59 
2776 2/22/2007 B wheat 3 0.738 117 
11B 2/22/2007 A control 6 0.731 123 
11B 3/5/2007 B control 6 0.753 105 
42A 3/5/2007 A control 6 0.780 83 
42A 2/22/2007 B control 6 0.737 118 
3347 2/22/2007 A maple 6 0.774 87 
3347 2/26/2007 B maple 6 0.770 91 
16101 2/22/2007 A maple 6 0.768 92 
16101 2/22/2007 B maple 6 0.768 92 
4346 2/26/2007 A oak 6 0.746 110 
4346 3/5/2007 B oak 6 0.784 79 
36100 2/22/2007 A oak 6 0.745 111 
36100 2/22/2007 B oak 6 0.788 76 
4748 2/22/2007 A sawdust 6 0.755 103 
4748 2/22/2007 B sawdust 6 0.765 95 
40102 2/22/2007 A sawdust 6 0.763 96 
40102 2/22/2007 B sawdust 6 0.730 123 
1750 2/26/2007 A timothy 6 0.768 92 
1750 2/26/2007 B timothy 6 0.788 76 
29104 3/5/2007 A timothy 6 0.770 91 
29104 2/22/2007 B timothy 6 0.744 112 
2749 2/22/2007 A wheat 6 0.736 119 
2749 2/22/2007 B wheat 6 0.739 116 
52103 2/22/2007 A wheat 6 0.802 65 
52103 3/5/2007 B wheat 6 0.814 55 

Notes: 
Method used: Weil et al (2003) 
Active C (mg/kg) = [0.02 mol/L - (a+b * absorbance)] * (9,000 mg C/mol) * (0.21 solution/0.005 kg soil) 



 

113 
 

Where 
0.02 mol/L = initial solution concentration
a = intercept of standard curve 
b = slope of standard curve 

9,000 = mg C (0.75 mol) oxidized by 1 mol of MnO4 changing from Mn7+ to Mn 4+ 
0.21 = volume of KMnO4 reacted  
0.005 = kg of soil used 
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Appendix D: pH Data 

Date pH at 
10cm 

pH at 
25cm Cycle Moisture 

Regime Date pH at 
10cm 

pH at 
25cm Cycle Moisture 

Regime 
3-Dec-04 6.1 5.71 1 Wet 22-Oct-05 6.1 6.16 4 Wet 
3-Dec-04 5.57 5.28 1 Wet 22-Oct-05 5.83 6.18 4 Wet 
3-Dec-04 6.08 5.62 1 Wet 22-Oct-05 5.97 6.23 4 Wet 
14-Dec-

04
5.63 5.3 1 Wet 22-Nov-05 5.9 5.9 4 Wet 

14-Dec-
04

5.87 5.44 1 Wet 22-Nov-05 6.25 6.2 4 Wet  
14-Dec-

04
5.73 5.71 1 Wet 22-Nov-05 6.77 6.35 4 Wet 

18-Jan-05 6.15 6.06 1 Dry 29-Dec-05 6.39 6.15 4 Dry  
18-Jan-05 5.97 5.63 1 Dry 29-Dec-05 6.03 5.85 4 Dry 
18-Jan-05 5.91 5.58 1 Dry 29-Dec-05 5.95 5.95 4 Dry 
10-Feb-

05
5.7 5.91 1 Dry 10-Feb-06 6.32 6.23 4 Dry 

10-Feb-
05

5.99 5.9 1 Dry 10-Feb-06 6.54 6.15 4 Dry 
10-Feb-

05
6.6 6.13 1 Dry 10-Feb-06 6.63 6.34 4 Dry 

9-Mar-05 6.47 6.14 2 Wet 1-Mar-06 6.11 6.02 5 Wet 
9-Mar-05 6.3 6.49 2 Wet 1-Mar-06 6.54 6.29 5 Wet 
9-Mar-05 6.41 6.18 2 Wet 1-Mar-06 6.12 6.27 5 Wet 
5-Apr-05 6.6 6.5 2 Wet 3-Apr-06 6.53 6.11 5 Wet 
5-Apr-05 6.3 6.25 2 Wet 3-Apr-06 6.42 6.39 5 Wet 
5-Apr-05 6.34 6.15 2 Wet 3-Apr-06 6.46 6.09 5 Wet 
3-May-05 6.21 6.01 2 Dry 20-Apr-06 6.3 6.13 5 Dry 
3-May-05 6.24 6.31 2 Dry 20-Apr-06 6.25 6.21 5 Dry 
3-May-05 6.49 6.3 2 Dry 20-Apr-06 6.15 6.15 5 Dry 
31-May-

05
5.16 5.51 2 Dry 1-Jun-06 5.15 6.04 5 Dry 

31-May-
05

5.23 5.43 2 Dry 1-Jun-06 5.29 5.94 5 Dry 
31-May-

05
6.21 6.11 2 Dry 1-Jun-06 5.56 5.72 5 Dry 

6-Jul-05 6.46 6.32 3 Wet 29-Jun-06 6.45 6.46 6 Wet 
6-Jul-05 6.25 6.23 3 Wet 29-Jun-06 6.83 6.38 6 Wet 
6-Jul-05 6.23 6.06 3 Wet 29-Jun-06 6.09 6.44 6 Wet 

27-Jul-05 6.32 5.86 3 Wet 26-Jul-06 7.6 6.75 6 Wet 
27-Jul-05 6.41 6.35 3 Wet 26-Jul-06 7.59 6.53 6 Wet 
27-Jul-05 6.04 6.04 3 Wet 26-Jul-06 7.34 6.86 6 Wet 
1-Sep-05 6.92 6.45 3 Dry 20-Aug-06 6.25 6.4 6 Dry 
1-Sep-05 6.55 5.38 3 Dry 20-Aug-06 6.08 5.7 6 Dry 
1-Sep-05 6.65 5.89 3 Dry 20-Aug-06 6.6 5.9 6 Dry 
3-Oct-05 5.93 6 3 Dry 15-Sep-06 6.31 6.14 6 Dry 
3-Oct-05 5.8 6.12 3 Dry 15-Sep-06 6.5 5.98 6 Dry 
3-Oct-05 5.9 5.95 3 Dry 15-Sep-06 6.42 6.21 6 Dry 
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Appendix E: Summary of Redox Potentials (Eh) 
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Appendix F: Soil Morphological Descriptions 

 
Date: 10/31/05 Incorporation: Mixed    

Core ID: 44B Organic Material: Control    
Cycle: 1    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-11 10YR 4/4 - - - 

Ap2 11-18 10YR 4/3 7.5YR 4/4 faint, very fine, throughout, 
masses and pore linings, 2-4 

Bt 18+ 10YR 5/6 7.5YR 4/4 Faint, very fine to fine, 18-24cm 
in old root channels 1-3 

 
Date: 10/31/05 Incorporation: Mixed    

Core ID: 1A Organic Material: Control    
Cycle: 1    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-11 10YR 4/4 - - - 

Ap2 11-22 10YR 4/4 7.5YR 4/4 
faint, very fine, throughout old 
root channels, masses and pore 
linings, 

4-6 

Bt 22+ 10YR 5/6 7.5YR 4/4 Faint, very fine to fine, 22-25cm 
in old root channels 1-3 

 
Date: 3/8/05 Incorporation: Mixed    

Core ID: 3702 Organic Material: Maple    
Cycle: 1    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-14 10YR 3/3 - Potential feature around 
macropore - 

Ap2 14-24 10YR 4/3 - 
 

Very few, faint iron oxide 
concentrations - 

Bt 24+ 10YR 5/6 - - - 

Notes: No significant iron coating on top of core 
 



132 
 

 
Date: 3/8/05 Incorporation: Mixed    

Core ID: 1556 Organic Material: Maple    
Cycle: 1    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-13 10YR 3/3 - - - 

Ap2 13-20 10YR 4/4 - - - 

BE 20-25 10YR 5/4 - - - 

Bt 25+ 10YR 5/6 - - - 

Notes: No surface coating on top of core, iron staining/concentrations from 1-3cm in macropores. 
 
Date: 3/8/05 Incorporation: Mixed    

Core ID: 4455 Organic Material: Oak    
Cycle: 1    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-15 10YR 3/2 - - - 

Ap2 15-22 10YR 4/3 - 
 - - 

Bt 22+ 10YR 5/6 - - - 

Notes: No iron surface crust, iron staining/concentrations from 2-5cm in pH sampling macrocore. 
 
Date: 3/8/05 Incorporation: Mixed    

Core ID: 1301 Organic Material: Oak    
Cycle: 1    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-15 10YR 3/3 - - - 

Ap2 15-21 10YR 4/3 7.5YR 4/4 faint, very fine, throughout, 
masses and pore linings < 0.5 

BE 21-25 10YR 5/4 - - - 

Bt 25+ 10YR 5/6 - - - 

Notes: Light iron surface coating on top of core, iron staining/concentrations from 4-6cm in redox probe 
hole.
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Date: 4/8/05 Incorporation: Surface    

Core ID: 5309 Organic Material: Oak    
Cycle: 1    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-10 10YR 4/3 7.5YR 5/6 
faint to distinct, very fine, 

throughout,  soft masses and 
pore linings 

3 

Ap2 10-20 10YR 4/3 - - - 

BE 20-24 10YR 5/4 - - - 

Bt 24+ 10YR 5/6 - - - 

 
Date: 4/8/05 Incorporation: Surface    

Core ID: 2063 Organic Material: Oak    
Cycle: 1    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-10 10YR 4/3 7.5YR 4/4 distinct, very fine, throughout 
soft masses and pore linings 2 

Ap2 10-17 10YR 4/3 - - - 

BE 17-20 10YR 5/4 - - - 

Bt 20+ 10YR 5/6 - - - 

 
Date: 4/8/05 Incorporation: Zoned    

Core ID: 4962 Organic Material: Oak    
Cycle: 1    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap 0-19 10YR 4/3 7.5YR 4/4 faint, very fine, throughout, 
masses and pore linings <2 

Bt 19+ 10YR 5/6 - - - 



134 
 

 
Date: 4/8/05 Incorporation: Zoned    

Core ID: 4208 Organic Material: Oak    
Cycle: 1    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap 0-20 10YR 4/3 7.5YR 5/6 

mostly faint, very fine, 
throughout, masses and pore 

linings, large distinct or 
prominent concentration at 14cm 

<2 

Bt 20+ 10YR 5/6 - - - 

Notes:  Potential depletion (1.5 cm diameter) observed at 14 cm, 10YR 6/4. 
 
Date: 3/8/05 Incorporation: Mixed    

Core ID: 0557 Organic Material: Sawdust    
Cycle: 1    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-14 10YR 3/3 - - - 

Ap2 14-18 10YR 4/3 - 
 - - 

Bt 18+ 10YR 5/6 - - - 

Notes: No iron surface crust, iron staining/concentrations from 2-4cm in pH sampling macropore. 
 
Date: 3/8/05 Incorporation: Mixed    

Core ID: 0103 Organic Material: Sawdust    
Cycle: 1    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-12 10YR 3/3 - - - 

Ap2 12-19 10YR 4/3 7.5YR 4/4 faint, very fine, throughout, soft 
masses and pore linings <0.5 

BE 19-25 10YR 5/4 - - - 

Bt 25+ 10YR 5/6 - - - 

Notes: No surface coating on top of core, iron staining/concentrations from 2-5cm in redox probe 
macropore.
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Date: 3/8/05 Incorporation: Mixed    

Core ID: 1159 Organic Material: Timothy    
Cycle: 1    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-13 10YR 4/3 - - - 

Ap2 13-20 10YR 4/3 - 
 - - 

BE 20-25 10YR 5/5 - - - 

Bt 25+ 10YR 5/6 - - - 

Notes: Iron coating on top of core. 
 
Date: 3/8/05 Incorporation: Mixed    

Core ID: 4505 Organic Material: Timothy    
Cycle: 1    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-13 10YR 4/3 - - - 

Ap2 13-22 10YR 4/3 - 
 - - 

Bt 22+ 10YR 5/6 - - - 

Notes: Light iron coating on top of core. 
 
Date: 3/8/05 Incorporation: Mixed    

Core ID: 0304 Organic Material: Wheat    
Cycle: 1    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-13 10YR 4/3 - Potential iron oxide 
concentration around macropore - 

Ap2 13-18 10YR 4/3 - 
 - - 

BE 18-23 10YR 5/5 - - - 

Bt 23+ 10YR 5/6 - - - 

Notes: Light iron coating on top of core.
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Date: 3/8/05 Incorporation: Mixed    

Core ID: 0258 Organic Material: Wheat    
Cycle: 1    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-15 10YR 4/3 - - - 

Ap2 15-27 10YR 4/3 - 
 - - 

Bt 27+ 10YR 5/6 - - - 

Notes: Splotty iron surface crust.  Zones of Bt is bottom of Ap2 
 
Date: 4/8/05 Incorporation: Surface    

Core ID: 0661 Organic Material: Wheat    
Cycle: 1    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-5 10YR 4/3 7.5YR 4/4 faint, very fine, 0-5 cm, masses 
and pore linings <2 

Ap2 5-19 10YR 4/3 - - - 

Bt 19+ 10YR 5/6 - - - 

 
Date: 4/8/05 Incorporation: Surface    

Core ID: 3907 Organic Material: Wheat    
Cycle: 1    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-10 10YR 4/3 7.5YR 4/4 faint, very fine, 0-10cm, masses 
and pore linings <2 

Ap2 10-18 10YR 4/3 - - - 

Bt 18+ 10YR 5/6 - - - 
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Date: 4/8/05 Incorporation: Zoned    

Core ID: 5006 Organic Material: Wheat    
Cycle: 1    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap 0-22 10YR 4/3 7.5YR 4/4 faint, very fine, throughout and 
around roots <2 

Bt 22+ 10YR 5/6 - - - 

Notes:  Organic matter is lighter in color 
 
Date: 4/8/05 Incorporation: Zoned    

Core ID: 4560 Organic Material: Wheat    
Cycle: 1    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap 0-18 10YR 4/3 7.5YR 4/4 
faint, very fine, throughout 

upper 10cm, soft masses and 
pore linings 

2 

BE 18-22 10YR 5/4 - - - 

Bt 22+ 10YR 5/6 - - - 

 
Date: 3/16/06 Incorporation: Mixed    

Core ID: 2B Organic Material: Control    
Cycle: 2    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-11.5 10YR 4/3 - - - 

Ap2 11.5-22 10YR 4/3 7.5YR 4/4 faint, very fine, throughout, soft 
masses and pore linings 1 

Bt 20+ 10YR 5/6 7.5YR 4/4 faint, very fine, 20-25 cm, soft 
masses and pore linings 2 

 
Date: 3/16/06 Incorporation: Mixed    

Core ID: 37A Organic Material: Control    
Cycle: 2    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-11 10YR 4/4 - - - 

Ap2 11-19 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings 1 

Bt 19+ 10YR 4/6 7.5YR 4/6 faint, very fine, 19-24 cm, soft 
masses and pore linings 1 
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Date: 6/21/05 Incorporation: Mixed    

Core ID: 0711 Organic Material: Maple    
Cycle: 2    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-12 10YR 4/3 - - - 

Ap2 12-20 10YR 4/4 7.5 YR 4/4 faint, very fine, throughout, soft 
masses and pore linings <1 

Bt 20+ 10YR 5/6 - - - 

Notes: Light iron staining in macropore within 1cm, no staining on soil surface, brittle in bottom 5cm of 
core.  
 
Date: 6/21/05 Incorporation: Mixed    
Core ID: 5465 Organic Material: Maple    
 Cycle: 2    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-13 10YR 4/3 - - - 

Ap2 13-21 10YR 4/4 7.5YR 4/4 faint, very fine, 13-16cm, soft 
masses and pore linings 1-2 

Bt 21+ 10YR 5/6 - - - 

Notes: iron oxide features at base of Ap1 
 
Date: 6/23/05 Incorporation: Mixed    

Core ID: 2864 Organic Material: Oak    
Cycle: 2    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-13 10YR 4/3 - - - 

Ap2 13-22 10YR 4/4 7.5 YR 4/4 faint, very fine, throughout, soft 
masses and pore linings <1 

Bt 22+ 10YR 5/6 - - - 

Notes: faint staining in macropores.
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Date: 6/21/05 Incorporation: Mixed    

Core ID: 0410 Organic Material: Oak    
Cycle: 2    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-13 10YR 4/3 - - - 

Ap2 13-26 10YR 4/4 - - - 

Bt 26+ 10YR 5/6 - - - 

Notes:  Little iron staining on soil surface, distinct staining in redox probe macropores in upper 5cm, lots of 
miscellaneous colors in bottom of Ap2 that’s not redox.   
 
Date: 6/23/05 Incorporation: Surface    

Core ID: 2272 Organic Material: Oak    
Cycle: 2    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-5 10YR 4/3 5YR 4/6 distinct, very fine, throughout, 
soft masses and pore linings 3 

Ap2 5-21 10YR 4/4 5YR 4/6 distinct, very fine, throughout, 
soft masses and pore linings 1 

Bt 21+ 10YR 5/6 - - - 

 
Date: 6/23/05 Incorporation: Surface    

Core ID: 5218 Organic Material: Oak    
Cycle: 2    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-10 10YR 4/4 7.5YR 4/4 faint, very fine, throughout, soft 
masses and pore linings 1-3 

Ap2 10-22 10YR 4/4 - - - 

Bt 22+ 10YR 5/6 - - - 

Notes: Bt material mixed into bottom of Ap2 horizon. 
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Date: 6/23/05 Incorporation: Zoned    

Core ID: 2171 Organic Material: Oak    
Cycle: 2    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap 0-23 10YR 4/3 5YR 4/6 distinct, very fine, throughout, 
soft masses and pore linings 5 

Bt 23+ 10YR 5/6 - - - 

 
Date: 6/23/05 Incorporation: Zoned    

Core ID: 3517 Organic Material: Oak    
Cycle: 2    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap 0-18 10YR 4/3 5YR 4/6 distinct, very fine, throughout, 
soft masses and pore linings 3 

BE 18-21 10YR 5/4 5YR 4/6 - - 

Bt 21+ 10YR 5/6 - - - 

Notes: potential depleted halo around organic material. 
 
Date: 6/21/05 Incorporation: Mixed    

Core ID: 0766 Organic Material: Sawdust    
Cycle: 2    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-13 10YR 4/3 - - - 

Ap2 13-22 10YR 4/3 - - - 

Bt 22+ 10YR 5/6 - - - 

Notes:  Little iron staining on soil surface, faint staining in redox macropores within 1 cm of soil surface. 
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Date: 6/23/05 Incorporation: Mixed    

Core ID: 2212 Organic Material: Sawdust    
Cycle: 2    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-11 10YR 4/3 - - - 

Ap2 11-20 10YR 4/4 - - - 

Bt 20+ 10YR 5/6 - - - 

Notes: faint staining in macropores. 
 
Date: 6/21/05 Incorporation: Mixed    

Core ID: 4414 Organic Material: Timothy    
Cycle: 2    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-13 10YR 4/3 - - - 

Ap2 13-18 10YR 4/3 - - - 

Bt 18+ 10YR 5/6 - - - 

Notes: Significant iron staining on soil surface, light staining in macrocpores within 5 cm of soil surface. 
 
Date: 6/21/05 Incorporation: Mixed    

Core ID: 4368 Organic Material: Timothy    
Cycle: 2    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-14 10YR 4/3 - - - 

Ap2 14-25 10YR 4/3 - - - 

Bt 25+ 10YR 5/6 - - - 

Notes: Significant iron staining on soil surface.  Staining in redox probe holes within 5cm of soil surface.
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Date: 6/21/05 Incorporation: Mixed    

Core ID: 0967 Organic Material: Wheat    
Cycle: 2    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-15 10YR 4/3 7.5YR 4/4 
faint, very fine, throughout 

upper 5 cm, soft masses and pore 
linings 

<1 

Ap2 15-22 10YR 4/4 7.5YR 4/4 faint, very fine, throughout <1 

Bt 22+ 10YR 5/6 - - - 

Notes: Heavy iron staining on soil surface, little staining in macropores. 
 
Date: 6/23/05 Incorporation: Mixed    

Core ID: 3013 Organic Material: Wheat    
Cycle: 2    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-12 10YR 4/3 - - - 

Ap2 12-22 10YR 4/4 - - - 

Bt 22+ 10YR 5/6 - - - 

Notes: faint iron staining in macropores in upper 2 cm.  
 
Date: 6/23/05 Incorporation: Surface    

Core ID: 0916 Organic Material: Wheat    
Cycle: 2    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-5 10YR 4/3 5YR 4/6 
faint, very fine, throughout 

soft masses and pore 
linings 

3-4 

Ap2 5-21 10YR 4/3 5YR 4/6 faint, fine, throughout soft 
masses and pore linings 1 

Bt 21+ 10YR 5/6 - - - 
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Date: 6/23/05 Incorporation: Surface    

Core ID: 4870 Organic Material: Wheat    
Cycle: 2    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-5 10YR 4/4 7.5YR 4/4 faint, very fine, throughout, soft 
masses and pore linings <2 

Ap2 5-21.5 10YR 4/4 - - - 

Bt 21.5+ 10YR 5/6 - - - 

 
Date: 6/23/05 Incorporation: Zoned    

Core ID: 2569 Organic Material: Wheat    
Cycle: 2    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap 0-23 10YR 4/3 5YR 4/6 faint, very fine, throughout soft 
masses and pore linings 4 

Bt 23+ 10YR 5/6 - - - 

 
Date: 6/23/05 Incorporation: Zoned    

Core ID: 5115 Organic Material: Wheat    
Cycle: 2    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-12 10YR 4/4 7.5YR 4/4 faint, very fine, throughout, soft 
masses and pore linings 2 

Ap2 12-21 10YR 4/4 7.5YR 4/4 faint, very fine, throughout, soft 
masses and pore linings 4-6 

Bt 21+ 10YR 5/6 - - - 
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Date: 6/20/06 Incorporation: Mixed    

Core ID: 3A Organic Material: Control    
Cycle: 3    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-11 10YR 4/4 - - - 

Ap2 11-22 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, 
masses and pore linings, 1-3 

Bt 22+ 10YR 5/6 7.5YR 4/6 faint, very fine to fine, 22-23cm - 

 
Date: 6/26/06 Incorporation: Mixed    

Core ID: 45B Organic Material: Control    
Cycle: 3    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-10 10YR 4/4 - - - 

Ap2 10-20 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, 
masses and pore linings, 3 

Bt 20+ 10YR 5/6 7.5YR 4/6 faint, very fine to fine, 20-22cm <1 

 
Date: 10/31/05 Incorporation: Mixed    
Core ID: 3174 Organic Material: Maple    
 Cycle: 3    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-14 10YR 4/3 - - - 

Ap2 14-21 10YR 4/4 7.5YR 4/4 faint, very fine, throughout, soft 
masses and pore linings <1 

Bt 21+ 10YR 5/6 - - - 

Notes: iron oxide staining/concentrations in macropores from 0-5cm. 
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Date: 10/31/05 Incorporation: Mixed    
Core ID: 0520 Organic Material: Maple    
 Cycle: 3    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-13 10YR 4/3 7.5YR 4/4 faint, very fine, upper 5cm, soft 
masses and pore linings <1 

Ap2 13-21 10YR 4/4 7.5YR 4/4 faint, very fine, throughout, soft 
masses and pore linings <1 

Bt 21+ 10YR 5/6 - - - 

Notes: iron oxide staining/concentrations in macropores from 0-5cm. 
 
Date: 10/31/05 Incorporation: Mixed    
Core ID: 5073 Organic Material: Oak    
 Cycle: 3    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-13 10YR 4/4 - - - 

Ap2 13-22.5 10YR 4/4 - - - 

Bt 22.5+ 10YR 5/6 - - - 

Notes: iron oxide staining/concentrations (7.5YR 4/4) 0-5cm in macropores. 
 
Date: 10/31/05 Incorporation: Mixed    
Core ID: 2119 Organic Material: Oak    
 Cycle: 3    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-14 10YR 4/3 - - - 

Ap2 13-20 10YR 4/4 - - - 

Bt 20+ 10YR 5/6 - - - 
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Date: 10/31/05 Incorporation: Surface    

Core ID: 4027 Organic Material: Oak    
Cycle: 3    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-5 10YR 4/3-4 7.5YR 4/4 faint, very fine, throughout, soft 
masses and pore linings 1 

Ap2 5-16.5 10YR 4/4 - - - 

Bt 18.5+ 10YR 5/6 - - - 

 
Date: 10/27/05 Incorporation: Surface    
Core ID: 3281 Organic Material: Oak    
 Cycle: 3    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-5 10YR 4/3 7.5YR 4/4 faint, very fine, throughout, soft 
masses and pore linings 1-3 

Ap2 5-20 10YR 4/3 - - - 

Bt 20+ 10YR 5/6 - - - 

 
Date: 10/27/05 Incorporation: Zoned    

Core ID: 3980 Organic Material: Oak    
Cycle: 3    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap 0-22.5 10YR 4/3 7.5YR 4/6 distinct, very fine, throughout, 
soft masses and pore linings 7-9 

Bt 22.5+ 10YR 5/6 - - - 
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Date: 10/31/05 Incorporation: Zoned    

Core ID: 0626 Organic Material: Oak    
Cycle: 3    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap 0-22.5 10YR 4/3 7.5YR 4/4 
faint to distinct, very fine, 

throughout, soft masses and pore 
linings 

3-5 

Bt 22.5+ 10YR 5/6 - - - 

 
Date: 10/31/05 Incorporation: Mixed    
Core ID: 0821 Organic Material: Sawdust    
 Cycle: 3    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-13 10YR 4/3 - - - 

Ap2 13-23 10YR 4/3-4 - - - 

Bt 23+ 10YR 5/6 - - - 

Notes: Iron oxide staining/concentrations (7.5YR 4/4) from 0-5cm in macropores. 
 
Date: 10/31/05 Incorporation: Mixed    
Core ID: 0375 Organic Material: Sawdust    
 Cycle: 3    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-13 10YR 4/3 - - - 

Ap2 13-21 10YR 4/3-4 7.5YR 4/4 - <1 

Bt 21+ 10YR 5/6 - - - 

Notes: Iron oxide staining/concentrations (7.5YR 4/4) from 0-8cm in macropores. 
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Date: 10/31/05 Incorporation: Mixed    

Core ID: 3823 Organic Material: Timothy    
Cycle: 3    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-12 10YR 4/3 7.5YR 4/4 
faint, very fine, throughout 

upper 5 cm, soft masses and pore 
linings 

<1 

Ap2 12-20 10YR 4/4  7.5YR 4/4 faint, very fine, throughout, soft 
masses and pore linings <1 

Bt 20+ 10YR 5/6 - - - 

 
Date: 10/31/05 Incorporation: Mixed    

Core ID: 0177 Organic Material: Timothy    
Cycle: 3    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-13 10YR 4/4 7.5YR 4/4 
faint, very fine, throughout 

upper 5 cm, soft masses and pore 
linings 

<1 

Ap2 13-22.5 10YR 4/4  7.5YR 4/4 faint, very fine, throughout, soft 
masses and pore linings <0.5 

Bt 20+ 10YR 5/6 - - - 

 
Date: 10/31/05 Incorporation: Mixed    
Core ID: 1222 Organic Material: Wheat    
 Cycle: 3    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-13 10YR 4/3 7.5YR 4/4 faint, very fine, throughout, soft 
masses and pore linings 1-3 

Ap2 13-22 10YR 4/3-4 7.5YR 4/4 faint, very fine, throughout, soft 
masses and pore linings 3-5 

Bt 22+ 10YR 5/6 - - - 

Notes: very large iron oxide feature in macropore (8cm long x 2 cm wide, 5YR 3/4) 
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Date: 10/31/05 Incorporation: Mixed    
Core ID: 2776 Organic Material: Wheat    
 Cycle: 3    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-13 10YR 4/3 7.5YR 4/4 
faint, very fine, throughout 

upper 5cm, soft masses and pore 
linings 

<1 

Ap2 13-23 10YR 4/3-4 7.5YR 4/4 faint, very fine, throughout, soft 
masses and pore linings 2-4 

Bt 23+ 10YR 5/6 - - - 

 
Date: 10/27/05 Incorporation: Surface    

Core ID: 5179 Organic Material: Wheat    
Cycle: 3    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-5 10YR 4/4 7.5YR 4/4 faint, very fine, throughout, soft 
masses and pore linings <1 

Ap2 5-18 10YR 4/4 - - - 

Bt 20+ 10YR 5/6 - - - 

 
Date: 10/31/05 Incorporation: Surface    

Core ID: 5425 Organic Material: Wheat    
Cycle: 3    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-5 10YR 4/3 7.5YR 4/4 faint, very fine, throughout, soft 
masses and pore linings 1-2 

Ap2 5-18.5 10YR 4/3 - - - 

Bt 18.5+ 10YR 4-5/6 - - - 
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Date: 10/27/05 Incorporation: Zoned    

Core ID: 3124 Organic Material: Wheat    
Cycle: 3    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-10 10YR 4/3 7.5YR 4/4 
faint and distinct, very fine, 

throughout, soft masses and pore 
linings 

4-5 

Ap2 10-23 10YR 4/3 7.5YR 4/4 
faint and distinct, very fine, 

throughout, soft masses and pore 
linings 

8-10 

Bt 23+ 10YR 5/6 - - - 

 
Date: 10/27/05 Incorporation: Zoned    

Core ID: 3078 Organic Material: Wheat    
Cycle: 3    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-10 10YR 4/3 7.5YR 4/4 
faint and distinct, very fine, 

throughout, soft masses and pore 
linings 

2-4 

Ap2 10-19 10YR 4/3 7.5YR 4/4 
faint and distinct, very fine, 

throughout, soft masses and pore 
linings 

7-9 

Bt 19+ 10YR 5/6 - - - 

Notes:  Line of features at Ap/Bt contact, potential features in top 5cm of Bt. 
 
Date: 11/1/06 Incorporation: Mixed    

Core ID: 49B Organic Material: Control    
Cycle: 4    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-10 10YR 4/4 - - - 

Ap2 10-21 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings 2-3 

Bt 21+ 10YR 5/6 - - - 
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Date: 11/1/06 Incorporation: Mixed    

Core ID: 15B Organic Material: Control    
Cycle: 4    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-10 10YR 4/4 - - - 

Ap2 10-19 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings 2 

Bt 21+ 10YR 5/6 - 
Very few iron oxide 

concentrations in very top of 
horizon, not enough to map 

- 

 
Date: 3/16/06 Incorporation: Mixed    

Core ID: 2029 Organic Material: Maple    
Cycle: 4    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-12.5 10YR 4/3 7.5YR 4/4 faint, very fine, throughout the 
upper 3 cm. <1 

Ap2 12.5-23 10YR 4/4 7.5YR 4/4 faint, very fine, throughout, soft 
masses and pore linings 2 

Bt 23+ 10YR 5/5 - - - 

 
Date: 3/16/06 Incorporation: Mixed    

Core ID: 3383 Organic Material: Maple    
Cycle: 4    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-13 10YR 4/3 - - - 

Ap2 12.5-23 10YR 4/4 7.5YR 4/4 faint, very fine, throughout, soft 
masses and pore linings <1 

Bt 23+ 10YR 5/6 - - - 

Notes: Iron oxide staining/concentrations from 0-1 cm in macropores. 
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Date: 3/16/06 Incorporation: Mixed    

Core ID: 2328 Organic Material: Oak    
Cycle: 4    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-14 10YR 4/4 - - - 

Ap2 14-19 10YR 4/4 7.5YR 4/4 faint, very fine, throughout, soft 
masses and pore linings <1 

Bt 19+ 10YR 4/6 - - - 

Notes: Iron oxide staining/concentrations from 0-4 cm in macropores. 
 
Date: 3/16/06 Incorporation: Mixed    

Core ID: 2482 Organic Material: Oak    
Cycle: 4    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-15 10YR 4/3 7.5YR 4/4 faint, very fine, throughout the 
upper 3 cm. <1 

Ap2 15-24 10YR 4/3 7.5YR 4/4 faint, very fine, throughout 2 

Bt 24+ 10YR 5/6 - - - 

 
Date: 6/20/06 Incorporation: Surface    

Core ID: 1790 Organic Material: Oak    
Cycle: 4    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-5 10YR 4/4 7.5YR 4/4 faint, very fine, throughout, soft 
masses and pore linings  <1 

Ap2 5-14 10YR 4/4 - - - 

Bt 14+ 10YR 5/6 - - - 

 
Date: 6/23/06 Incorporation: Surface    

Core ID: 3636 Organic Material: Oak    
Cycle: 4    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap 0-17 10YR 4/4 7.5YR 4/4 faint, very fine, throughout, soft 
masses and pore linings  <1 

Bt 17+ 10YR 5/6 - - - 
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Date: 6/23/06 Incorporation: Zoned    

Core ID: 1989 Organic Material: Oak    
Cycle: 4    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap 0-22 10YR 4/4 7.5YR 4/4 faint, very fine, throughout, soft 
masses and pore linings  1-2 

Bt 22+ 10YR 5/6 - - - 

Notes: Small depleted halo around organic material and a few very fine depletions in Ap2 
 
Date: 6/23/06 Incorporation: Zoned    

Core ID: 1935 Organic Material: Oak    
Cycle: 4    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-11 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings  1-2 

Ap2 11-22 10YR 4/4 
7.5YR 4/6 faint, very fine, throughout, soft 

masses and pore linings 6 

10YR 4/3 Faint, fine, throughout 3 

Bt 22+ 10YR 5/6 - - - 

Notes: Small depleted halo around organic material approx 5-7mm thick.  
 
Date: 3/16/06 Incorporation: Mixed    

Core ID: 0232 Organic Material: Timothy    
Cycle: 4    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-13 10YR 4/3 7.5YR 4/4 faint, very fine, throughout the 
upper 3 cm. <1 

Ap2 13-20 10YR 4/3 7.5YR 4/4 faint, very fine, throughout 2 

Bt 20+ 10YR 5/6 - - - 
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Date: 3/16/06 Incorporation: Mixed    

Core ID: 4786 Organic Material: Timothy    
Cycle: 4    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-12 10YR 4/4 - - - 

Ap2 12-22 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings <1 

Bt 22+ 10YR 5/6 - - - 

 
Date: 3/16/06 Incorporation: Mixed    

Core ID: 2930 Organic Material: Sawdust    
Cycle: 4    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-13 10YR 4/3 - - - 

Ap2 13-23 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings <1 

Bt 23+ 10YR 4/6 - - - 

Notes: Iron oxide staining/concentrations in macropores 0-2cm. 
 
Date: 3/16/06 Incorporation: Mixed    

Core ID: 4184 Organic Material: Sawdust    
Cycle: 4    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-13 10YR 4/4 - - - 

Ap2 13-21 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings 0.5 

Bt 21+ 10YR 5/6 - - - 

Notes: Iron oxide staining/concentrations in macropores and creases of Ap1. 



155 
 

 
Date: 3/16/06 Incorporation: Mixed    

Core ID: 2431 Organic Material: Wheat    
Cycle: 4    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-13.5 10YR 4/3 7.5YR 5/6 
faint, very fine, throughout 

upper 3cm, soft masses and pore 
linings 

<1 

Ap2 13.5-24 10YR 4/3 7.5YR 5/6 faint, very fine, throughout, soft 
masses and pore linings 2 

Bt 24+ 10YR 5/6 - - - 

 
Date: 3/16/06 Incorporation: Mixed    

Core ID: 1285 Organic Material: Wheat    
Cycle: 4    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-13 10YR 4/3 7.5YR 4/4 Faint, Very Fine, throughout the 
upper 3 cm. <2 

Ap2 13-23 10YR 4/3.5 7.5YR 4/4 Faint, very fine, throughout 2 

Bt 23+ 10YR 5/6 - - - 

 
Date: 6/23/06 Incorporation: Surface    

Core ID: 1434 Organic Material: Wheat    
Cycle: 4    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap 0-17 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings <1 

Bt 17+ 10YR 4/6 - - - 

 
Date: 6/23/06 Incorporation: Surface    

Core ID: 1888 Organic Material: Wheat    
Cycle: 4    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap 0-20 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings <1 

Bt 20+ 10YR 4/6 - - - 
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Date: 6/20/06 Incorporation: Zoned    

Core ID: 1833 Organic Material: Wheat    
Cycle: 4    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-9 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings <1 

Ap2 9-18 10YR 4/4 7.5YR 4/6 
faint to distinct, fine to very fine, 
throughout, soft masses and pore 

linings 
6-8 

Bt 23+ 10YR 5/6 - faint, very fine, 18-21cm, soft 
masses and pore linings <1 

Notes: Potential depletion 10YR 5/4 in Ap2. 
 
Date: 6/23/06 Incorporation: Zoned    

Core ID: 1487 Organic Material: Wheat    
Cycle: 4    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-10 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings 2 

Ap2 10-24 10YR 4/4 
7.5YR 4/6 

faint to distinct, fine to very fine, 
throughout, soft masses and pore 

linings 
6 

10YR 4/3 Faint, fine, chroma 3 depletions 
throughout Ap2 2 

Bt 24+ 10YR 5/6 - faint, very fine, 18-21cm, soft 
masses and pore linings <1 

Notes: Potential depleted halo around organic matter approximately 5mm wide. 
 
Date: 6/25/07 Incorporation: Mixed    

Core ID: 50A Organic Material: Control    
Cycle: 5    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-12 10YR 4/3 - - - 

Ap2 12-20 10YR 4/3 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings <1 

BE 20-24 10YR 5/4 - - - 

Bt 24+ 10YR 5/6 - - - 
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Date: 6/25/07 Incorporation: Mixed    

Core ID: 13A Organic Material: Control    
Cycle: 5    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-10 10YR 4/3 - - - 

Ap2 10-19 10YR 4/3 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings 1-2 

BE 19-23 10YR 5/4 - - - 

Bt 23+ 10YR 5/6 - - - 

 
Date: 6/26/06 Incorporation: Mixed    

Core ID: 3438 Organic Material: Maple    
Cycle: 5    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-12 10YR 4/3 - - - 

Ap2 12-24 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings <1 

Bt 24+ 10YR 4/6 - - - 

Notes: Iron oxide staining/concentrations in macropores from 0-3cm. 
 
Date: 6/26/06 Incorporation: Mixed    

Core ID: 1392 Organic Material: Maple    
Cycle: 5    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-12 10YR 4/4 - - - 

Ap2 12-19 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings <1 

Bt 19+ 10YR 5/6 - - - 

Notes: Iron oxide staining/concentrations in macropores from 0-3cm.
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Date: 6/20/06 Incorporation: Mixed    

Core ID: 1537 Organic Material: Oak    
Cycle: 5    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-14 10YR 4/4 7.5YR 4/6 
faint, very fine, throughout 

upper 5cm, soft masses and pore 
linings 

<1 

Ap2 14-22 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings <1 

Bt 22+ 10YR 5/6 - - - 

 
Date: 6/20/06 Incorporation: Mixed    

Core ID: 0491 Organic Material: Oak    
Cycle: 5    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-11 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings <1 

Ap2 11-18 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings <1 

Bt 18+ 10YR 4/6 - - - 

 
Date: 6/23/06 Incorporation: Surface    

Core ID: 1099 Organic Material: Oak    
Cycle: 5    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap 0-16 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings <1 

Bt 18+ 10YR 4/6 - - - 

 
Date: 6/23/06 Incorporation: Surface    

Core ID: 4145 Organic Material: Oak    
Cycle: 5    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap 0-16 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings <1 

Bt 16+ 10YR 4/6 - - - 
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Date: 6/23/06 Incorporation: Zoned    

Core ID: 4298 Organic Material: Oak    
Cycle: 5    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap 0-20 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings <2 

Bt 20+ 10YR 4/6 - - - 

Notes: Depleted halos around organic columns, 10YR 4/3, approximately 5mm thick. 
 
Date: 6/23/06 Incorporation: Zoned    

Core ID: 2644 Organic Material: Oak    
Cycle: 5    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-10 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings 1 

Ap2 10-19 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings 3 

Bt 22+ 10YR 4/6 - - - 

Notes: Depleted halo approx. 2-5 cm thick and 1 or 2 fine 3 chroma depletions in Ap2. 
 
Date: 6/20/06 Incorporation: Mixed    

Core ID: 1039 Organic Material: Sawdust    
Cycle: 5    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-13 10YR 4/4 - - - 

Ap2 13-22 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings <1 

Bt 22+ 10YR 4/6 - - - 

Notes: Iron oxide staining/concentrations in macropores from 0-3cm. 
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Date: 6/26/06 Incorporation: Mixed    

Core ID: 3593 Organic Material: Sawdust    
Cycle: 5    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-12 10YR 4/3 - - - 

Ap2 12-21 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings 0.5 

Bt 21+ 10YR 4/6 - - - 

Notes: Iron oxide staining/concentrations in macropores. 
 
Date: 6/29/06 Incorporation: Mixed    

Core ID: 4695 Organic Material: Timothy    
Cycle: 5    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-10 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings <1 

Ap2 10-18 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings <1 

Bt 18+ 10YR 5/6 - - - 

Notes: Iron oxide staining/concentrations in macropores. 
 
Date: 6/29/06 Incorporation: Mixed    

Core ID: 4941 Organic Material: Timothy    
Cycle: 5    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-12 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings 0.5 

Ap2 12-25 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings <1 

Bt 25+ 10YR 5/6 - - - 
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Date: 6/29/06 Incorporation: Mixed    

Core ID: 4840 Organic Material: Wheat    
Cycle: 5    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-12 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings <1 

Ap2 12-20 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings 1 

Bt 20+ 10YR 5/6 - - - 

Notes: Large macropores throughout Ap1, iron oxide concentrations in macropores, macropores may be 
from worms/insects. 
 
Date: 6/26/06 Incorporation: Mixed    

Core ID: 3894 Organic Material: Wheat    
Cycle: 5    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-13 10YR 4/4 - - - 

Ap2 13-21 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings <1 

Bt 21+ 10YR 4/6 - - - 

Notes: Iron oxide staining/concentrations in macropores from 0-3cm.   
 
Date: 6/20/06 Incorporation: Surface    

Core ID: 0897 Organic Material: Wheat    
Cycle: 5    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-8 10YR 4/4 7.5YR 4/4 faint, very fine, throughout, soft 
masses and pore linings  <1 

Ap2 8-18 10YR 4/4 - - - 

Bt 18+ 10YR 4/6 - - - 
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Date: 6/23/06 Incorporation: Surface    

Core ID: 2543 Organic Material: Wheat    
Cycle: 5    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap 0-20 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings <1 

Bt 20+ 10YR 4/6 - - - 

 
Date: 6/23/06 Incorporation: Zoned    

Core ID: 3796 Organic Material: Wheat    
Cycle: 5    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap 0-17 10YR 4/4 
7.5YR 4/6 faint, very fine, throughout, soft 

masses and pore linings <3 

10YR 4/3 Faint, fine, throughout, 3 chroma 
depletions <1 

Bt 17+ 10YR 5/6 - - - 

Notes: Depleted halos around organic columns, 10YR 4/3, approximately 7mm thick. 
 
Date: 6/20/06 Incorporation: Zoned    

Core ID: 4642 Organic Material: Wheat    
Cycle: 5    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-10 10YR 4/4 7.5YR 4/4 faint, very fine, throughout, soft 
masses and pore linings  2 

Ap2 10-20 10YR 4/4 7.5YR 4/4 faint to distinct, throughout, soft 
masses and pore linings 5 

Bt 20+ 10YR 4/6 - - - 

Notes: Depleted halos around organic columns, 10YR 4/3, approximately 5mm thick. 
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Date: 6/25/07 Incorporation: Mixed    

Core ID: 11B Organic Material: Control    
Cycle: 6    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-10 10YR 4/3 - - - 

Ap2 10-21 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings <1 

Bt 21+ 10YR 4/6 - - - 

 
Date: 6/25/07 Incorporation: Mixed    

Core ID: 42A Organic Material: Control    
Cycle: 6    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-10 10YR 4/4 - - - 

Ap2 10-21 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings 2 

BE 21-25 10YR 5/4 - - - 

Bt 25+ 10YR 5/6 - - - 

 
Date: 10/31/06 Incorporation: Mixed    

Core ID: 16101 Organic Material: Maple    
Cycle: 6    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-12 10YR 4/4 - - - 

Ap2 12-24 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings <1 

Bt 24+ 10YR 5/6 - - - 

Notes: Iron oxide staining/concentrations in macropores in upper part of Ap1. 
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Date: 11/1/06 Incorporation: Mixed    

Core ID: 3347 Organic Material: Maple    
Cycle: 6    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-12 10YR 4/4 - - - 

Ap2 12-20 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings <1 

Bt 20+ 10YR 5/6 - - - 

 
Date: 11/1/06 Incorporation: Mixed    

Core ID: 40102 Organic Material: Sawdust    
Cycle: 6    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-13 10YR 4/4 7.5YR 4/6 
faint, very fine, throughout 

upper 5cm, soft masses and pore 
linings  

<1 

Ap2 13-23 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings <1 

Bt 23+ 10YR 5/6 - - - 

 
Date: 11/1/06 Incorporation: Mixed    

Core ID: 4748 Organic Material: Sawdust    
Cycle: 6    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-12 10YR 4/4 - - - 

Ap2 12-21 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings <1 

Bt 21+ 10YR 5/6 - - - 
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Date: 11/1/06 Incorporation: Mixed    

Core ID: 36100 Organic Material: Oak    
Cycle: 6    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-12 10YR 4/4 - - - 

Ap2 12-22 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings <1 

Bt 21+ 10YR 5/6 - - - 

 
Date: 11/1/06 Incorporation: Mixed    

Core ID: 4346 Organic Material: Oak    
Cycle: 6    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-13 10YR 4/4 - - - 

Ap2 13-21 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings <1 

Bt 21+ 10YR 5/6 - - - 

 
Date: 11/1/06 Incorporation: Surface    

Core ID: 2854 Organic Material: Oak    
Cycle: 6    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap 0-17 10YR 4/4 7.5YR 4/6 faint, very fine, throughout soft 
masses and pore linings  1-2 

Bt 17+ 10YR 5/6 - - - 
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Date: 10/31/06 Incorporation: Surface    

Core ID: 26108 Organic Material: Oak    
Cycle: 6    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap 0-19 10YR 4/4 7.5YR 4/6 faint, very fine, throughout soft 
masses and pore linings  <1 

Bt 19+ 10YR 5/6 - - - 

 
Date: 10/31/06 Incorporation: Zoned    

Core ID: 1653 Organic Material: Oak    
Cycle: 6    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-9 10YR 4/3 7.5YR 4/6 faint, very fine, throughout soft 
masses and pore linings  2-3 

Ap2 9-19 10YR 4/3 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings 4-6 

Bt 19+ 10YR 5/6 - faint, very fine, 1cm into Bt - 

Notes: Depleted halos around organic columns, 10YR 4/3, approximately 5mm thick. 
 
Date: 11/1/06 Incorporation: Zoned    

Core ID: 34107 Organic Material: Oak    
Cycle: 6    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-9 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings  <1 

Ap2 9-19 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings 2-3 

Bt 19+ 10YR 5/6 - - - 

Notes: Depleted halos around organic columns, 10YR 4/3, approximately 5mm thick. 
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Date: 10/31/06 Incorporation: Mixed    

Core ID: 1750 Organic Material: Timothy    
Cycle: 6    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-13 10YR 4/3 - - - 

Ap2 13-20 10YR 4/3 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings <1 

Bt 20+ 10YR 5/6 - - - 

 
Date: 11/1/06 Incorporation: Mixed    

Core ID: 29104 Organic Material: Timothy    
Cycle: 6    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-13 10YR 4/4 7.5YR 4/6 
faint, very fine, throughout 

upper 5cm, soft masses and pore 
linings  

<1 

Ap2 13-21 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings <1 

Bt 21+ 10YR 5/6 - - - 

 
Date: 10/31/06 Incorporation: Mixed    

Core ID: 2749 Organic Material: Wheat    
Cycle: 6    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-12 10YR 4/4 7.5YR 4/6 
faint, very fine, throughout 

upper 5cm, soft masses and pore 
linings  

<0.5 

Ap2 12-19 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings <1 

Bt 19+ 10YR 5/6 - - - 
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Date: 11/1/06 Incorporation: Mixed    

Core ID: 52103 Organic Material: Wheat    
Cycle: 6    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-12 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings  <1 

Ap2 12-22 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings <1 

Bt 22 10YR 5/6 - - - 

 
Date: 10/31/06 Incorporation: Surface    

Core ID: 1152 Organic Material: Wheat    
Cycle: 6    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap 0-17 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings <1 

Bt 21+ 10YR 5/6 - - - 

 
Date: 11/1/06 Incorporation: Surface    

Core ID: 53106 Organic Material: Wheat    
Cycle: 6    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap 0-15 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings  1-2 

Bt 15+ 10YR 5/6 - - - 

 
Date: 11/1/06 Incorporation: Zoned    

Core ID: 3251 Organic Material: Wheat    
Cycle: 6    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-11 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings  1-2 

Ap2 11-22 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings 3 

Bt 22+ 10YR 5/6 - - - 
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Date: 10/31/06 Incorporation: Zoned    

Core ID: 23105 Organic Material: Wheat    
Cycle: 6    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-9 10YR 4/4 7.5YR 4/6 faint, very fine, throughout soft 
masses and pore linings  1-3 

Ap2 9-18 10YR 4/4 7.5YR 4/6 faint, very fine, throughout, soft 
masses and pore linings 3-5 

Bt 18+ 10YR 5/6 - - - 

Notes: Depleted halos around organic columns, 10YR 4/3, approximately 5mm thick. 
 
 
 
Date: 6/28/06 Incorporation: Mixed    

Core ID: L11 Organic Material: Low Timothy    
Field Year: 1    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-4 10YR 4/3 10YR 6/3-4 Depleted zones/stripped sand 
grains 20 

Ap2 4-9 10YR 4/3 7.5YR 4/6 
faint and distinct concentrations, 
very fine to fine, throughout, soft 

masses and pore linings 
3-4 

Ap3 9-21 10YR 4/3 
7.5YR 4/6 

faint and distinct concentrations, 
very fine to fine, throughout, soft 

masses and pore linings 
6-8 

10YR 5/3 faint depletions, fine, throughout 2-3 

Bt 21+ 10YR 5/6 - - - 

Notes: Most features surround macropores, root channels, and other natural structure. 
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Date: 6/28/06 Incorporation: Mixed    

Core ID: L12 Organic Material: Low Timothy    
Field Year: 1    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-3 10YR 4/3 10YR 5/3 Depleted zones/stripped sand 
grains 30 

Ap2 3-9 10YR 4/3 7.5YR 4/6 
faint and distinct concentrations, 
very fine to fine, throughout, soft 

masses and pore linings 
2 

Ap3 9-20 10YR 4/3 
7.5YR 4/6 

faint and distinct concentrations, 
very fine to fine, throughout, soft 

masses and pore linings 
5 

10YR 4/3 faint depletions, fine, throughout 2-5 

Bt 20+ 10YR 5/6 - - - 

Notes: Most features surround macropores, root channels, and other natural structure. 
 
 
Date: 6/28/06 Incorporation: Mixed    

Core ID: L13 Organic Material: Low Timothy    
Field Year: 1    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-7 10YR 4/4 
7.5YR 4/6 

faint and distinct concentrations, 
very fine to fine, throughout, soft 

masses and pore linings 
<1 

10YR 5/3 Depleted zones/stripped sand 
grains 5 

Ap2 7-16 10YR 4/3 
7.5YR 4/6 

faint and distinct concentrations, 
very fine to fine, throughout, soft 

masses and pore linings 
2-3 

10YR 5/3 faint depletions, fine, throughout 1-3 

Bt 16+ 10YR 5/6 - - - 

      

Notes: Most features surround macropores, root channels, and other natural structure. 
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Date: 6/28/06 Incorporation: Mixed    

Core ID: H11 Organic Material: High Timothy    
Field Year: 1    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-7 10YR 3/3 10YR 5/3 Faint depletions, fine, throughout 15-20 

Ap2 7-14 10YR 3/3 7.5YR 4/6 
faint and distinct concentrations, 
very fine to fine, throughout, soft 

masses and pore linings 
2-3 

Ap3 14-25 10YR 4/4 
7.5YR 4/6 

faint and distinct concentrations, 
very fine to fine, throughout, soft 

masses and pore linings 
6 

10YR 5/3 faint depletions, fine, throughout 2-3 

Bt 25+ 10YR 5/6 - - - 

Notes: Most features surround macropores, root channels, and other natural structure. 
 
 
 
Date: 6/28/06 Incorporation: Mixed    

Core ID: H12 Organic Material: High Timothy    
Field Year: 1    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-9 10YR 3/3 

10YR 6/3 Faint depletions, fine, throughout 2 

7.5YR 4/6 
faint and distinct concentrations, 
very fine to fine, throughout, soft 

masses and pore linings 
1 

Ap2 14-25 10YR 4/4 
7.5YR 4/6 

faint and distinct concentrations, 
very fine to fine, throughout, soft 

masses and pore linings 
5 

10YR 5/3 faint depletions, fine, throughout 1 

Bt 25+ 10YR 5/6 - - - 

Notes: Most features surround macropores, root channels, and other natural structure.
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Date: 6/28/06 Incorporation: Mixed    

Core ID: H13 Organic Material: High Timothy    
Field Year: 1    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-9 10YR 3/3 

10YR 6/3 Faint depletions, fine, throughout 3 

7.5YR 4/6 
faint and distinct concentrations, 
very fine to fine, throughout, soft 

masses and pore linings 
1 

Ap2 9-20 10YR 4/3 
7.5YR 4/6 

faint and distinct concentrations, 
very fine to fine, throughout, soft 

masses and pore linings 
5 

10YR 5/3 faint depletions, fine, throughout 2 

Bt 20+ 10YR 5/6 - - - 

Notes: Most features surround macropores, root channels, and other natural structure. 
 
 
Date: 4/6/07 Incorporation: Mixed    

Core ID: L12 Organic Material: Low Timothy    
Field Year: 2    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-9 10YR 4/4 7.5YR 4/6 
faint and distinct concentrations, 
very fine to fine, throughout, soft 

masses and pore linings 
5 

Ap2 9-18 10YR 4/3 5YR 4/4 

distinct and prominent 
concentrations, very fine to fine, 
throughout, soft masses and pore 

linings 

8-10 

Bt 18+ 10YR 5/6 5YR 4/4 
faint and distinct concentrations, 
very fine to fine, throughout, soft 

masses and pore linings 
<1 

Notes:  Few depletions throughout (10YR 5/3).  Most features surround macropores, root channels, and 
other natural structure. 
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Date: 4/6/07 Incorporation: Mixed    

Core ID: L22 Organic Material: Low Timothy    
Field Year: 2    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-5 10YR 4/4 7.5YR 4/4 
faint and distinct concentrations, 
very fine to fine, throughout, soft 

masses and pore linings 
5 

Ap2 5-16 10YR 4/3 7.5YR 4/6 

distinct and prominent 
concentrations, very fine to fine, 
throughout, soft masses and pore 

linings 

8-10 

Bt 16+ 10YR 5/6 - - - 

Notes:  Few depletions throughout (10YR 5/3).  Most features surround macropores, root channels, and 
other natural structure. 
 
Date: 4/6/07 Incorporation: Mixed    

Core ID: L23 Organic Material: Low Timothy    
Field Year: 2    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-5 10YR 3/3  5cm of wetland soil material 
deposited from flooding  

Ap2 5-16 10YR 4/4 7.5YR 4/6 
faint to distinct concentrations, 

very fine to fine, throughout, soft 
masses and pore linings 

8 

Ap3 16-28 10YR 4/4 5YR 4/4 

Distinct to prominent 
concentrations, very fine to fine, 
throughout, soft masses and pore 

linings 

12-15 

Bt 28+ 10YR 5/6 - - - 

Notes:  Few depletions throughout (10YR 5/3).  Most features surround macropores, root channels, and 
other natural structure.
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Date: 4/5/07 Incorporation: Mixed    

Core ID: H21 Organic Material: High Timothy    
Field Year: 2    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-10 10YR 4/4 7.5YR 4/6 
faint and distinct concentrations, 
very fine to fine, throughout, soft 

masses and pore linings 
3-4 

Ap2 10-21 10YR 4/3 5YR 4/6 

distinct and prominent 
concentrations, very fine to fine, 
throughout, soft masses and pore 

linings 

12-15 

Bt 21+ 10YR 5/6 7.5YR 4/6 faint concentrations, very fine, 21-
24cm, soft masses and pore linings <1 

Notes:  Few depletions throughout (10YR 5/3).  Most features surround macropores, root channels, and 
other natural structure. 
 
 
Date: 4/5/07 Incorporation: Mixed    

Core ID: H22 Organic Material: High Timothy    
Field Year: 2    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-4 10YR 3/3 7.5YR 4/6 5cm of wetland soil material 
deposited from flooding 5-7 

Ap2 4-13 10YR 3/3 7.5YR 4/6 
faint to distinct concentrations, 

very fine to fine, throughout, soft 
masses and pore linings 

10-12 

Ap3 13-23 10YR 4/3 5YR 4/6 

Distinct to prominent 
concentrations, very fine to fine, 
throughout, soft masses and pore 

linings 

10-12 

Bt 28+ 10YR 5/6 7.5YR 4/6 few, faint concentrations <1 

Notes:  Depletions evident throughout (10YR 5/3).  Most features surround macropores, root channels, and 
other natural structure. 
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Date: 4/6/07 Incorporation: Mixed    

Core ID: L33 Organic Material: High Timothy    
Field Year: 2    

  
Horizon 

 
Depth 
(cm) 

  
Matrix Color 

Redoximorphic Features (visually quantified) 

Color Location % 

Ap1 0-9 10YR 4/4 7.5YR 4/6 
faint to distinct concentrations, 

very fine to fine, throughout, soft 
masses and pore linings 

2 

Ap2 9-18 10YR 4/3 5YR 4/4 

Distinct to prominent 
concentrations, very fine to fine, 
throughout, soft masses and pore 

linings 

8-10 

Bt 18+ 10YR 5/6 5YR 4/4 Iron oxide concentrations along 
(<3cm) wetland material <1 

Notes:  Few depletions throughout (10YR 5/3).  Most features surround macropores, root channels, and 
other natural structure.  Evidence of sedimentation on top of core. 
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Appendix G: Soil Color Data 
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Appendix H: Percent Iron Oxide Concentrations in Greenhouse Mesocosms 
Quantified Using Image Analysis 
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Appendix I: Percent Iron Oxide Concentrations in Field Study Cores Quantified 
Using Image Analysis 



 

188 
 

References 

Beauchamp, E., J.T. Trevors, and J.W. Paul. 1989. Carbon Sources for Bacterial    
Denitrification. Adv. Soil Sci. 10:113-142. 

Bell, J.C., and J.L. Richardson. 1997. Aquic conditions and hydric soil indicators for Aquolls and 
Albolls. p. 23–40. In M.J.Vepraskas and S.W. Sprecher (ed.) Aquic conditions and hydric 
soils: The problem soils. SSSA Spec. Publ. 50. SSSA, Madison, WI. 

Benner, R., M.A. Moran, and R.E. Hodson. 1985. Effects of pH and plant source on 
lignocellulose bidegradation rates in tow wetland ecosystems, the Okenfenokee swamp 
and Georgia salt marsh. Limnol. Oceanogr. 30:489-499. 

Bishel-Machung, L.,  R.P. Brooks, S.S. Yates, and K.L. Hoover. 1996. Soil Properties of 
Reference Wetlands and Wetland Creation Projects in Pennsylvania. Wetlands 16:532-
541. 

Bruland, G.L. and C.J. Richardson. 2004. Hydrologic Gradients and Topsoil Additions Affect 
Soil Properties of Virginia Created Wetlands. SSAJ 68:2069-2077. 

Castenson, K.L.  2004. Hydromorphology of Piedmont Floodplain Soils. MS Thesis. University 
of Maryland Department of Natural Resource Sciences and Landscape Architecture. 

Campbell, D.A., C.A. Cole, and R.P. Brooks. 2002. A Comparison of Created and Natural 
Wetlands in Pennsylvania, USA. Wetlands Ecology and Management 10:41-49. 

Collins, Mary E. and R.J. Kuehl. 2001. Organic Matter Accumulation and Organic Soils. In 
Richardson, J.L. and M.J. Vepraskas (eds) Wetland Soils Genesis, Hydrology, 
Landscapes, and Classification. Lewis Publishers, Boca Raton, Florida. 

Cowardin, Lewis M., et. al. 1979, Classification of Wetlands and Seepwater Habitats of the 
United States.  U.S. Fish and Wildlife Service, U.S. Dept. of Interior, Washington, D.C. 

Craft, C. B. 2001. Biology of Wetland Soils. In Richardson, J.L. and M.J. Vepraskas (eds) 
Wetland Soils Genesis, Hydrology, Landscapes, and Classification. Lewis Publishers, 
Boca Raton, Florida. 

Dahl, T.E. 2006, Status and Trends of Wetlands in the Conterminous United States 1998 to 2004. 
U.S. Department of the Interior; Fish and Wildlife Service, Washington, D.C. 112 pp. 

D’Amore, D.V., S.R. Stewart, and J.H. Huddleston.  2004. Saturation, reduction and the 
formation of iron-manganese concentrations in the Jackson-Frazier wetland, Oregon. Soil 
Sci. Soc. Am. J. 68:1012-1022. 



 

189 
 

de Neiff, A.P., J.J Neiff, and S.L. Casco. 2006. Leaf Litter Decomposition in Three Wetland 
Types of the Parana River Floodplain. Wetlands 26:558-566. 

Dobos, R. R., E. J. Ciolkosz, and W. J. Waltman. 1990. The effect of organic carbon, 
temperature, time, and redox conditions on soil color. Soil Science 150:506-512. 

Donnelly, P.K., J.A. Entry, D.L. Crawford, and K. Cromack Jr. 1990. Cellulose and Lignin 
Degradation in Forest Soils: Response to Moisture, Temperature, and Acidity. Microbial 
Ecology 20:289-295. 

Duncan, C. P., P. M. Groffman. 1994. Comparing microbial parameters in natural and artificial 
wetlands. Journal of Environmental Quality 23:298–305 

Edwards, K.R. and C.E. Proffitt. 2003. Comparison of Wetland Structural Characteristics 
Between Created and Natural Salt Marshes in Southwest Louisiana, USA. Wetlands 
23:344-356. 

Environmental Laboratory. 1987. Corps of Engineers Wetlands Delineation Manual. Technical 
Report # 87-1, U.S. Army Engineer Waterways Experiment Station, Vicksburg, MS. 

Federal Register, 1980, “40 CFR Part 230: Section 404(b)(1) Guidelines for specification of 
disposal sits for dredged or fill material,” vol. 45, no. 249, p. 85352-85353, U.S. 
Government Printing Office, Washington, D.C. 

Federal Register, February 24, 1995, Vol. 60, No. 37, page 10349. 

Fielder, Sabine and M. Sommer. 2004. Water and Redox Conditions in Wetland Soils- Their 
Influence on Pedogenic Oxides and Morphology.  Soil Sci. Soc. Am. J. 68:326-335.  

Hayes, D. F., Olin, T. J., Fischenich, J. C., and Palermo, M. R. 2000. Wetlands Engineering 
Handbook. ERDC/EL TR-WRP-RE-21, U. S. Army Engineer Research and 
Development Center, Vicksburg.  

Kentula, M.E. 2000. Perspectives on Setting Success Criteria for Wetland Restoration. Ecol. 
Eng. 15:199-209. 

Kirk, G.J.D., 2004.  The biogeochemistry of submerged soils. Wiley. 

Kuehl, R.J., N.B. Comerford, and R.B. Brown. 1997. Aquods and Psammaquents: Problems in 
hydric soil identification. p. 41–59. In M.J. Vepraskas and S.W. Sprecher (ed.) Aquic 
conditions and hydric soils: The problem soils. SSSA Spec. Publ. 50. SSSA, Madison, 
WI. 

Iritani W.M. and Arnold C.Y. 1960. Nitrogen Release of Vegetable Crop Residues during 
incubation as related to their chemical composition. Soil Sci. 89:74-82. 



 

190 
 

Jenny, H. 1950. Causes of High Nitrogen and Organic Matter Content of Certain Tropical Forest 
Soils. Soil Sci. 69:63-69. 

Jensen, L.S., T. Salo, F. Palmason, T.A. Breland, T.M. Henriksen, B. Stenberg, A. Pedersen, C. 
Lundstrom. 2005. Influence of Biochemical Quality on C and N Mineralization from a 
Broad Variety of Plant Materials in Soil. Plant and Soil 273:307-326. 

Mansfeldt, T., 2003. In situ long-term redox potential measurements in a dyked marsh soil. J. 
Plant Nutr. Soil Sci. 166:210-219. 

Mausbach, M.J. and W.B. Parker, 2001. Background and History of the Concept of Hydric Soils. 
In Richardson, J.L. and M.J. Vepraskas (eds) Wetland Soils Genesis, Hydrology, 
Landscapes, and Classification. Lewis Publishers, Boca Raton, Florida. 

Mcbride, M.B. 1994. Environmental Chemistry of Soils. Oxford Univ. Press, New York. 

Mitsch, W.J., and J.G. Gosselink. 1993. Wetlands. Van Nostrand Reinhold, New York, 722pp. 

Morales, S.E., P.J. Mouser, N. Ward, S.P. Hudman, N.J. Gotelli, D.S. Ross, T.A. Lewis. 2006. 
Comparison of Bacterial Communities in New England Sphagnum Bogs Using Terminal 
Restriction Fragment Length Polymorphism. Microbial Ecology 52:34-44. 

Moran, M.A., R. Bemmer, and R.E. Hodson. 1989. Kinetics of microbial degradation of vascular 
plant material in two wetland ecosystems. Oecolgia 79:158-167. 

Morgan, P.M., and M.H. Stolt. 2006. Soil Morphology-Water Table Cumulative Duration 
Relationship in Southern New England. Soil Sci. Soc. Am. J. 70:816-824. 

National Technical Committee for Hydric Soils (NTCSH), 2006. Technical Note: 11 Technical 
Standards for Hydric Soils. 

Nicolardot, B., S. Recous, and B. Mary. 2001, Simulation of C and N Mineralization During 
Corn Crop Residue Decomposition: A Simple Dynamic Model Based on the C:N Ratio 
of the Residues. Plant and Soil 228:83-103. 

Norfolk District Corp of Engineers. 2004. Norfolk District Corp and Virginia Department of 
Environmental Quality Recommendations for Wetland Compensatory Mitigation: 
Including Site Design, Permit Conditions, Performance and Monitoring Criteria.  

Orr, R.S.  In preparation. 2010. Formation of Redoximorphic Features Under Induced Hydric 
Soil Conditions. University of Maryland Department of Environmental Science and 
Technology. 

Ponnamperuma, F.N. 1972. The chemistry of submerged soils. Adv. Agron. 24:29-96. 



 

191 
 

Rabenhorst, M.C. 2005. Biological Zero: A Soil Temperature Concept. Wetlands. Vol. 25, No. 3, 
pp.616-621. 

Rabenhorst, M.C., J.C. Bell, and P.A. McDaniel (eds). 1998. Quantifying Soil 
Hydromorphology. SSSA Special Publication # 54. 

Richardson, J.L., J.L. Arndt, and J.A. Montgomery. 2001. Hydrology of Wetland and Related 
Soils. In Richardson, J.L. and M.J. Vepraskas (eds) Wetland Soils Genesis, Hydrology, 
Landscapes, and Classification. Lewis Publishers, Boca Raton, Florida. 

Schaetzl and Anderson. 2005. Soils Genesis and Morphology. Cambridge University Press. 

Schoeneberger, P.J., Wysocki, D.A., Benham, E.C., and Broderson, W.D. (editors), 2002. Field 
book for describing and sampling soils, Version 2.0. Natural Resources Conservation 
Service, National Soil Survey Center, Lincoln, NE. 

Shaw, S.P. and C. G. Fredine. 1956. Wetlands of the United States. Circular 39, Department of 
the Interior, Fish and Wildlife Service, Washington, D.C. 

Sparks, D.L. 1995. Environmental Soil Chemistry. Academic Press, San Diego, CA. 

 

Stauffer, A.L., and R.P. Brooks. 1997. Plant and Soil Responses to Salvaged Marsh Surface and 
Organic Mattter Amendments at a Created Wetland in Central Pennsylvania. Wetlands 
17:90-105. 

Stoops, G. 2003. Guidelines for Analysis and Description of Soil and Regolith Thin Sections. 
Soil Sci. Soc. America, Inc. 

Stolt, M. H., M. H. Genthner, W. L. Daniels, V.A. L. Groover, and S. Nagel. 1998. Quantifying 
iron, manganese, cna carbon fluxes within palustrine wetlands. Pp 25-42 In M.C. 
Rabenhorst, J. Bell, and P. McDaniel (eds) Quantifying Soil Hydromorphology. SSSA 
Special Publication 54. 

Stolt, M. H., M. H. Genthner, W. L. Daniels, V.A. L. Groover, S. Nagel, and K.C. Haering. 
2000. Comparison of Soil and Other Environmental Conditions in Constructed and 
Adjacent Palustrine Reference Wetlands. Wetlands 20:671-683. 

Tate, R.L. III. 1987. Soil Organic Matter – Biological and Ecological Effects. John Wiley & 
Sons, New York. 

Trinsoutrot, I., S. Recous, B.Bentz, M. Lineres, D. Cheneby, and B. Nicolardot. 2000. 
Biochemical Quality of Crop Residues and Carbon and Nitrogen Mineralization Kinetics 
under Nonlimiting Nitrogen Conditions. Soil Sci. Soc. Am. J. 64:918-926. 



 

192 
 

USAEWES. 1993. Literature Review on the Use of Water-Stained Leaves in the Delineation of 
Wetlands. Wetlands Research Program Technical Note HY-DE-6.1, Wetlands Research 
and Technology Center, Vicksburg, MS. 

USDA-NRCS. 2006. Field Indicators of Hydric Soils in the United States Ver 6.0. G.W. Hurt 
and L.M. Vasilas (eds.). USDA,NRCS, in cooperation with the National Technical 
Committee for Hydric Soils.  

UTHSCSA. 2002. http://ddsdx.uthscsa.edu/dig/itdesc.html. 

Vanlauwe B, Nwoke O C, Sanginga N and Merckx R. 1996. Impact of residue quality on the C 
and N mineralization of leaf and root residues of three agroforestry species. Plant Soil 
183, 221-231. 

Vepraskas, M.J. and J. Bouma. 1976. Model experiments on mottle formation simulating field 
conditions. Geoderma 15:217-230 

Vepraskas, M. J. 1992. Redoximorphic Features for Identifying Aquic Conditions. North 
Carolina Agricultural Research Service, Technical Bulletin 301. NC State University, 
Raleigh. 

Vepraskas, M. J., S.J. Teets, J.L. Richardson, and J.P. Tandarich. 1995, Development of 
Redoximorphic Features in Constructed Wetland Soils. Technical Paper No. 5. Wetlands 
Research, Inc. 

Vepraskas, M.J. and S. W. Sprecher (eds.). 1997. Aquic Conditions and Hydric Soils: the 
problem soils. SSSA Spec. Pub. No. 50. Soil Science Society of America, Madison, WI. 

Vepraskas, M. J. 2001. Morpholocial Features of Seasonally Reduced Soils. In Richardson, J.L. 
and M.J. Vepraskas (eds) Wetland Soils Genesis, Hydrology, Landscapes, and 
Classification. Lewis Publishers, Boca Raton, Florida. 

Vepraskas, M. J.  and S.P. Faulkner. 2001. Redox Chemistry of Hydric Soils. In Richardson, J.L. 
and M.J. Vepraskas (eds) Wetland Soils Genesis, Hydrology, Landscapes, and 
Classification. Lewis Publishers, Boca Raton, Florida. 

Vepraskas, M.J., J.L. Richardson, and J. P Tandarich. 2006. Dynamics of Redoximorphic 
Feature Formation Under Controlled Ponding in a Created Riverine Wetland. Wetlands, 
Vol. 26, No. 2, pp. 486-496. 

Vera, S.M., C.J. Werth, and R.A. Sanford. 2001. Evaluation of Different Polymeric Organic 
Materials for Creating Conditions that Favor Reductive Processes in Groundwater. 
Bioremediation Journal, 5:169-181. 



 

193 
 

Weil, R.R., K.R. Islam, M.A. Stine, J.B. Gruver, and S.E. Samson- Liebig. 2003. Estimating 
Active Carbon for Soil Quality Assessment: A Simplified Method for Lab and Field Use. 
Amer. J. of Alternative Agric. 18:3-17. 

Wheeler, D.B., and J.A. Thompson, and J.C. Bell. 1999. Laboratory Comparison of Soil Redox 
Conditions Between Red Soils and Brown Soils in Minnesota, USA.  Wetlands 19:607-
616. 

 




