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The kinetics of physical and chemical processes controlling the precipitation of

iron oxide minerals in unsaturated media were investigated in this study. The

characteristic morphology, mineralogy, and chemistry of iron oxides were also

explored. Laboratory column experiments using fine and coarse grades of

silica sand were conducted to compare the abiotic and biotic mechanisms

governing the formation of Fe(III) oxides in unsaturated porous media. The

samples of iron precipitates were analyzed using x-ray diffraction (XRD),

scanning electron microscopy (SEM) and optical microscopy to identify the

mineral and elemental composition of iron oxides. Two sets of iron bands

appeared during the course of the experiments. Red oxidized bands

(ferrihydrite) were formed at the upper extent of the capillary fringe. Whereas,



black bands (magnetite) were formed below the oxidized iron bands.

Additional visual observations were made to distinguish between abiotic and

biotic origins of iron oxide minerals. A conceptual mechanistic framework for

abiotic iron oxide formation was also proposed leading to the development of

the kinetic equations for an unsaturated system that was exposed to a source

of reduced iron at one end and oxygen at the other end. Finally, a numerical

model was developed to investigate abiotic iron oxide formation with time at a

particular location within an unsaturated porous media under different

scenarios. These scenarios could include the use of different media, different

unsaturation conditions and different time scales.

This study reveals that abiotic iron oxide formation in unsaturated media is

mainly a diffusion controlled mechanism. The location of iron oxide

precipitation is regulated by the diffusion rates of Fe(II) (aq) and O2 (g) and

thus elucidates the importance of air-water and water-mineral interface

properties and diffusive gradients on iron transformations in natural systems.

These results can be implied to explain the formation of Fe (III) oxide

cemented bands under hydrological processes and time scale in systems

representative of natural environments.
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INTRODUCTION 

 

Oxidation (loss of electrons) and reduction (gain of electrons) reactions occur 

simultaneously in natural environments. These coupled reactions are 

commonly referred to as redox processes. Photosynthesis and carbon 

mineralization are the most important redox processes that occur in nature. 

Carbon reduction or gain in electrons is called photosynthesis and the reverse 

oxidation reaction is known as carbon mineralization or respiration. Thus, 

these processes are involved in energy and carbon cycles (Hayes and 

Waldbauer, 2006) and they are also characterized by terminal electron 

accepting processes (TEAPs). TEAPs are microbially mediated reduction 

processes that are coupled with respiration of organic C, the net result of 

which is the transfer of electrons from organic matter to a terminal electron 

acceptor (Chapelle et al, 2005). Terminal electron acceptors include O2 in 

aerobic conditions, and NO3−, Fe3+, SO4
2−, and CO2 in sub-oxic environment. 

Under oxygen limited system, Fe (III) is considered to be the dominant 

electron acceptor, because iron is the fourth most abundant element in the 

earth’s crust and the concentration of Fe(III) in sediments frequently exceeds 

that of other electron acceptors such as nitrate, and sulfate. 

 

Redox processes play an important role in the mobility, transport and fate of 

organic and inorganic compounds present in the natural environment 
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(Barcelona and Holm, 1991). One of the visible outcomes of, redox processes 

is the formation of redoximorphic features in soils (Jacobs et al, 2002 and 

Morgan and Stolt, 2006). Redoximorphic features are used as indicators of 

seasonal saturation in soils. They are formed by the biogeochemical 

processes of reduction, translocation, and oxidation of Fe and Mn (Vepraskas, 

1994). These processes depend on the presence of organic matter, 

microorganisms, and extended saturation to develop anaerobic conditions 

(D’Amore et al., 2004). There are three basic types of redoximorphic features 

that form in the soil: redox concentrations, redox depletions, and reduced 

matrices (Vepraskas, 1994).  

 

Redox concentrations are the zones of concentration of Fe/Mn oxides that are 

classified as nodules or concretions (hard bodies), masses (soft bodies), pore 

linings (coatings of Fe or Mn along cracks and root channels) (Vepraskas, 

1994). Nodules or concretions are irregularly shaped firm bodies of Fe/Mn 

oxides with diffuse boundaries and can appear as bands. Masses or soft 

bodies of variable shapes usually form within the matrix, and are commonly 

called "mottles". Pore linings are the zones of accumulation of Fe or Mn that 

appear as either coatings around root channels or impregnations of the matrix 

adjacent to the pore (Vepraskas, 1994). 
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Redox depletions are areas of low chroma where Fe-Mn oxides alone have 

been removed, or where both Fe-Mn oxides and clay have been removed 

(Vepraskas, 1994). Iron depletions are commonly called low chroma bodies 

with clay contents similar to that of the adjacent matrix. These iron depletions 

form both along pores and in the insitu matrix. 

 

Reduced matrix is a low chroma zone because of the presence of Fe(II); its 

color changes within 30 minutes when exposed to air as the Fe (II) is oxidized 

to iron (III) oxides (Vepraskas, 1994).  

 

Of all redox processes, the redox transformation between Fe(II) and Fe(III) 

state is the most important as it can affect the biogeochemistry of sediments, 

water-logged soils or contaminated aquifers (Lovley, 1993 and Roden, 2004). 

 

Although, the redoximorphic features discussed above, are essential for and 

often used in unraveling the biogeochemical, hydrological and climatic history 

of an area (Bouma, 1983; and Vepraskas, 1994), a number of questions 

related to the mechanism of their formation are left unanswered.   

 

While reduction of Fe (III) is most commonly associated with biotic activity, it 

can also occur abiotically. Iron reduction controls the distribution and type of 

ferric iron minerals in natural systems (Lovely, 1991). Iron reduction in 



 

 
 

5

anaerobic environments is very important in terms of both biological and 

chemical cycling of elements such as carbon and many metals (Lonergan et 

al, 1996 and Lovley, 1991).  

 

Abiotic reduction of Fe (III) does not commonly occur in nature. Chemical 

reductant (dithionite, titanium citrate or hydrazine) under controlled pH and 

temperature can lead to the abiotic reduction of iron minerals (Anschutz and 

Penna, 2005). Chemical reduction does not play a major role in the natural 

environment as inorganic chemical reductants are likely to be the minor 

components of soils as compared to microorganisms. 

 

Microbial Fe (III) reduction plays an important role in the (1) formation of Fe(II) 

rich minerals, (2) decomposition of organic matter, (3) sediment gleying, (4) 

modification of Fe(III) in clays, and (5) carbon cycling in subsurface 

environments (Lovely, 1997). Microbial iron reduction can also cause 

immobilization of radionuclides and heavy metals and thus, can be useful in 

the remediation of environments and waste streams contaminated with certain 

metals and organic compounds (Campbell, et al. 2006). Iron-reducing bacteria 

usually establish an electron transport across the outer membrane between 

large particulate iron oxides and the electron transport chain in the cytoplasmic 

membrane (Lovely et al,   1993). The reduction rate is higher for amorphous 
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iron (III) oxides such as ferrihydrite as compared to more crystalline iron 

oxides (for example, goethite) (Lovley, 1991).  

 

Although, iron reduction is considered to be a significant pathway in regulating 

other soil properties, the rate and extent of iron reduction are poorly 

understood. Furthermore, physiology of Fe (III) reduction and enzymes 

involved in the specific form of metabolism are areas where more emphasis 

needs to be given. 

 

In the case of oxidation of iron, there are a variety of factors such as (1) 

temperature, (2) moisture, (3) organic matter, (4) micro-organisms, (5) parent 

material, (6) pH, and (7) redox potential that dictate the formation of different 

types of iron oxides (Cornell and Schwertmann, 2003). Thus, these factors not 

only control the fate of iron and other associated nutrients and contaminants 

present in the natural environment but are also important in understanding the 

processes controlling the precipitation of iron oxides. 

 

There are varieties of microbes that affect the oxidation of iron in different 

ways and have different mechanisms that lead to the formation of iron oxide 

(Kappler et al., 2005). Some of the examples are (1) aerobic acidophilic Fe(II)-

oxidizing microorganisms, (2) aerobic neutrophilic Fe(II)-oxidizing 

microorganisms, (3) anaerobic Fe(II)-oxidizing bacteria, (4) anaerobic Fe(II)-
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oxidizing phototrophic bacteria, (5) anaerobic Fe(II)-oxidizing nitrate-reducing 

bacteria and (6) chemolithotrops. These microorganisms can either directly 

oxidize the iron through direct enzymatic attack or can enhance the rate of iron 

oxidation through release of metabolic products via indirect enzymatic action; 

direct release of organic or inorganic compounds; provide reactive surface site 

for the adsorption of Fe(II). 

 

Microorganisms can either oxidize Fe(II) itself due to the specific properties of 

their cell walls and/or their metabolic pathways. The oxidation of Fe(II) can 

take place at the cell surface (Enrlich, 2006) as well as within the cell of micro-

organisms (Coral, 2005). In the first scenario, microorganisms use O2 as on 

electron acceptor for enzymatic oxidation of Fe(II) at neutral pH. These 

microorganisms release certain enzymes (residing at the cell surface) that 

catalyze the oxidation of a Fe(II) constituent. These enzymes are not only in 

contact with the mineral surface, but also in contact with other enzymes and 

electron carriers that are residing below the cell surface. Enzymes and 

electron carriers below the cell surface in the periplasm and plasma 

membrane carry electrons removed from an oxidizable mineral constituent by 

the oxidase at the cell surface (outer membrane) to a terminal electron 

acceptor such as oxygen. On the other hand, Fe(II) can oxidize intracellularly 

by an enzyme present in the periplasm. Once Fe(II) is oxidized intracellularly, 
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some Fe-chelators generated in the cell will prevent intracellular precipitation 

of Fe(III) and/or mediate the export of Fe(III) out of the cell. 

 

Microorganisms also play an important role in enhancing the rate of Fe(II) 

oxidation. Microorganisms generate some kind of microenvironmental 

conditions that are favorable to the oxidation of Fe(II) (Ghiorse, 1984). For 

example, there are some microbial enzymes that form the reactive metabolic 

products intracellularly which are then excreted into the bulk phase where they 

interact chemically with the dissolved Fe(II) through base attack (Enrlich, 

2006). Therefore, increase in pH leads to the formation of iron oxide. In 

addition, release of inorganic or organic compounds can serve as a chemical 

reagent in the formation of iron oxide. Some microorganisms create acidic 

exopolymers (slime layers) or provide a reactive surface site that lead to the 

adsorbtion of dissolved Fe(II) and subsequent oxidation (Clarke et al., 1997). 

There are certain enzymes that can alter an aerobic environment into an 

anaerobic one by consuming oxygen in their respiration faster than it can be 

replaced by contact with air. By contrast, photosynthetic microbes 

(cyanobacteria, algae) can transform a quasi-anaerobic environment into an 

aerobic one by generating oxygen at a faster rate than it is consumed by 

respiring organisms accompanying them (Croal, 2005).  
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In the case of abiotic pathways, Fe(II) can be oxidized in the presence of 

oxygen at circumneutral pH conditions (Ahmed and Nye, 1990, Spiteri et al., 

2006). The reaction rate increases 100 fold with a unit increase in pH thus, the 

location and magnitude of iron oxide precipitation is dependent upon pH 

gradient (Spiteri et al., 2006). The oxidation of Fe(II) in a saturated porous 

medium is a physio-chemical rate process that involves diffusion and oxidation 

reactions (Ahmed and Nye, 1990). Research in saturated systems has 

provided a basic understanding of the formation of Fe(III) oxides. Equations on 

the diffusion and reaction of O2, Fe2+, H+, HCO3- in saturated system have 

been developed (Kirk et al, 1990).  

 

Sixteen iron oxides, including hematite, goethite, 2-line and 6-line ferrihydrite, 

lepidocrocite, magnetite, wüstite, Fe(OH)2, and green rust have been identified 

in nature (Cornell and Schwertmann, 2003). They exist in range of crystallinity 

ranging from well crystalline goethite and hematite to poorly crystallized 

minerals such as ferrihydrite (Larsen and Postma, 2001). The poorly 

crystalline iron oxides generally comprise 20% or less Fe(III) in the sediment 

(Luu and Ramsay, 2003). With increase in crystallinity, the color becomes 

lighter. On the other hand, cementation into dense masses (crusts, 

concretions etc) usually makes the color darker. In most aerobic soils, goethite 

is the most stable phase whereas lepidocro cite, ferrihydrite and maghemite 

are considered to be less stable phases and thus metastable with respect to 
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goethite (Cornell and Schwertmann, 2003). These metastable phases govern 

the activity of Fe(II) in soil solution.  

 

Iron oxide minerals can transform from one form to another depending on 

different environmental conditions such as temperature, rate of Fe (II) and 

oxygen supply, presence of organic matter etc. For example, ferrihydrite can 

occur in relatively young soils that are rich in organic matter and have 

abundant supply of Fe (II), and can transform to hematite and goethite as the 

supply of Fe (II) and organic content decreases (Cornell and Schwertmann, 

2003). Permeable reactive barrier (PRB) technology is an important in-situ 

approach in which iron is transformed from one redox state to the other for 

remediating groundwater contamination that combines subsurface fluid flow 

management with a passive chemical treatment zone (Phillips et al, 2003). 

Transformation pathways of iron minerals in Fe0 PRBs are significant to 

evaluations of long-term performance by affecting the surface properties and 

reactivity.  

 

Transformations of iron oxides can occur abiotically as well as biologically with 

the aid of microbes. Transformations that take place without any chemical 

change are called isochemical transformations. Whereas, transformations that 

involve chemical modifications include dehydration (loss of H2O), 

dehydroxylation (loss of OH) and oxidation/reduction (a turnover of electrons) 
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(Cornell and Schwertmann, 2003). Based on structure, there are two kinds of 

transformations: either topotactic or reconstructive (Pedersen, 2006). 

Topotactic transformation can occur within the solid phase and favored at high 

temperatures, as certain mobility of the atoms is necessary. For example, the 

solid state transformation of ferrihydrite and lepidocrocite to hematite is 

topotactic. Reconstructive transformation involves the complete dissolution of 

the initial phase and precipitation from solution of the new phase. Thus, no 

structural relationship is needed between the precursor and the transformation 

product. A reconstructive transformation mainly depends on the solubility and 

dissolution rate of the precursor and may occur at ambient temperature. For 

instance, transformation of ferrihydrite to lepidocrocite and goethite, and 

lepidocrocite to goethite are reconstructive (Pedersen, 2006). 

 

Thermodynamic instability of the unstable iron oxides such as ferrihydrite and 

lepidocrocite is the driving force for the transformations of iron oxides. Under 

aerobic conditions, goethite and hematite are thermodynamically the most 

stable compounds and usually are the end members of many transformation 

pathways (Cornell and Schwertmann, 2003). With decrease in redox potential, 

the ferric oxides become thermodynamically unstable with respect to various 

ferrous containing solid phases of which magnetite, green rust, siderite and 

iron sulphides are the most stable (Zachara et al., 2002). 
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Amorphous and crystalline iron oxides play key roles in stabilizing soil 

structures by increasing microaggregation (Duiker et al, 2003). Poorly 

crystalline Fe (hydr)oxides have a much larger and more reactive surface area 

as compared to crystalline Fe (hydr)oxides, and may increase aggregation 

more than crystalline Fe (hydr)oxides. Also, these amorphous oxides can 

decrease swelling, clay dispersion, bulk density, and modules of rupture 

(Dragun, 1988).  

 

In natural environment, it is more likely that numerous particles of iron oxide 

minerals of different sizes are present, encouraging the process of 

precipitation to occur heterogeneously. Heterogeneous formation of iron oxide 

containing minerals develops due to variation in either abiotic reaction 

conditions, the availability of microbial resources, or both, and is largely 

influenced by the reaction rates, mass transfer process, and sediment type 

(Chan et al., 2007).  D’Amore et al. (2004) observed the formation of nodule 

and concretion in three distinct stratigraphic units underlying a wetland and 

concluded that development time, soil texture, and availability of Fe(II) and 

Mn(II) are the key factors affecting the type and size of redox concentrations. 

 

The big feature of iron oxide minerals is that they act as cementing agents, 

which make grain to grain contact stronger (Cornell & Schwertmann, 1996). 

Understanding of cementation or aggregation is important because it affects 
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infiltration capacity, hydraulic conductivity, water-retention capacity, gas 

exchange, organic matter decomposition, and erodibility. 

 

Iron oxide cement is a key feature of Banded iron formations (BIFs). BIFs are 

Precambrian sedimentary deposits that consist of rich proximal accumulations 

of iron cemented gravels that consist of alternating regions of iron minerals 

and silica (Beukes and Klein, 1992). The relative existence of BIF throughout 

the Precambrian record is related with a possible curve for the evolution of the 

oxygen content in the Precambrian atmosphere (Klein, 2005). BIF has been 

categorized depending on the mineralogical composition (James, 1954), 

depositional environment (Simonson, 1985), and tectonic setting (Gross, 

1965). Based on mineralogy, BIF can be grouped into four main categories: 

oxide rich, sulfide rich, silicate rich, and carbonate rich BIFs (James, 1954). In 

addition, redox conditions existing at different environmental conditions are 

used to classify the above mentioned BIFs (Holland, 1984). Oxide rich BIF 

precipitates under the most oxidizing conditions, while sulphide rich BIF forms 

under the most reducing conditions. Silicate- and carbonate- facies occur 

under intermediate redox conditions. BIFs can also be grouped in two classes 

based on BIF size and lithologic associations (Gross, 1965). Algoma-type iron 

formations are somewhat small, and are related with volcanogenic rocks. 

Where as, superior-type iron formations are bigger, and are associated with 
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other sedimentary units. There have been very few in depth studies on the 

impact of pore structure on iron band formation in unsaturated media. 

 

Despite the acknowledged importance of the redoximorphic features such as 

iron bands, mottles, nodules, concretions and placic horizons, there is limited 

understanding of the physical, chemical and biological processes responsible 

for the genesis of iron oxides in unsaturated porous media. This thesis 

contains two publications, to be published, in scientific journals, which 

elucidates the formation of iron oxides in unsaturated porous media. The first 

publication “Precipitation of iron oxides in unsaturated porous media” 

demonstrates that the formation of Fe(III)-oxide cemented bands in 

unsaturated hydrological systems is a rapid process occurring on a time scale 

relevant to human activity, i.e., seasonally. In the second publication, 

“Mathematical and numerical model for abiotic precipitation of iron oxide in an 

unsaturated system” the abiotic genesis of iron oxides was studied by 

developing Iron-Oxygen diffusion Model’. The model incorporates the relevant 

factors contributing to the abiotic genesis of iron oxides with time at a 

particular location within an unsaturated porous media under different 

scenarios. These scenarios include the use of different media, different 

unsaturation conditions and different time scales. 
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SUMMARY 

The appearance of Fe-enriched redoximorphic features (mottles, concretions 

and placic horizons) in seasonally reduced soils is an important indicator of 

biogeochemical, hydrological and climatic environments of an area. This study 

focuses on the kinetics of physical and chemical processes controlling the 

precipitation of iron oxide minerals in unsaturated porous media. We have 

conducted column experiments with four grades of silica sand to compare the 

abiotic and biotic genesis of iron oxide. Two sets of iron bands appeared 

during the course of the experiments. Red oxidized bands (ferrihydrite) formed 

at the upper extent of the capillary fringe. Black bands (magnetite) formed 

below the oxidized iron bands. This study indicates that for the case of a 

stable water table, the location of iron oxide formation in unsaturated porous 

media is a diffusion-controlled process. Our study shows that the formation of 

Fe(III)-oxide cemented bands in unsaturated hydrological systems is a rapid 

process occurring on a time scale relevant to human activity, i.e., seasonally. 
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INTRODUCTION 

Ferric oxyhydroxides and ferric oxides (commonly known as iron oxides) are 

ubiquitous in soil and geologic environments. They exist in a variety of phases 

ranging from well crystalline to poorly crystallized minerals (Perret et al., 2000; 

Larsen & Postma, 2001). They serve as important terminal electron acceptors 

in microbial respiration (Lovely, 1997) and provide a pathway for the 

degradation of aromatic contaminants in groundwater. They also can be used 

for water purification by adsorbing unwanted elements such as toxic metals 

and ions present in water treatment plants (Cornell & Schwertmann, 1996). 

 

Iron oxides occur under different environmental conditions varying from hydric 

soils to sand dunes (Cornell & Schwertmann, 1996). They mostly precipitate 

as mottles, nodules, concretions, bands or placic horizons, collectively called 

‘redoximorphic features’. These distinct soil morphological characteristics are 

useful in providing key information to unravel the biogeochemical, hydrological 

and climatic history of an area (Vepraskas, 1992).  

 

The oxidation of iron in a porous medium is a physico-chemical rate process 

that involves transport of reactants followed by oxidation reactions (Ahmed & 

Nye, 1990). Research in saturated systems has provided a basic 

understanding of formation of Fe(III)-oxides. Equations describing the diffusion 

and reaction of O2, Fe2+, H+, HCO3- in saturated system were developed by 
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Kirk et al. (1990). In case of abiotic precipitation, Fe(II)-oxidation rate 

increases 100-fold accompanied by a unit increase in pH thus, the location 

and magnitude of iron oxide precipitation is affected by the pH gradient (Spiteri 

et al., 2006). Various other factors such as concentration and flux, time, and 

multiple events also play an important role in iron oxide formation (Chan et al., 

2007). 

 

In addition, there are a variety of microorganisms that affect the oxidation of 

iron in different ways and have different mechanisms that lead to the formation 

of iron oxide (Kappler & Straub, 2005). Microorganisms are capable of 

oxidizing Fe(II) due to specific properties of their cell walls and/or their 

metabolic pathways. The oxidation of Fe(II) can occur at the cell surface 

(Enrlich, 2006) as well as inside the cell of microorganisms (Croal, 2005). 

Microorganisms also play a significant role in increasing the rate of Fe(II)-

oxidation. Microorganisms generate microenvironmental conditions favorable 

to the oxidation of Fe(II) (Ghiorse, 1984).  

 

Research in saturated systems has provided a basic knowledge on the 

genesis of Fe(III)-oxides, for example the study done by Ahmed & Nye (1990). 

However, such work does not include the impact of microbes. Thus, it has less 

applicability to transport process in natural environments, which involves the 

presence of micro-organisms. In addition, most natural systems, such as sand 
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dunes and soils experience varying levels of saturation. Further, most of the 

studies on unsaturated systems are limited to steady-state flow, while in 

natural systems, steady-state flow seldom occurs.  

  

This study expands on previous work by investigating the formation of iron-

oxide minerals in unsaturated porous media. The study focuses on the kinetics 

of physical and chemical processes controlling precipitation of iron oxide 

minerals under unsaturated conditions. Also explored are the characteristic 

morphology, mineralogy, and chemistry of iron oxides. Laboratory column 

experiments using fine and coarse-grades of silica sand are conducted to 

compare the abiotc and biotic mechanisms governing Fe(III)-band formation. 

The results of this study explain the formation of cemented Fe(III)-oxide 

minerals under hydrological processes and time scale representative of 

natural environments.  

 

MATERIALS AND METHODS 

Column experiments using well-graded silica sand were conducted to 

determine the relevance of various transport processes (diffusion/advection) in 

the genesis of Fe(III)-cemented bands. Four sets of experiments were 

designed to study Fe(III)-band formation in unsaturated porous media. 

Experiments were carried out for several weeks until bright iron bands formed 

in the sand-packed columns. At the end of the experiment, columns were 
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sectioned into 1-cm segments and the concentrations of Fe(II) and Fe(III) and 

water content were measured. Iron-oxide minerals from the sand column 

experiments were sampled and examined for mineralogical analysis.  

 

Porous Media 

Four grades of silica sand were used: 12/20 (1700-850 microns), 20/30 (850-

600 microns), 30/40 (600-425 microns), and 40/50 (425-300 microns) sieve 

sizes, obtained from Accusand Unimin Corporation, New Canaan, CT.  

 

The amount of ‘free’ iron oxides in the silica sand was determined as 32.5 mg 

kg-1 (Chu et al., 2001) and were removed from the sand by using an extraction 

technique consisting of an aqueous mixture of 0.05 M sodium dithionite and 

0.4 M sodium citrate (Mehra & Jackson, 1960). Once the ‘free’ iron oxides 

were removed, the sand was autoclaved for 20 minutes at 120oC at pressure 

of 12.4 × 104 Nm-2 and then air dried.  

 

Natural field surface soil, Woodburn silt loam collected from Hyslop Farm 

(Oregon State University, Corvallis, OR), was used for generating the source 

of Fe(II) in the laboratory experiments. It is a well-drained soil derived from 

glacial lacustrine deposits that form part of the Willamette valley floor. Soil was 

sustained in a reduced state by maintaining saturated conditions and addition 

of organic carbon (“pelletized” alfalfa feed) to serve as an energy source for 
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microorganisms. 100 g of ground alfalfa pallets, containing 45% of organic 

carbon (c. a.), was added to every 1 kg of soil that was used for the 

experiment.  

 

Laboratory Study 

Columns were used to investigate mechanisms across the capillary fringe, 

where porous media transitions from saturated to dry. This required careful 

determination of the height of the capillary fringe for each sand size range. 

The first set of experiments was designed to quantify the capillary rise of water 

for 12/20, 20/30, 30/40 and 40/50 sand. Determination of the capillary fringe 

height was made using three methods: measurement of volumetric water 

content with height using stack of plexiglass rings, evaporation of a copper 

sulfate solution marking the evaporative front at the top of the fringe by the 

appearance of a blue precipitation band, and visually by locating air water 

interface due to change in wetness (Figure 1).  

 

A stack of plexiglass rings with dimensions of 2.5 cm i.d., and height of 1 cm 

were used. The sections were screwed together to form columns with heights 

of 4, 7, 9 and 14 cm, for 12/20, 20/30, 30/40 and 40/50 sand, respectively. A 

stainless steel mesh (100 µm) was affixed to the bottom of each stack of rings 

with acrylic cement. The stack was filled with dry sand and placed in a beaker 

filled with 1 cm of water. A steady 1-cm water-table level was maintained and 
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water was allowed to imbibe for a day. Once the capillary rise had reached its 

maximum height, the stack of rings was taken apart and water content was 

determined for each 1-cm thick increment. Water content was determined by 

weighing wet sand, drying it in an oven at 105oC for 24 hours, and then 

reweighing it dry.  A gravimetric moisture content of 0.02 was assumed to 

remain after oven drying. The final reported moisture content was algebraically 

corrected to a moisture content of 0%. The volume of the sample was 

assumed to be the internal volume of the Plexiglas ring holding the sample.  

The volumetric moisture content was estimated and height of capillary fringe 

was found to be at 4, 7, 9 and 14 cm for 12/20, 20/30, 30/40 and 40/50 sand, 

respectively. 

 

An evaporation method was used to mark the upper reach of the capillary 

fringe. Four plexiglass sand columns with dimensions of 2.8 cm i.d. and 

heights of 31.5, 19.5, 12.5 and 11.5 cm, filled with 40/50, 30/40, 20/30 and 

40/50 sand, respectively were used. A stainless steel mesh (100 µm) was 

glued to the bottom of each column. The columns were packed to the top by 

tapping gently 5-7 times under their own weight after every 2 cm, ensuring 

uniform packing. Each prepared column was placed vertically in a 1.5-cm 

water table of 0.5 M CuSO4 and opened to the atmosphere at the top. A 

steady water table level was maintained and columns were allowed to 

evaporate freely under laboratory conditions. The experiment was carried out 
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for one week until cupric sulfate was precipitated at the air-water interface in 

the form of a blue-colored band. The band was formed at 6.5, 10, 15 and 20 

cm above the water table for 12/20, 20/30, 30/40 and 40/50 sand, 

respectively.  

 

A visual experiment was similar to the CuSO4 experiment except plexiglass 

columns were placed in deionized water for a day and air-water interface was 

visually estimated to be at 2, 4, 8 and 11 cm for 12/20, 20/30, 30/40 and 40/50 

sand, respectively. 

 

The effective pore size radius for 12/20, 20/30, 30/40 and 40/50 sand was 

calculated on the basis of the Young-Laplace equation (h = 2 µ cos α/r, where 

h is the capillary height and r is the pore radius, µ is the surface tension of 

water, α is the contact angle of water to pore) by considering the visual 

capillary height and the location where the cupric sulfate band formed in 

CuSO4 experiment.  The range of pore size radii was found to be 0.75-0.231, 

0.375-0.150, 0.188-0.100 and 0.136-0.075 mm, for 12/20, 20/30, 30/40 and 

40/50 sand, respectively.  

 

The second and third set of experiments were performed to characterize 

various transport mechanisms (advection, diffusion) controlling the iron oxide 

precipitation process. In these experiments, capillary rise was maintained 



 

 
 

24

(visually verified) on the surface of sand columns and microbes were allowed 

to enter into the system (Figure 1). 

 

Experiment set 2 was used to quantify the amount of evaporation-driven 

advection that could supply Fe(II) for the iron oxide precipitation process. It 

was performed using plexiglass sand columns with dimensions of inner 

diameter of 2.6 cm and heights of 4, 6, 10 and 13 cm for 12/20, 20/30, 30/40 

and 40/50 sand, respectively. A stainless steel mesh (100 µm) was affixed to 

the bottom of each column with acrylic cement. The columns were packed to 

full length with four sizes of air-dried silica-sand (12/20, 20/30, 30/40 and 

40/50 sand) by tapping gently 5-7 times under their own weight after every 2 

cm, ensuring uniform packing. Three replicate columns were used for each 

grade of silica sand. Each column was placed vertically to a depth of 2 cm in 

the saturated reduced soil. All sand filled columns were enclosed at the top by 

a chamber with a moisture trap to quantify evaporation loss (Figure 2). A 

steady water table level was maintained. The experiments were carried out for 

10 weeks until prominent iron bands formed in the sand columns. It should be 

noted that the moisture trap may have limited the amount of O2 available for 

Fe-oxide formation. This was not considered a problem, because this 

experiment was mainly designed to calculate the quantity of evaporation-

driven advection carrying Fe(II) to the capillary zone. The amount of water 
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evaporated and held by each vapor trap was measured weekly, from which 

evaporation rates were calculated.  

 

Experiment set 3 was conducted similarly to experiment set 2, except the 

columns were open to the atmosphere at the top.  

 

Experiment set 4 was performed to study the significance of different transport 

processes on abiotic iron band formation. Sand columns were longer than the 

ones used in the 2nd and 3rd set of experiment so that the distance between 

the water table and the sand surface was longer than the maximum thickness 

of the capillary fringe (Figure 1). The longer columns permitted investigation of 

the limiting mechanisms controlling Fe(III) formation, i.e., O2 or Fe(II) diffusion, 

by providing a gradient in moisture content that extended from saturated with 

maximum Fe(II) availability to air-saturated with zero Fe(II) availability, but 

maximum gas permeability. 

 

Experiment set 4 consisted of four subsets. Experiment 4a investigated the 

abiotic formation of iron bands using 1mM ferrous sulfate solution. Four 

plexiglass columns (30.5 cm × 4.2 cm) were used and a stainless steel mesh 

(100 µm) was affixed to the bottom of each column with acrylic cement. The 

columns were packed to full length with autoclaved air-dried 40/50 silica-sand 

by tapping gently 5-7 times under their own weight after every 2 cm, ensuring 
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uniform packing. The mass of the silica sand in each column was 830 grams 

with a porosity value of 0.3. The columns were then connected to a constant 

head Marriott bottle containing 1mM ferrous sulfate solution that was allowed 

to rise into the column from the bottom (Figure 3). The marriott bottle was 

consisted of two inlets and two outlets, each with on/off valves. Access point 1 

was connected to an Argon (Ar) cylinder used to purge the Fe(II) solution with 

Ar at a rate of 0.5 L per minute prior to the start of the experiment. Ar gas 

purging served to sustain the Fe(II) solution oxygen free to limit Fe(III) 

precipitation prior to imbibition into the column. Access point 2, at the top, was 

used as a vent to remove oxygen and was opened only during Ar purging 

through inlet 1. Access point 3 was connected to the Mylar balloon that was 

filled with Ar at atmospheric pressure and was opened once the experiment 

began. The flexible (non-elastic) Mylar balloon maintained at atmospheric 

pressure, in the Marriott bottle. Access point 5, at the bottom, was used to 

supply Fe(II) solution to the columns. The protocol was followed to turn on and 

off the valves for purging the system with Ar and maintaining a constant head 

of 1mM ferrous sulfate solution in the Marriott bottle (Table 1).  

 

Experiment 4b was similar to 4a except that an autoclaved filtrate of a reduced 

soil slurry was used instead of the synthetically prepared 1mM ferrous sulfate 

solution. The autoclaved filtrate of reduced soil slurry was prepared by filtering 



 

 
 

27

reduced soil slurry through Whatman filter paper (2.5 µm) followed by 

autoclaving the filtrate for 30 minutes at 120oC at pressure of 12.4 × 104 N m-2. 

 

In Experiment 4c, six Plexiglas columns (30.5 cm × 4.2 cm) were packed with 

air-dried autoclaved fine silica-sand to the top by continuous tapping ensuring 

a uniform packing with porosity value equal to 0.3. The mass of the silica sand 

that filled in each column was 830 grams. Each column was glued to another 

column of 5 cm length and of same diameter with a filter in between the two 

columns (Figure 4). 0.2 µm Tuffryn® Membrane filter (to restrict the entry of 

microorganisms) was glued to four out of six columns and a 2.5 µm Whatman 

filter paper was used for the remaining two columns. The small column 

sections consisted of a stainless steel screen at the bottom with a Whatman 

filter paper (to prevent the clogging of Tuffryn® Membrane filter) glued to it and 

contained a 1-cm layer of 12/20 sand below ~4 cm of air-dried fine sand. Each 

sand-filled column was inserted vertically to a depth of 2 cm in the reduced, 

saturated soil. A steady water table level was maintained and columns were 

allowed to evaporate freely under laboratory conditions.  

 

Experiment 4d was similar to 4c except four plexiglass columns with 

membrane filters were used. In addition, those columns were first saturated 

with deionized water and then placed vertically to a depth of 2.5 cm in the 

reduced, saturated soil. 
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Chemical Analysis 

Chemical analysis was performed to quantify the distribution of Fe(II) and 

Fe(III) in each sand-packed column. Columns were sub-sampled in 0.75 cm 

thick section and each subsection was placed in plastic Nalgene bottles 

containing 10 mL of 0.5 M HCL. Samples were then shaken for two hours in 

order to dissolve precipitates from the sand grains. They were extracted for 2 

days and the amount of Fe(II) and Fe(III) in the solution was measured using 

the ortho-phenanthroline method (Loeppert & Inskeep, 1996).  

 

Optical Microscopy 

A standard Optical Microscope was used to investigate the pattern of iron 

oxide deposition around the sand grains. The images of the iron-coated sand 

grains obtained at 50x and 100x give a qualitative indication of the potential 

impact of the distribution of precipitate on air/water permeability that may 

affect oxygen diffusion.  

 

Mineralogical Analysis 

X-Ray Diffraction 

X-ray diffraction analysis was used to identify the iron mineral phases. 

Samples were placed in deionized water and shaken for two hours in order to 

dislodge precipitates from the sand grains. The supernatant was filtered 
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through a Whatman glass microfibre filter (1.6 µm) and filterate was collected.  

The iron-oxide powder was scraped off the Whatman glass microfibre filter 

with a razor blade and analyzed on the zero background sample holder by 

placing the powder into a 0.2 mm-deep cavity with a diameter of 10 mm. X-

Ray Analysis was carried out by using a Theta-Theta Philips PW3040 X-Ray 

Diffractometer (Micro Photonics Inc., PA, USA) with an Energy Dispersive 

Peltier Cooled Kevex detector. Mineral identification was done by comparing 

the peaks obtained from each sample with the data published in Cornell & 

Schwertmann (1996). 

 

Electron Microscopy 

The morphology of iron-oxide minerals from the laboratory columns was 

examined by Philips XL30 FEG SEM (FEI, Urbana IL, USA) fitted with 

backscatter and secondary electron detectors and an IMIX energy dispersive 

X-ray analytical system. Cemented sand grains were placed onto the 

aluminum mounts using double-sided tape. The aluminum mounts containing 

the specimen were then sputter-coated with silver and palladium for 

microscopy. 
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RESULTS AND DISCUSSION   

Experiments 3 and 4 provide information on the role that microbes have on the 

location and rate of formation of iron-oxide precipitates as well as the relative 

importance of diffusive and advective transport processes. 

 

Time line of stages of formation 

Iron-band formation was visually evident both temporally and spatially in each 

of the sand-packed columns. During Experiment 3, prominent black and red 

bands formed at two locations in the sand-packed columns after one week of 

reaction time: one band formed at the surface and a second band formed 

below the surface in the partially water-saturated zone (Figure 5). First evident 

on day 2, a very thin band (less than ½ cm thick) of black color started to form 

at the surface of each of the sand columns. The black band then completely 

transformed to a red-colored band on day 3, at the same location. Soon after, 

on day 5, another black band started to form as an uneven thin band located 

below the surface at approximately 6 cm, 5 cm, 4 cm and 4 cm above the 

water table, for 40/50, 30/40, 20/30 and 12/20 sand, respectively. The height 

of the capillary fringe for these four sand grades from copper sulfate 

experiment is 20, 15, 10, and 6.5 cm above the water table, respectively. 

Later, between day 28 and day 35, the upper part of the black band was 

transformed to a red-colored band. As the experiment progressed and 

reached the final stage on day 70, both black and red bands increased in 
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thickness and became intensified in color (Figure 6). The red bands increased 

in thickness in the upward direction whereas the thickness of the black bands 

increased in the downward direction.  

 

Experiment 4 consisted of four subsets which tested abiotic formation of iron 

bands, and resulted in different the time scale for iron oxide precipitation. In 

Experiment 4a, using 1mM ferrous sulfate solution (abiotic), faint red colored 

iron bands were observed after 11 months of reaction time at 2 locations: at 

~20 cm and ~9 cm above the water table (capillary fringe height was ~20 cm 

(Figure 7)).  The iron band that formed at 20 cm above the water table seemed 

to be uneven and approximately ½ cm thick, and may have been reflecting the 

unevenness of the top extent of the capillary fringe. The iron band that formed 

at 9 cm above the water table also appeared uneven and was much broader 

extending up to 14 cm above the water table. 

 

Experiment 4b, using autoclaved filtrate of reduced soil slurry resulted in much 

faster iron band formation than 4a. A black band started to form at 3.5 cm 

above the water table and gradually extended up to 13 cm above the water 

table over the next 10 days. After further a period of 2 months, the upper part 

of the black-colored band transformed to a red-colored band and another red 

band started to form near to the surface at 21 cm above the water table. As 

time progressed, the red band that formed at the surface further increased in 
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thickness (Figure 8). The slurry (4b) caused the iron oxide to begin depositing 

under more saturated conditions than when the ferrous sulfate solution was 

used (4a). 

 

In Experiment 4c, using 0.2 µm Tuffryn® Membrane filter and 2.5 µm Whatman 

filter paper, an uneven black band rapidly started to form at the bottom of the 

column within 2 days of reaction time and gradually increased in thickness in 

due course over 2 weeks. After a period of 5 months, a weak red band started 

to form unevenly near to the surface at 17 cm above the water table.  

 

Experiment 4d, using 0.2 µm Tuffryn® Membrane filter and presaturated with 

deionized water resulted in slower iron-band formation than Experiment 4c. A 

black band appeared in one of the four columns at 5.5 cm above the water 

table after 5 weeks of reaction time. In next 5 days, the black band started to 

spread downward until it reaches the water table and a weak orange band 

started to form above the black band. After a further period of 5 months, 

another red band appeared unevenly near the surface of the column, 20.5 cm 

above the water table, with a thickness of ~ 0.3 cm (Figure 9). 

 

Formation of black-colored bands occurred in the under-saturated region of 

the capillary fringe, for all sand-packed columns of Experiment 3 and 

Experiment 4. The transformation from black to red bands can be explained in 
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terms of air and water permeability affecting the diffusion of oxygen into 

unsaturated pores. Fe(II) in the aqueous form is supplied from the saturated 

region to the unsaturated region which consists of large interfacial surface 

area and has high availability of O2 in the gaseous phase for diffusion into the 

water phase. As O2 from the gas phase diffuses into the water phase and 

interacts with the dissolved Fe(II) present in the unsaturated region, a black 

iron band containing Fe(II)-Fe(III) minerals starts to form.  As more oxygen 

reacted with Fe(II)-Fe(III) minerals, the upper part of black bands began to 

transform to red oxidized bands.  

 

Although both abiotic and biotic processes lead to the formation of red as well 

as black bands, the rates at which the bands appeared were different. 

Biologically generated iron bands formed very fast in a period of two days 

compared to the abiotic iron bands which usually took approximately 15 weeks 

to form. The faster formation of iron bands under the biotic conditions is due to 

the presence of microorganisms which act as catalysts and thus enhance the 

reaction kinetics. These microorganisms are transported to the reaction site 

along with aqueous Fe(II) through diffusion and advection (which was driven 

by evaporation from the upper boundary).   
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Chemical and mineralogical identification of black and red bands 

As expected, red bands of sand columns from Experiment 3 consisted of 

oxidized iron mineral. X-ray diffraction analysis of the precipitates forming the 

red bands (Figure 10), both at the surface and below the surface of the sand 

column, exhibited broad diffraction peaks at 2.45, 2.23 and 2.05 Å, indicating 

the presence of ferrihydrite, based on the diffraction standards published by 

Cornell & Schwertmann (1996). Ferrihydrite is a noncrystalline and short-

range-order iron oxide. Additional diffraction peaks were observed 

corresponding to K-feldspar (3.32 Å), calcium carbonate (2.95 Å), chlorite 

(7.00 Å) and quartz (4.22 Å).  No X-ray diffraction analysis was performed on 

iron bands formed in sand columns of Experiment 4 as there was not enough 

iron oxide precipitated in those columns. 

 

Spherical structures of approximately 1 µm in size were seen when scanning 

electron microscopy (SEM) was performed on the precipitates constituting the 

red bands at the surface as well as the black bands below the surface. 

Samples of iron oxide cemented sand grains were collected after 10 weeks of 

reaction time (Figures 11a and 11b) from sand columns of Experiment 3 and 

12 months of reaction time in case of sand columns of Experiment 4 (Figure 

12). X-ray florescence of such globular structures (Figures 11b and 12b) 

showed intense signals for Fe(III) concurring with the XRD results suggest that 

the red bands consist of non-crystalline ferric (hydroxy) oxides. Our results 
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coincide with the result obtained by Cornell & Schwertmann (1996), who 

identified ferrihydrite as more or less spherical structures when SEM was 

performed on synthetically generated precipitates. We also observed the 

presence of calcium and carbon in some of the black and red sand samples 

collected for the SEM analysis. The presence of carbon and calcium in the 

sand columns of Experiment 3 point to the formation of calcium carbonate. 

Calcium carbonate was formed by the reaction between calcium and carbon 

dioxide that was released by the microorganisms during capillary inhibition at 

the time of initial saturation of the sand packed columns. 

 

 In addition, SEM analysis indicated the presence of fungal hyphae (Figure 

11b). These fungal hyphae can play a role in the oxidation of iron through an 

enzymatic mechanism which is further related to populations of filamentous 

fungi to some extent (Torre & Alarcon, 1994).  

 

X-ray florescence performed on the samples obtained from sand columns of 

Experiment 4 showed weak signals for Fe(III) suggesting that not much iron 

oxide was precipitated in those samples (Figure 12a). The amount and 

location of precipitated iron oxide are sufficient enough to explain the 

processes contributing to the formation of iron-oxide minerals. Calcium and 

carbon also were found in some of the samples collected for SEM analysis. It 
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is possible that microbes may have diffused from the atmosphere into the 

sand during packing of the columns with the autoclaved sand. 

 

The black color is suggested to be Fe(II)-Fe(III) mineral, probably magnetite 

according to the color classification done by Cornell & Schwertmann (1996). 

Previous investigation (Hansel et al., 2003) done on precipitation of iron oxides 

also observed the precipitation of magnetite as black colored mineral.  

 

The total amount of iron-oxide mineral formed in each sand column of 

Experiment 3 is approximately the same. However, the size of the clusters 

containing iron-oxide mineral and the color of the bands of iron-mineral 

precipitates differ between the columns. The red color of the band appears 

more intense in the coarser sand as compared to finer grades of sand.  This is 

interpreted as a visual effect caused by the size of the pore, and thus the local 

concentration of the Fe(III) clusters, is not an indicative of a difference in 

morphology of deposition or amount of deposition. The size of clusters is 

controlled by the pore size and particle surface area. The surface of sand 

grains can act as a catalyst for the oxidation reaction. Smaller grains provide 

more surface e area for the oxidation reaction to occur that result in more but 

smaller iron oxide minerals. Larger grains provide less surface area and thus 

form fewer but larger iron-oxide minerals, which give a more intensely red 

appearance.  
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The vertical distribution of total iron (Total-Fe) for each sand packed column of 

Experiment 3 and Experiment 4 was quantified colorimetrically (Figures 13 

and 14) and shows a direct correspondence between the peak location of total 

iron and the location where the iron bands have formed, for all sand-packed 

columns. This indicates an accumulation of iron at these sites, not simply a 

chemical reaction of iron already present. The blue-colored region in Figures 

13 and 14 indicate the total height of each sand column. However, the highest 

concentration of Fe(II) was observed at the location where the red bands were 

formed (Figures 13 and 14) except in sand columns using ferrous sulfate 

solution and presaturated sand columns using 0.2 µm Tuffryn® Membrane 

filter (the most abiotic-like experiments). The accumulation of Fe(II) at the 

location of red band can be due to the presence of another kind of Fe(II) 

mineral in addition to iron oxide. In the recent study done by Chan et al. 

(2007), rozenite (FeSO4.7H2O), a colorless mineral, was identified in red 

precipitates. Thus, presence of Fe(II)-containing minerals at the location of red 

band can potentially explain the accumulation of Fe(II) in that region. However, 

the mineralogical analysis (SEM and XRD) that we performed were not 

sensitive enough to permit us to unequivocally identify the presence of 

additional Fe(II)-containing minerals. The high concentration of Fe(II) below 

the iron band is because of the presence of the red Fe(III) band which locally 

reduces the air permeability and acts as a barrier to the further downward 
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transport of oxygen into the sand columns. This restricts the reaction between 

oxygen and Fe(II) that is present in the aqueous phase and adsorbed onto the 

iron band sites (Ahmed & Nye, 1990). Thus, below the red band, the 

environment would become oxygen-limited and not all of Fe(II) would be 

oxidized fully, resulting in a black band. 

   

The concentrations of total extractable Manganese (Mn) and Calcium (Ca) 

were also determined for each sand packed column of Experiment 4 through 

ICP (Inductively Coupled Plasma) Analysis. The concentration of Mn was 

found to be 0-31 mg kg-1 with higher values near or below the water table. 

There was no significant amount of Mn found in the region of black- or red-

colored bands. This suggests that black and red bands mainly consisted of 

iron oxide minerals. However, Ca concentration was fairly high (0-433 mg kg-1) 

in all sand columns except in the sand columns using Ferrous sulfate solution. 

This indicates the presence of micro-organisms that must have diffused into 

the sand columns from the atmosphere in due course of time.  

 

Optical Microscopy was performed on Fe(III) oxide coated sand grains (Figure 

15). The image of the iron-coated sand grain on the left side of Figure 15 

shows semi-spherical structures indicating that this portion was either along a 

region of grain-to-grain contact or along a curvilinear air-water interface. For all 

sand grades in sand columns of Experiment 3 and Experiment 4, the iron 
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bands seemed to be brittle, weakly cementing the sand grains. The deposition 

of iron oxide around the sand grains is non-homogenous and appears to be 

irregular and patchy. This is to be explained in terms of dissimilarity in pore-

size distributions and pore topologies that result in uneven distribution of both 

air- and water-filled pores in the upper part of the capillary fringe. 

 

Role of advection and diffusion in determining the location of formation 

of iron bands in unsaturated media 

In Experiment 3 the capillary fringe intersected the top of the column as shown 

in Figure 1. Sand columns in this experiment formed a red iron band at the top 

surface. One of the mechanisms impacting the formation of the iron bands at 

the surface of each grade of sand column is the rate of advective transport of 

Fe(II) in solution which is driven by evaporative process. The magnitude of 

advective transport was calculated by using the amount of water evaporated 

with time from Experiment 2. It was determined from Experiment 2 that 

approximately 6 ml of water is evaporated from each sand column over a 

period of 10 weeks.  Assuming an initial Fe(II) solute concentration of 20 mg/L, 

6 ml of evaporated water corresponds to 0.12 mg of Fe(II) which was higher 

than the amount of Fe(III) formed at the surface of the sand column, except for 

the 12/20 sand as shown in Figure 13. Therefore, advection is sufficient to 

account for the magnitude of Fe(III) precipitate found at the surface. The 

discrepancy in the amount of Fe(III) formed at the surface and the amount of 
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Fe(II) available implies that the concentration of aqueous Fe(II) in solution as it 

reached the upper surface of the sand column was lower than that in the 

source solution entering the bottom boundary of the column. This could be 

explained either by the consumption of Fe(II) in the unsaturated portion of 

capillary fringe below the red band region, or by the process of back-diffusion 

driven by the increase in iron concentration during evaporation. In all cases 

except for 12-20 sand, evaporation driven advection is a sufficient mechanism 

flor explaining the amount of iron-oxide precipitated. In case of 12-20 sand, the 

amount of Fe(II) accumulated at the surface of the sand column was higher 

than estimated by the process of evaporation driven advection. This higher 

amount of Fe(II) found at the surface is due to both evaporation-driven-

advection and diffusion of solute to the surface. This can be understood in 

terms of thickness of the capillary fringe which is very short for the 12-20 sand 

column and thus, the distance between the surface and the source is also very 

short. This results in more number of water filled pores, less tortuosity and 

faster diffusion of aqueous Fe(II) to the reaction site. 

 

The appearance of iron bands below the surface of the sand column is 

occurring in a three-phase air-water-solid system which consisted of saturated, 

partially-saturated and dry pores. Fe(II) in the aqueous form is supplied from 

the saturated region to the unsaturated region, where it is exposed to O2 in the 

gaseous phase through gas-liquid interfaces. The oxidation of aqueous Fe(II), 
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thus occurs within the unsaturated region. As O2 diffuses across the gas-liquid 

interface it interacts with dissolved Fe(II) to form a black iron band. The upper 

part of the black band is transformed to a red iron band as more oxygen 

participates in the reaction. This can be quantified using Fick’s second law of 

diffusion: 

2

2D
t x
φ φ∂ ∂=
∂ ∂          (1) 

Where, φ is the concentration [mol m3], t is time [s], D is the diffusion 

coefficient [m2 s-1], and x is the position, [m]. The mass of Fe (III) predicted by 

Equation 1 was compared to that determined at the location of the red band 

through chemical analysis for Experiment 3 and Experiment 4. The time for 

calculations was taken as 10 weeks and one year for Experiment 3 and 

Experiment 4 respectively (Figures 16 and 17). For all calculations using 

Equation 1, an Fe(II) source with concentration of 20 mg/L and diffusion 

coefficient value of 0.54 cm2/day was assumed to exist at the water table 

(Ahmed and Nye, 1990). In Experiment 3, Equation 1 predicted the mass that 

was approximately the same as the observed mass (Figure 16). The small 

difference between predicted and measured mass of Fe(III) at the location of 

the red band is due to the measurement errors (±8%) while measuring the 

concentration of Fe(II) and Total Fe calorimetrically. Thus, the amount of 

Fe(III) found in the unsaturated region is the result of diffusion and rapid 

consumption of aqueous Fe(II) to that region.   
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On the other hand, the mass of Fe(III) observed was less than predicted for 

Experiment 4 (Figure 17). This can be explained by a reduction in the reaction 

coefficient caused by the restricted entry of microbes. However, some amount 

of Fe(III) did precipitate in the unsaturated region. This suggests that although 

the supply of both aqueous Fe(II) and gaseous oxygen to the reaction site was 

available but the consumption was much reduced indicating that high rate of 

reaction observed in natural systems is supported by microbial interactions.  

 

This experimental study reveals that the location of precipitation of iron oxide 

in unsaturated media is governed by two physical processes: evaporation-

driven advection and diffusion. The rate of reaction is significantly impacted by 

the presence of microbial activity. The evaporation-driven advection governs 

the majority of Fe(III) precipitate near the evaporation interface, which for 

columns in Experiment 2 occurred at the sand surface. Diffusion process is the 

main governing mechanism that is responsible for formation of iron oxides 

closer to the water table, and within the capillary fringe. The depth to the water 

table, therefore, will determine the relative importance of advective and 

diffusive mechanisms on the precipitation process.   
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CONCLUSION 

The supply of aqueous Fe(II) to the region of capillary fringe governs iron band 

formation in unsaturated media. In the upper portion of the capillary fringe 

where the percent water content is low and air-water interfacial area is high, 

films are thin and limit Fe(II) diffusion processes. In the lower wetter portion of 

capillary fringe where water content is high and air-water interfacial area is 

low, both gas permeability and diffusive gas limit the transport of oxygen to the 

water phase across the air-water interfaces. The rate of Fe(III) formation is 

controlled by a diffusion process in case of deep water tables. In contrast, 

when the water table is close to the surface, evaporation increases the upward 

advective transport of Fe(II) and results in greater mass of Fe(III). 

 

Weakly cemented Iron bands form within the region of capillary fringe. Patchy 

and irregular deposition of iron oxides around sand grains suggests that in 

addition to the physical mechanisms of diffusion, local chemical gradients and 

crystallization potentials also play an important role in deposition morphology.  

Results also elucidate the physical process of iron band growth which involves 

initial formation of reduced black-colored bands, followed by the 

transformation along the upper, oxygen richer, edges of the reduced black-

colored bands towards red-colored bands comprised mainly of iron-oxides.  
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The formation of Fe(III) oxide minerals in unsaturated hydrological systems is 

a rapid process taking place on a time scale of less than one year and 

significantly accelerated by the effect of biological oxidation. This study reveals 

that physical (transport processes that carry reactants to the reaction site), 

chemical and biological processes are together responsible for the formation 

of iron oxide in unsaturated media.  
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Figure 1: Graphical representation of capillary rise height on four grades of 

silica sand (Accusand). Capillary rise height was determined by three 

methods: (Rings) volumetric water content, (CS) dissolved copper sulfate 

evaporation, and (visual) visually as shown in the sketch. Arrows point towards 

the heights of columns that were considered in Experiment 2, 3 and 4. 
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Figure 2: Schematic sketch of a single sand packed column used in 

Experiment 2. Column is placed in saturated and reduced soil and connected 

to vapor traps at the top.  
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Figure 3: Schematic sketch of experimental setup (Experiment 4a) showing 

silica sand columns connected to Marriott bottle consisted of 1mM Iron sulfate 

solution with two inlets and one outlet at the top and one outlet at the bottom. 
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Figure 4: Schematic sketch of experimental setup (Experiment 4c) showing 

fine grade of silica that were packed uniformly into Plexiglass columns which 

were placed in saturated, reduced soil and opened to the ambient air at the 

other end. 
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Figure 5: Iron bands formed in 30/40 sand-packed columns: black band forms 

first and transforms to red band (Experiment 3). Only part of the column is 

visible in the above picture as rest is covered with the apparatus used to hold 

the column vertically in the saturated reduced soil. 
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Figure 6: Iron bands formed in sand-packed columns of four sand size grades 

after 10 weeks of reaction time: black band formed below the red band 

(Experiment 3).  
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Figure 7: Faint Iron bands formed at 20 cm above the water table in 40/50 

sand-packed columns after 11 months of reaction time (Experiment 4a).  
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Figure 8: Black and red Iron bands formed above the water table in 40/50 

sand-packed columns connected to autoclaved filtrate.  
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 Figure 9: Iron bands formed above the water table in presaturated 40/50 

sand-packed columns with deionized water using 0.2 µm Tuffryn® Membrane 

filter. 
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Figure 10: X-ray Diffraction scan of red band formed at the surface of the 20-

30 accusand packed column (Experiment 3).  
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500X 

(a) 

 

(b) 

Figure 11 (a): Scanning electron micrograph of sample from red band formed 

at the surface of 20-30 sand column (Experiment 3). (b): X-ray spectrum of 

sample from red band formed at the surface of 20-30 sand columns 

(Experiment 3). 
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(a) 

 

(b) 

Figure 12: (a) X-ray spectrum of sample from Fe band formed at the surface 

of pre-saturated diffusion sand column. (b) Scanning electron micrograph of 

sample of Fe band formed in diffusion sand column of Experiment 4. 
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        (c)         (d) 

Figure 13: Distribution of Fe (II) and Fe (III) in accusand packed columns that 

were allowed to evaporate for 10 weeks (Experiment 3). The blue-colored 

region indicates the total height of each sand column. 
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Figure 14: Distribution of Fe (II) and Fe (III) in accusand packed columns that 

were allowed to evaporate for 1 year (Experiment 4). The blue-colored region 

indicates the total height of each sand column. 
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(a)                                                         (b) 

Figure 15: 40/50 sand grains coated with iron oxide deposited at 8 cm above 

the water table under laboratory conditions. 
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Figure 16: A comparison of the expected mass of Fe (III) in the red iron band over 

a period of 10 weeks obtained through Fick’s second law of diffusion and the mass 

of Fe (III) determined at the location of red band through chemical analysis 

(Experiment 3). 
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Figure 17: A comparison of the expected mass of Fe (III) in the red iron band 

over a period of 1 year obtained through Fick’s second law of diffusion and the 

mass of Fe (III) determined at the location of red band in five subsets of 

Experiment 4 through chemical analysis. 
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Table 1: Protocol used during the start of Experiment 4a 

 

PROTOCOL 

1. Open the valve 3 and squeeze the Mylar balloon slightly in order to purge 

Argon into the pressure control tube 

2. Close the valve 3 

3. Open all the valves except 3, 4, 6  

4. Open the valve 1 and allow Ar to flow from the cylinder into the Marriott 

bottle at the rate of 0.5 liters per minute to remove oxygen from the system 

5. Close the valve 1 and 5 after 2 minutes  

6. Transfer 3 liters of de-aired water (boiled and cooled the water in a separate 

container) into the Marriott bottle   

7. Open valve 1 and purge the Marriott bottle containing de-aired water with Ar 

at the rate of 0.5 L per minute for 30 minutes  

8. Remove the rubber stopper and quickly put 0.84g of solid FeSO4 into the 

vessel.  

9. Put the rubber stopper back 

10. Continue to purge Ar into the Marriott bottle at the rate of 0.5 liters per 

minute for additional 30 minutes 

11. Turn off the valve 1 to stop the flow of Ar into the bottle 
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12. Raise the to Marriott bottle to 15 cm above the water table in order to 

initiate the flow 

13. Turn on the valve 5 (to the columns) , valve 6 and valve 3 to the mylar 

balloon  

14. Close the valve 2 very quickly 

15. Lower the bottle to 5cm below the water table once the flow has started 

16. Wait till the main line is filled. This can be checked by observing the water 

in the manometer 

17. Once the main line is filled, open valves A, B, C and D 

18. Finally, put the Marriott bottle in line with the columns in such a way that 

head in Marriott bottle matches with the position of the water table for the 

columns 
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Summary 

Precipitation of iron-oxides influences various global reservoirs such as soils 

and sediments by affecting their physical and chemical properties and 

processes such as infiltration rate, hydraulic conductivity and organic matter 

decomposition. This study focuses on the abiotic genesis of iron oxides in 

unsaturated porous media by developing an ‘Iron-Oxygen Diffusion Model’. A 

conceptual mechanistic framework for abiotic iron oxide formation is first 

proposed leading to the development of the kinetic equations for an 

unsaturated system that is exposed to a source of reduced iron at one end 

and oxygen at the other end. Finally, a numerical model was developed to 

investigate the time evolution of abiotic iron oxide formation within an 

unsaturated porous media under different physical and chemical scenarios. 

These scenarios include the use of different media, different unsaturation 

conditions, different pH and different time scales. The model predicts that 

abiotic iron oxide formation is limited by the supply of Fe (II) and is a fast 

process taking place on a time scale relevant to human activity, that is yearly. 

 



 

 
 

69

INTRODUCTION 

Precipitation of iron-oxide is the most important process in the formation of 

redoximorphic features such as nodules, and concretions (Vepraskas, 1992). 

Nodules and concretions are irregularly shaped firm bodies of iron oxides with 

diffuse boundaries and can also take the shape of bands. Banded iron 

formations (BIFs) known in precambrian sedimentary deposits are generally 

composed of alternating layers of iron minerals and silica (Beukes and Klein, 

1992). The relative abundance of BIF throughout the Precambrian record is 

correlated with a possible curve for the evolution of the oxygen content in the 

Precambrian atmosphere (Klein, 2005). Redoximorphic features are also 

common in much younger geologic deposits, such as coastal dunes, and 

agricultural soils.   

 

Iron-oxides are of great importance in regulating the fate and mass transport 

of nutrients, metals and metalloids as they tend to adsorb and co-precipitate 

with Fe(III) oxyhydroxides (Behrends and Van Cappellen, 2005). In addition, 

iron-oxides provide a pathway for the degradation of aromatic contaminants in 

groundwater. For instance, Geobacter metallireducens GS-15 can completely 

oxidize common contaminants, such as toluene, phenol, p-cresol, p-

hydroxybenzylacohol, and p-hydroxybenzaldehyde to CO2 and electrons 

released during this process are taken up by iron oxides (Lovley and 

Lonergan, 1990). 
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Because of the prevalence of iron-oxides in precambrian sandstone 

formations, for many years the prevalent thought was that iron-oxide 

formations was a slow process occurring at geologic timescales. However, 

studies have shown seasonal formation of iron-oxides in the soils (Cornell and 

Schwertmann, 2003). The repetitive annual cycle of precipitation events 

followed by soil drying results in the formation of different types of iron oxides. 

In addition, iron-oxides are commonly seen in coastal seepages in dunes 

along the northwest Oregon coast. Existence of these formations, by the very 

nature of the instability of dunes indicates recent and rapid timescale of 

formation of iron oxides.    

 

There has been continuous debate on the exact mechanism(s) controlling the 

precipitation of iron-oxides in porous media, which in natural environments can 

include settings such as soils, sand, and wetlands. Whereas, some 

investigators propose that precipitation only occurs when assisted by 

biological activity (Tazaki, 2007), others maintain that it occurs through abiotic 

processes (Ahmed and Nye, 1990).  Ahmed and Nye (1990) suggested that 

the oxidation of Fe(II) in the saturated porous medium is a physico-chemical 

rate process that is affected by diffusion and oxidation reactions. In addition, 

equations describing the diffusion and reaction of O2, Fe2+, H+, HCO3- in 

saturated system are described by Kirk et al (1990). Field observations and 
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numerical simulations done by Chan et al. (2007) also elucidate the 

importance of the diffusion process in the formation of spherical iron oxide 

concretions under saturated conditions. These iron oxides concretions are 

considered as records of groundwater flow through porous sedimentary 

deposits (Chan et al., 2007). 

 

In spite of the different theories published in the literature on occurrence of 

iron-oxides, there remain a number of unanswered questions. Only a limited 

number of research groups have devoted considerable efforts to unravel the 

processes responsible for precipitation and maturation of iron oxide minerals 

in saturated systems. In addition, metastable phases, stability of different 

mineralogy, different porous media, heterogeneity and the role of temperature 

and pH in the formation of iron oxides are poorly understood. We here focus 

on better understanding a few of these conditions and processes, specifically 

for unsaturated media. 

. 

This study proposes a conceptual mechanistic framework for abiotic iron band 

formation leading to the development of mathematical and numerical model 

that incorporates the relevant factors contributing to the abiotic genesis of iron-

oxides in an unsaturated system. Kinetic equations were developed for an 

unsaturated system that is exposed to a source of reduced iron at one end 

and oxygen at the other end. The parabolic partial differential equations are 
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combined in a simulation model and are solved by Crank-Nicolson method 

through an implicit scheme.  

 

The proposed study will allow us to explore the formation of Fe(III)-oxide 

cemented bands under hydrological processes and determine if time scale 

and precipitation conditions are commensurate with systems representative of 

natural environments. The results of the study specifically elucidate the 

importance of air-water interface properties, and diffusion gradients on iron 

oxide formations in natural systems.   

 

MODEL 

The main purpose of developing the model, entitled ‘Iron-Oxygen diffusion 

Model’, is to predict the amount of iron-oxide that is deposited with time and 

determine the preferred location of precipitation within a porous media 

exhibiting a moisture gradient. The model explores these two variables – 

temporal and spatial distribution – for different environmental conditions. 

Range of parameters tested includes different parent material rich in Fe(II) 

content, saturation conditions, and pH. Important characteristics commonly 

found in nature that the model does not take into account are porous media 

heterogeneity, temperature, evaporative fluxes, and movement of the water 

table. 
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The Iron Oxygen diffusion Model was developed using the following modeling 

process. The first step was to develop a conceptual understanding of the 

mechanisms responsible for Fe(II) and oxygen transport to the reaction site 

and chemical reactions. In addition, system geometry and system properties 

were selected to be as general as possible yet able to simplify the equations. 

Given the conceptual picture, a set of governing equations and boundary 

conditions were established that mathematically described the system. 

Solution of the mathematical model was approached numerically incorporating 

both spatial and temporal discretization. The solution approach used a Crank-

Nicolson method using an implicit scheme which is considered as a more 

stable discretization scheme. MatLab 7.1 (The Mathworks Inc, USA) was used 

to write the iterative numerical model. An analytical solution, for a simpler 

situation, was used to verify that the numerical approximations were accurate.  

 

Conceptual Framework 

A conceptual framework for the mechanisms governing the precipitation of 

Fe(III) in unsaturated porous media consisted of four main components. (1) 

Fe(II) is generated during the reductive dissolution of iron oxide and dissolves 

readily in water. (2) Aqueous Fe(II) was transported from the source area to 

the reaction site through the process of diffusion. The source area is 

considered to be below the “water table” and the reaction site is considered to 

be somewhere within the capillary fringe. (3) Fe(II) diffused into partially 
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saturated pore spaces. (4) Oxygen diffused from opposite dry boundary into 

partially saturated region and encountered aqueous Fe(II) at the (pore scale) 

air-water interfaces. (5) Oxygen moved across the air-water interface and 

diffuses, albeit at a slower rate, through water, permitting reactions within the 

saturated portion of a pore. Other relevant, but considered to be less relevant 

mechanisms that were ignored by the model include evaporation driven 

advection, temperature and temperature gradients, heterogeneity in the 

porous media structure, heterogeneity in the distribution  source of the Fe(II), 

and lastly the rather important factors of biological activity that can foster 

reactions and accelerate reaction rates, spatial distribution and transport of 

substrates (food) for bacterial activity, changes in oxygen concentration 

gradients and availability of oxygen  for Fe(III) oxidation, biofilm growth 

potentially affecting hydrophobicity and thus moisture distribution in the 

unsaturated zone. 

 

Mathematical Model  

The mathematical model developed to study the transport and kinetics of 

oxidation of iron was based on the non-steady-state diffusion problem 

represented by Fick’s second law of diffusion which states that the rate of 

compositional change is equal to the diffusivity multiplied by the rate of change 

in the concentration gradient.  
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D

t ∂
∂

=
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∂ φφ

                               (1)  

 

where φ is the concentration [M L-3 or mol m-3], t is time [s], D is the diffusion 

coefficient [m2 s-1], x is the position [ m].  

 

While the mathematical model described below was developed for abiotic 

processes that lead to the precipitation of Fe(III), it can also be tested for 

biologically-facilitated reactions. In case of biotic formation of Fe(III), the 

characteristics and degree of facilitation by biological activity strongly depends 

on the species active at a specific location in porous media. To account for 

accelerated reaction rate due to biological facilitation, Eq. (3) can be multiplied 

by a biological facilitator factor and thus predict the time required to form 

microbially generated Fe (III) oxides. Kasama and Murakami (2001) suggest 

that Fe(III) precipitation rates range from 6.8 × 10-8 to 4.0 × 10-7 mol/l/s. The 

range is due to the presence of broad varieties of microbes that affect the 

oxidation of iron in different ways and by different mechanisms (Ghiorse, 

1984).  

 

The model geometry is set to be 1-Dimensional representing a vertical soil 

column, the bottom of the column is placed into an Fe(II) source at x = 0 and 

the top is opened to the atmosphere at x = L. There was a constant supply of 
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Fe(II) at x = 0. Fe(II) diffused through the partially saturated sand column from 

the source at x = 0. Oxygen diffused from the opposite end of the unsaturated 

column at x = L where there was an infinite supply of oxygen at a fixed 

concentration. As Fe (II) reacted with oxygen, Fe(III) oxide was formed.  

 

The oxidation reaction is given as 

++
+→++ 8H4Fe(OH)O10HO4Fe 322

2                   (2) 

 

Rate of reaction is given by 

[ ] 2-2
2

]][OH][Ok[Fe
t

Fe
r 2

+
+

−=
∂

∂
=                     (3) 

 

where k is the rate constant, 6.2×1014 (mol dm-3)-3s-1  (Ahmed and Nye, 1990), 

for a concentration of [OH-] = 10-8 M at pH ≈ 6. 

 

The four processes that lead to oxidation of Fe(II) are expressed 

mathematically below.  

1. Reductive dissolution of iron oxide minerals. 

In soil, electrons released during decomposition of organic matter are 

taken up by iron-oxide minerals, and thus results in the generation of 

aqueous Fe(II). This is modeled as a constant source of Fe(II) at the lower 

boundary of the soil column.   
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+−+ →+ 23 FeeFe                      (4) 

  

2. Diffusion of Fe (II) from the source region towards the reaction site. 

In soil, Fe(II) diffuses in response to concentration gradients. The spatial 

distribution of the concentration depends on the spatial heteorgeneity of 

the mineral source and moisture content since generation or Fe(II) is an 

anerobic process, or in spatial distribution of bacteria generating Fe(II). In 

this model the process is simplified such that the source region is the 

saturated zone and Fe(II) diffuses from the saturated source region upward 

into the region of capillary fringe. 
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8
Fe eff 102.6D 2

−×=+  dm2s-1 (Ahmad, 1990) 

τ = Tortuosity 

As indicated by Eq. 5, individual pores are not modeled, a continuum 

approach is used where the partial saturation of pores is represented by the 

moisture content.   

 

3. Diffusion of O2 through air filled pores 

Oxygen from the top atmospheric boundary diffuses downward into the 

column through air filled pore spaces. 
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4. Diffusion of O2 through water saturated pores 

Oxygen further diffuses from air filled pore spaces into the water phase 

through the air-water interfaces that form within the unsaturated portion of the 

capillary fringe. Note that the equation below does not take into account a 

transfer coefficient across the interface. A simple discontinuity is assumed at 

the interface by which the diffusion rate changes instantaneously in space. 

This does not cause a problem computationally because the numerical model 

assumes a continuum approach and the individual pore spaces are not 

modeled. The column is assumed to be composed of a certain percentage of 

air filled space with oxygen diffusion coefficient in air filled pore spaces 

represented by Eq. 6 and a certain percentage of water space with oxygen 

diffusion coefficient in water filled pore spaces represented by Eq. 7. 
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Initial and boundary conditions include conditions controlling moisture content 

and species (Fe(II) and O2) concentrations. These are mathematically 

expressed below.  

 

Initial and Boundary Conditions for Iron 

IC: In natural systems Fe(II) concentration varies with time and with seasons. 

In areas where there are distinct dry and wet seasons and the water table 

changes considerably, it is possible that at the end of the dry season, the 

concentration of Fe(II) in the profile can be assumed to be negligible. Upon 

wetting up caused by a water table rise, the largest source of Fe(II) is likely to 

come up with the water table. The model assumed the constant source of 

Fe(II) at lower boundary and a capillary fringe is already established which 

contains an initial concentration of Fe(II) in solution at time equal to zero. Initial 

distribution of Fe(II) mass is thus a function of moisture content (moisture 

conditions described further down).  

 

 0
2

i
2 ][Fe][Fe ++ =  at Lx0 ≤≤  for 0t =        (8) 

 

BC: Constant Fe(II) rich source was maintained at lower boundary (x = 0) at all 

the times. 
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0

t
Fe2

=
∂

∂ +

  at 0x =  for 0t ≥             (9) 

[ ] MppmFe 001.0552 ==+ at 0x =  for 0t =     

 

Initial and Boundary Conditions for Oxygen 

IC: To simplify the situation for the model and better assess the strength of 

various aspects of the mechanism, it was assumed that there was no oxygen 

present in the column at time equal to zero. Oxygen was diffused from the 

upper atmospheric boundary into the unsaturated region of the soil column. 

The concentration of oxygen at upper boundary (x = L) was designated as 

[O2]L.  

0][O2 =  at  Lx0 ≤≤  for 0t =                                               (10) 

 

BC: Constant oxygen source is maintained at upper boundary (x = L) at all the 

times. 

[ ]
0

t
O L2 =
∂

∂
 at Lx =  for 0t ≥                                   (11) 

[ ] MO L 086.02 = at Lx =  for 0t ≥  

 

Initial Condition for Moisture Content 

Moisture content permits the mobility of aqueous Fe(II) and controls the 

distribution of oxygen in porous media. Fe(II) moves in an aqueous phase and 
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diffuses into the pore spaces. The moisture profile of the soil column is 

represented by a linear function using the straight line equation (Eqs. 12 - 14).  

 

IC: Bmxθ +=  at  BxA ≤≤         (12) 

      0.1θ =  at  LxB ≤≤                                      (13) 

      4.0θθ s ==  at  Axθ s ≤≤                           (14) 

 

where A  is a specific distance from the saturated end of the column (x = 0) 

and , B is a specified distance of the unsaturated end (x = L).  

 

In addition, distance from x=0 to x=A is referred to as the saturated region of 

the capillary fringe, distance from x=A to x=B is referred to as the central part 

of the unsaturated region of the capillary fringe and distance from x=B to x=L 

is referred to as the upper extent of the unsaturated region of the capillary 

fringe. 

 

A number of assumptions (discussed below) are made to mathematically 

simplify complex natural phenomena. These also include the concept of 

perfect sources for Fe (II) and oxygen, chemical and physical conditions of a 

perfectly homogenous media, isothermal conditions and an equation for 

diffusion that incorporates all physical properties of the media. Thus, if 
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physical properties of the media changes, only one model parameter, that is 

the diffusion coefficient, has to change.  

 

Assumptions expressed mathematically 

1. Rate of production of Fe(II) from the lower boundary was constant. 

Thus, there was a constant source concentration of Fe(II) at all the 

times. 

[ ]
0

t
Fe2

=
∂

∂ +

  at 0x =  for 0t >           (15) 

 

2.  There was a constant concentration of oxygen at the upper boundary 

that diffuses into the porous media through the air-filled pores and 

through water. 

 
[ ]

0
t

O L2 =
∂

∂
  at Lx =  for 0t ≥                (16) 

 

3.  The effective diffusion rate of oxygen in water was linearly proportional 

to the water content since the proportion of connected air-filled spaces 

changed with water content, and the proportion of oxygen that diffused 

through water or through air changes. 

 DR[O2] = D[O2] (θ)                 (17) 

DR was the effective diffusion rate and θ was the moisture content. 
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4. Assume porous media was comprised of biologically clean, non-

reactive sand of a single particle size, rather than a complex soil media.   

 

5. Assume constant porosity and tortuosity value for soil 

ε = Porosity = 0.5                    (18) 

τ = Tortuosity =0.66 (Hillel, 1998)      (19) 

 

6. Temperature was kept constant for any one model run. 

[ ]
0

t
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=
∂
∂

, 
[ ]

0
T

=
∂
∂
x

                                               (20) 

D ≠ D (T)                                      (21) 

D was diffusion coefficient, T was temperature.  

 

7. Assume no biological activity is involved in the reaction between Fe(II) 

and oxygen.  

8. Assume perfect mass transfer across air water interface. 

 

Numerical Model 

Kinetic equations developed for an unsaturated system were written in the 

form of a family of parabolic partial differential equations that were solved by 

the Crank-Nicolson method through an implicit scheme. This method was ideal 

because of its relative stability. The computer program for the numerical 



 

 
 

84

solutions was written in Matlab language and run using Matlab 7.1 (Appendix 

1). It considered concentration at a rectangular mesh or grid that consisted of 

points in x and y plane. It calculated the concentrations of Fe(II) and oxygen at 

successive time steps from the concentrations at the preceding time steps 

when the initial and boundary values of the fluxes were known. For each time 

step, both the oxygen profile and Fe(II) profile were calculated simultaneously 

and the chemical reaction between the two quantified the mass of Fe(III) 

generated at each node. The mass of Fe(III) was then used to predict the next 

value of Fe(II); Fe(III) was subtracted from the old Fe(II) values to generate the 

new Fe(II) values for the next time step. The numerical processes of oxygen 

diffusion and Fe(II) diffusion were designed as two separate but linked 

subroutines.   

 

Model Geometry 

The geometry for which the Iron-Oxygen Diffusion model is solved, and the 

discretization scheme and boundary conditions are shown in Figure 2. It is a 1-

D model with 1 x 20 rectangular grid. The spatial discretization step is 

designated as ∆x = 1 cm for 0 ≤ x ≤ 20 cm. The temporal discretization step is 

designated as ∆t = 1 day for  0 ≤ x ≤ 300 days. 

 

The discretization step size used in the model was tested by calculating the 

Pectlet number, which is a measure of the relative importance of advection to 
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diffusion process. The Peclet number was calculated using the following 

equation. 

D
LV

Pe =                                        (22) 

where L is the characteristic length, V the velocity, D the diffusion coefficient. 

1L = cm 

300
20

V = cm day-1 

864004.066.0106.2D -6
Fe eff 2 ××××=+  cm2day-1 (from Eq. 5) 

 

Numerical discretization: 

Equation 5 was approximated by using the Crank-Nicholson Formula 
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where u was the concentration of aqueous Fe(II), i was the space index; j was 

the time index, 
)x(

D
2Fe eff 2

∆
∆

= +

t
s ; ∆t was the time step,  ∆x was the space 

step.  

 

The right hand side of the equation (23) was written in the form of matrix ‘R’ 

and its values were solved in the previous time step. The left hand side of the 

equation (23) was written in the form of matrix ‘A’ containing all constants and 



 

 
 

86

a column matrix ‘
1+j

iu ’ consisting of unknown values that were determined 

using the following equation: 

RAu ji
11 −+ =                    (24) 

 

In a similar fashion the oxygen profile was calculated. After each time step, 

available Fe(II) was assumed to react with available oxygen to form Fe(III). 

Concentration of Fe(III) that formed was calculated as  

 

[Fe(III)] i j-1 = (r) i
 j-1. ∆t        (25) 

where r  was the rate of reaction (Equation 3) 

 

[Fe(II)] i j = [Fe(II)] i j-1 – [Fe(III)]i j-1                   (26) 

 

RESULTS 

The model was run for 300 days to simulate the generation and spatial 

distribution of Fe(III) precipitates. Aqueous Fe(II) mainly moves through the 

column at a diffusion rate that is affected by the local moisture content present 

in the column. Most of the changes in the mass fraction of aqueous Fe(II) 

occur near the boundaries after ~10 days (Fig. 3 (a)). The mass fraction is the 

value chosen for reporting model results and is defined as the mass per unit 

volume. The mass fraction of aqueous Fe(II) increases close to the water table 
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(x < 4) as it is near to the source, and decreases near the atmospheric 

boundary at x > 18. During these early stages, any Fe(II) diffusing towards the 

atmospheric boundary is likely coming from the initial concentration within the 

column and not from the water table, as indicated by the unchanging shape of 

the central part of the concentration profile. At later times (t > 10), the 

equilibrium mass fraction curve of aqueous Fe(II) develops an inflection point 

towards the source of Fe (II) (Fig. 3 (b)). While discussed in more detail later, it 

should be noted here that the difference in the values of the two diffusion 

coefficients (i.e., Fe and O) (Fig. 5 and Fig. 6), are potentially generating an 

asymmetry in the transport of both Fe(II) and oxygen throughout the column 

affecting the location of maximum consumption.  

 

The spatial distribution of the mass fraction of Fe(II) does not change in the 

core of the column for first 10 days of the simulation (Fig. 4 (a)). This is 

because early in the process there is no Fe(II) gradient so that Fe (II) diffuses 

very slowly to that region. As time progresses at t > 10, the mass fraction of 

aqueous Fe(II) decreases as it gets far away from source (e.g. x = 15) and 

close to oxygen source. This is due to the slow diffusion rate of aqueous Fe 

(II) (Fig. 5) caused by low moisture content and rapid consumption of the very 

small amount of aqueous Fe(II) diffusing to this region near the upper 

atmospheric boundary.  
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Oxygen diffuses from the atmospheric boundary into the column with the 

oxygen source located at x = 20 (Fig. 7). The initial oxygen concentration 

throughout the column was zero. The mass fraction of oxygen is greater near 

to the source, gradually decreasing towards the water table (x ~ 4) (Fig. 7 (a)). 

This is caused by the relatively slower rate of oxygen diffusion as saturation 

increases (Fig. 6). Within first 10 days of simulation, oxygen continues to 

diffuse along the oxygen gradient and results in increase in the mass fraction 

of oxygen with time at various distances (Fig. 8a). As time evolves (t>10), the 

mass fraction of oxygen soon reaches the steady state as the curves stay 

constant (Fig 7b and Fig. 8b). Thus, oxygen is never starved out of the system 

and oxygen supply is not the limiting factor in the formation of iron oxides.   

 

The oxidation of aqueous Fe(II) occurs first within the upper part of the 

unsaturated region of the capillary fringe and results in the formation of Fe(III) 

(Fig. 9). The pore solution is initially saturated with Fe(II), but not initially 

saturated with oxygen, thus, the first reaction occurs at the upper boundary 

between the oxygen and the Fe(II) at x = 20 (Fig. 9a). This results in the 

formation of a narrow band of Fe(III) at the surface. The band widens and the 

maxima shifts towards the water table as oxygen from the gas phase gradually 

diffuses towards the water table and into the water phase and interacts with 

the dissolved Fe(II) (Fig. 9b). Thus, formation of Fe(III) is directly limited by the 

rate at which the Fe(II) diffuses to the reaction site. Eventually precipitation of 
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Fe(III) settles at x=15 cm which no longer changes with time after period of 

300 days. 

 

The model predicts that Fe(III) formation is a non-steady state process as the 

concentration of Fe(III) continues to increase with time (Fig. 10). Furthermore, 

the rate of formation of Fe(III) is not the same at each location within the 

column. The rapid consumption of Fe(II) by oxygen in the central part of the 

unsaturated region of the capillary fringe (Fig. 3b) causes a steep Fe(II) 

gradient that drives more and more Fe(II) to the reaction site and thus results 

in higher concentration of Fe(III) with time.  Whereas in the saturated region of 

the capillary fringe, Fe(III) formation takes place at the slower rate as diffusion 

of oxygen into the saturated region of the capillary fringe is slower and thus 

result in slower consumption of Fe(II) that causes a flat Fe(II) gradient (Fig. 9).  

The curve for x = 20 at t = 0 (Fig. 10b) represents the Fe(III) formation at the 

atmospheric boundary where initially a very small amount of aqueous Fe(II) is 

present. As time evolves, all Fe(II) is consumed and not enough Fe(II) is left to 

carry out the reaction at x = 20.   

 

The location and rate of precipitation of Fe(III) within the capillary fringe 

depends upon the percent saturation (Fig. 11). Percent saturation within the 

capillary fringe affects the air-water interface area (Reeves & Celia, 1996) that 

can maximize the diffusion of aqueous Fe(II) and oxygen to the reaction site. 



 

 
 

90

The precipitation of Fe(III) starts at the upper extent of the capillary fringe 

where the percent water content is low and mores pores are filled with air and 

coincides with the maximum air water interfacial area proposed by Reeves & 

Celia (1996) (Fig. 11) at 0.35 % saturation. As time evolves, oxygen diffuses 

into the central part of the capillary fringe where the percent water content is 

comparatively high and more pores are filled with water and resulting in the 

accumulation of Fe(III) towards the aqueous Fe(II) source. This is clearly 

indicated by shifting of the maxima from the upper extent of the capillary fringe 

to the central part of the capillary fringe and away from the maximum value of 

the air water interfacial area suggested by Reeves & Celia (1996) (Fig. 11). 

 

The importance of various parameters such as moisture content, initial Fe(II) 

content and pH controlling Fe(III) precipitation is also evaluated in this study. 

The mass fraction of Fe(III) increases linearly as the initial value of moisture 

content at x = 0 is increased (Fig. 12). This is because moisture content 

determines the mobility of aqueous Fe(II) (which directly affects the diffusion 

coefficient of aqueous Fe(II)) and thus determines the rate at which Fe(II) is 

supplied to the reaction site.  

 

The mass fraction of Fe(III) increases 100 fold with 10 fold increase in initial 

Fe(II) content (Fig. 13 ). This is due to high initial Fe(II) content increasing the 

reaction rate that further enhances product formation. 
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A unit increase in pH augments the mass fraction of Fe(III) by 100 fold (Fig. 

14). Low pH will have a higher concentration of the reactant, that is Fe (II), 

whereas high pH will make the reaction go faster and thus result in more 

Fe(III) concentration by generating more hydroxyl ions and leading to the 

formation of the iron hydroxides. 

 

DISCUSSION 

The amount and the location of iron precipitates are driven by the distribution 

and amount of moisture content present in the column (Fig. 12). Moisture 

content governs the mobility of aqueous Fe(II) and the transport of oxygen in 

porous media. Fe(II) moves in an aqueous phase and diffuses from saturated 

region into the partially saturated pore spaces of capillary fringe. Oxygen 

diffuses from the opposite end into those partially saturated pore spaces via 

air filled pores and results in precipitation of Fe (III) when it reacts with 

aqueous Fe(II). Higher moisture content increased the rate at which Fe(II) is 

supplied to the reaction site and slows down the diffusion of oxygen in that 

region. Similarly, if less moisture is present in the column, less aqueous Fe(II) 

will move by diffusion from the saturated region to the reaction site, while 

oxygen will diffuse more rapidly and consume available aqueous Fe(II).  Lower 

moisture content can also be associated with poor pore to pore connectivity, 
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which disrupts Fe(II) supply to potential reaction sites. These transport 

processes result in slower and a reduced amount of precipitation of Fe(III).  

 

Precipitation of iron in unsaturated porous media takes place within in the 

capillary fringe that involves competition between availability of Fe(II) and 

oxygen, as well as the magnitude of transport processes and deposition rates. 

Transport processes are dominated by diffusion of Fe(II) and oxygen from 

their respective source locations to the reaction site (Fig. 3 and Fig. 7). 

Formation of Fe(III)-oxide depends upon the rate at which oxygen reacts with 

Fe(II), which depends on various environmental parameters such as 

temperature, pH and moisture content. The size of the capillary fringe in 

unsaturated soils depends on soil texture. Sands usually exhibit a narrow 

capillary fringe and sharply defined air-water interfacial zone, whereas loams 

and high clay soils can exhibit capillary fringes that extend more than a meter 

in height; the more diffuse air-water interfacial zone may result in a more 

diffuse precipitation band. Reeves and Celia (1996) proposed that the 

maximum interfacial area was at 0.35 % saturation. However, the model 

clearly shows that the maximum precipitation of Fe(III) takes place at 0.5  

percent saturation in the period of 300 days (Fig. 11). This indicates that the 

precipitation of Fe(III) is not sensitive to air water interface and oxygen diffuses 

faster in water phase than diffusion of Fe(II) to the reaction site. Thus, the 
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formation of Fe(III) is an Fe(II) limited process and is more strongly associated 

with the impact of moisture content and percent saturation on Fe(II) diffusion. 

 

The model is useful in predicting the rate at which Fe(III) precipitates in natural 

environments which are influenced by the moisture content,  initial Fe(II) 

content and pH. In natural environment, it is likely that physical and chemical 

conditions of the soil affect the process of Fe (III) precipitation and result in 

different types and amount of Fe (III) oxides. For example, hematite is favored 

over goethite in drier and warmer climates, with a low content of organic 

matter whereas goethite forms mostly under moister and cooler climatic 

conditions (Schwertmann 1988). Thus, the model can predict the rate at which 

different iron oxides form in nature depending on the availability of the 

moisture content. Soil drainage conditions also determine the formation of type 

and color of iron compounds. Oxygen diffuses fast in well drained soil horizons 

where iron is oxidized to form brownish or reddish iron oxides. Whereas in 

poorly drained soil horizons, entry of oxygen is restricted resulting in formation 

of grayish-color iron compounds. These features which are formed due to 

variation in drainage conditions are commonly referred as Redoximorphic 

Features (Vepraskas, 1992).  

 

In addition to the moisture content influencing the different mineralogy of 

Fe(III) precipitates, the chemical characteristics of the parent material are 
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significant in governing the amount and type of iron oxides present in the soil. 

Protolysis and oxidation are the two processes involved in the release of iron 

from the parent material during the process of weathering (Cornell and 

Schwertmann, 2003). For example, ferrihydrite can occur in relatively young 

soils that are rich in organic matter and have abundant supply of Fe (II), and 

transforms to hematite and goethite as the supply of Fe (II) and organic 

content decreases (Cornell and Schwertmann, 2003). 

 

The pH of the soil determines the form and mobility of iron. Iron occurs as 

mobile ferrous iron (Fe(II)) and immobile ferric iron (Fe(III)). The ferrous iron is 

mostly available in acidic soil whereas ferric iron can be found in basic soils. 

pH also plays an essential role in governing the solubility of iron which serves 

as an essential plant nutrient. All the nutrients are available to plants in the pH 

range 4.0 to 6.0 whereas by increasing the pH, iron will precipitate as Fe(III) 

and thus become unavailable to the plants resulting in interveinal chlorosis 

(yellowing of the plants).  

 

Precipitated iron oxides are important to soil development and to processes 

occurring within soils. For example, iron oxide can improve aggregate stability 

and thus increases soil structural stability resulting in higher water infiltration 

rate and rate of water transmission (hydraulic conductivity) (Duiker et al, 

2003). Thus, precipitated Fe(III) can change the pore structure and flow 
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velocity within the porous medium. In addition, the electrons released during 

the decomposition of organic matter by microorganisms are taken up by the 

iron oxides present in the soils. Thus, natural iron oxides serve as terminal 

electron acceptors in microbial respiration and involved in energy and carbon 

cycle (Chapelle et al, 2005).   

 

This study expands on the previous study done by Ahmed and Nye (1990) 

who measured the kinetics of iron oxidation in the reduced saturated soil. They 

generated iron and oxygen profiles using Newton-Raphson method and 

numerically predicted the formation of ferric hydroxide close to the air-exposed 

surface. There are two key advantages to the model presented in this study 

that advance the work beyond that presented by Ahmed and Nye (1990): it 

works for unsaturated conditions making it applicable to vast number of natural 

systems that experience varying levels of unsaturation in most part of the year; 

and by a judicious selection of the diffusion coefficient it can be applicable to 

parent materials with a broad range of chemical and physical characteristics. 

 

Iron-Oxygen diffusion Model is a useful tool to predict the location of 

precipitation of iron oxide in unsaturated media. The model runs are intended 

to simulate conditions su ch as one would find on coastal sand dunes, where 

the porous media is at field capacity and exhibits a short capillary fringe of 15-

20 cm above the water table. In costal dunes of Oregon where Fe(II) is readily 
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available in pore water, a layer of iron oxide is seen within the sub-surface, 

and has in the past been hypothesized to form as oxygen diffuses from the 

atmosphere through the unsaturated region while aqueous Fe(II) diffuses from 

the underlying source to the reaction site at the air-water interface of the 

capillary fringe. In these coastal regions, with rapid tidally influenced water 

table fluctuations, the transport of aqueous Fe(II) to reaction sites may also be 

dominated by advective movement. However, during times of high 

precipitation and irrigation events fresh water may suppress Fe(III) production 

since as shown by the model, it takes multiple days for Fe(II) to diffuse upward 

in sufficient quantity to the reaction site where precipitation of Fe(III) occurs.  

 

CONCLUSION 

The Iron-Oxygen diffusion Model developed herein provided a simplified view 

of the complex reality that is involved in Fe-oxide deposition within natural 

environmental settings. The model predicts that the cross-diffusion of solutes 

results in the precipitation of Fe(III) in the upper extent of the capillary fringe. 

The general location concurs with experimental observations (Grover et al, 

2010). The exact location within the capillary fringe where precipitation of 

Fe(III) occurs is not sensitive to the air-water interfacial area. The location of 

iron-oxide precipitation has a profound influence on the various global 

reservoirs such as soils and sediments as it can affect their physical and 

chemical processes, such as infiltration rate, hydraulic conductivity and 
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organic matter decomposition. The model predicts that the abiotic precipitation 

of Fe(III) is a Fe(II) diffusion limited process taking place fairly rapidly on a 

time scale relevant to human activity. The numerical simulations also indicate 

that while precipitation of Fe(III) can occur under a variety of natural 

conditions, it is affected by degree of unsaturation, initial Fe(II) content and 

pH.  
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Figure 1: Profile of Volumetric moisture content with distance. A 

represents the end of saturated zone and L signifies the end of 

unsaturated zone. 
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(b) Middle and Late stages 

Figure 3: Profile of Fe(II) with distance at various time intervals. 
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(b) Middle and Late stages 

Figure 4: Profile of Fe(II) with time at various distances. 
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Figure 5: Profile of Fe(II) diffusion coefficient with distance. 
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Figure 6: Profile of oxygen diffusion coefficient with distance.
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(b) Middle and Late stages 

Figure 7: Profile of Oxygen with distances at various time. 
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(b) Middle and Late stages 

Figure 8: Profile of Oxygen with time at various distances 
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(b) Middle and Late stages 

Figure 9: Profile of Fe(III) with distance at various time intervals 
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(b) Middle and Late stages 

Figure 10: Profile of Fe(III) with time at various distances 
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Figure 11: Effect of % saturation on Fe(III) Concentration with time 
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Effect of Moisture content on Fe(III) Concentration  
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Figure 12: Effect of moisture content on Fe(III) Concentration at 300 days  
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Figure 13: Effect of Fe(II) Initial concentration on Fe(III) Concentration at 

300 days  

Effect of Initial Fe(II) Concentration on Fe(III) Concentration
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Effect of pH on Fe(III) Concentration  
 300 Days

0.00001

0.0001

0.001

0.01

0.1

1

10

100

1000

10000

0 5 10 15 20 25
Distance (cm)

Fe
 (I
II)
 C
on
ce
nt
ra
tio
n 

(M
ol
es
/L
)

pH=4

pH=5

pH=6

pH=7

 

Figure 14: Effect of pH Initial concentration on Fe (III) Concentration at 

300 days  
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SUMMARY AND CONCLUSIONS 

The kinetics of physical and chemical processes governing the precipitation of 

iron oxide minerals in unsaturated porous media is explored. In the first part of 

the study, the abiotic and biotic mechanisms governing Fe(III)-band formation 

were compared through laboratory column experiments using fine and coarse-

grades of silica sand. The characteristic morphology, mineralogy, and 

chemistry of iron oxides were also investigated. It suggests that the abiotic and 

biotic formation of cemented Fe(III)-oxide minerals can under hydrological 

processes and time scale representative of natural environments. The second 

part of the study focuses on the abiotic genesis of iron oxides by developing 

an ‘Iron-Oxygen diffusion’ model for an unsaturated system that was exposed 

to a source of reduced iron at one end and oxygen at the other end. The 

model investigated the abiotic iron oxide formation with time at a location 

within an unsaturated porous media under different scenarios. These 

scenarios include the degree of unsaturation, initial Fe(II) content and pH. 

 

The formation of Fe(III) oxide minerals in unsaturated hydrological systems is 

a fast process taking place on a time scale of less than one year and 

drastically exceeded by the effect of biological oxidation. The numerical 

simulations also indicate that while precipitation of Fe(III) can occur under a 

variety of natural conditions as it is affected by degree of unsaturation, initial 

Fe(II) content and pH.  
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The abiotic formation of iron oxide in unsaturated porous media is a Fe(II) 

diffusion limited process. The experimental observations as well as the ‘Iron-

Oxygen diffusion’ model suggest that the cross-diffusion of solutes results in 

the precipitation of Fe(III) in the upper extent of the capillary fringe. The exact 

location within the capillary fringe where formation of Fe(III) oxide occurs is not 

sensitive to the air-water interfacial area. The location of iron-oxide 

precipitation has a strong impact on the various global reservoirs such as 

soils, sediments, etc as it can affect their physical and chemical processes 

such as infiltration rate, hydraulic conductivity and organic matter 

decomposition. 

 

This study reveals that physical, chemical and biological processes are 

together responsible for the formation of iron oxide in unsaturated media. 

Physical processes involve the transport processes that are essential in 

carrying the reactants to the to reaction site. This is followed by the chemical 

oxidation that involves either direct reaction of Fe (II) with oxygen, or reaction 

of Fe (II) with oxygen in the presence of microbes. It can also occur through 

oxidation of adsorbed Fe (II) on to the surface of Fe (III) colloids carried to the 

reaction site in the presence or absence of microbes. 
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APPENDIX-I 

 

Computer Program 

The computer program for the ‘Iron-Oxygen Diffusion Model’ is written in 

Matlab language and run using Matlab 7.1. The parabolic partial differential 

equations are combined in a simulation model and are solved by Crank-

Nicolson method through implicit scheme. It calculates the concentrations of 

Fe(II) and oxygen at successive time steps from the concentrations at the 

preceding time steps when the initial and boundary values of the fluxes are 

known. The chemical reaction between the Fe(II) and oxygen quantifies the 

mass of Fe(III) present at particular location at a particular time. Thus, the 

model explores the formation of Fe(III)-oxide cemented bands under 

hydrological processes and determines if time scale and precipitation 

conditions are commensurate with systems representative of natural 

environments. 

 

Definitions of symbols used in Matlab code 

J=time 

N=space 

 

u=Concentration of Fe(II) 

A=Matrix of constants for Fe(II) 
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R=Matrix of known values for Fe(II) 

k=Diffusion coefficient of Fe(II) 

init=initial value of Fe(II) 

 

o=Concentration of oxygen 

A1=Matrix of constants for oxygen 

R1=Matrix of known values for oxygen 

k1=Diffusion coefficient of oxygen 

init1=initial value of Oxygen 

 

Fe3=Amount of Fe(III) formed 

r=Rate of reaction 

 

Matlab Code 

Fe(II) File 

function [u]= iron(k, x, t, o, Fe3, init) 

J = length(t); 

N = length(x); 

dx = mean(diff(x)); 

dt = mean(diff(t)); 

 

 u = zeros(N,J); 
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  A=zeros(N,N); 

  R=zeros(N,J); 

        

    for j = 1:J; 

        u(1,j) = 0.001; 

    end; 

 

i=1; 

while i<=N 

if i>1 

if i<N 

u(i,1)=(0.001*0.4); 

else 

u(i,1)=(0.001*0.1); 

end; 

else 

u(i,1)=(0.001*1); 

end; 

i=i+1; 

end; 

     

for j=1:J 
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for i=1:N  

s(i,j)=((k(i,j)-k(i+1,j))/(dx))*(dt/(dx))+(k(i,j)*(dt/(dx^2))); 

end; 

end; 

   

for j=1:J 

for i=3:N-2  

for n=3:N-2 

A(n, n-1)= -1*s(i,j); 

A(n, n)= 2+2*s(i,j); 

A(n, n+1)=-1*s(i,j); 

end; 

end; 

end; 

     

A(2, 1)= -1*s(2,2); 

A(2, 2)= 2+2*s(2,2); 

A(2, 3)=-1*s(2,2); 

 

A(1,2)= -1*s(1,2); 

A(1,1)= 2+2*s(1,2); 
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A(N,N-1)= -1*s(N,2);   

A(N,N) = 2+2*s(N,2); 

         

A(N-1, N-2)= -1*s(N-1,2); 

A(N-1, N-1)= 2+2*s(N-1,2); 

A(N-1, N)=-1*s(N-1,2); 

 

I=inv(A); 

 j=1; 

while j<=J 

i=1; 

while i<N 

if i>1 

if i<N 

R(i,j)=s(i,j)*u(i-1,j)+(2-2*s(i,j))*u(i,j)+ s(i,j)*u(i+1,j)-(Fe3(i,j)/300); 

else 

R(i,j)=s(i,j)*u(i-1,j)+(2-2*s(i,j))*u(i,j)-Fe3(i,j)/300; 

end; 

else 

R(i,j)=(2-2*s(i,j))*u(i,j)+s(i,j)*u(i+1,j); 

end; 

i=i+1; 
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end; 

if j<J 

for p=2:N 

for l=1:N 

u(p,j+1)=(I(p,l)*R(l,j))+u(p,j+1); 

r1=(6.12*10^(14))*86400*((10^(-9))^2)*(u.*o); 

Fe3=r1*1; 

end; 

end; 

end; 

j=j+1; 

end; 

 

Oxygen File 

function [o]= oxygen(k1, x, t,init1) 

J = length(t); 

N = length(x); 

dx = mean(diff(x)); 

dt = mean(diff(t)); 

 

o = zeros(N,J); 

A1=zeros(N,N); 
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R1=zeros(N,J); 

  

for j=1:J 

for i=1:N  

s1(i,j)=((k1(i,j)-k1(i+1,j))/(dx))*(dt/(dx))+(k1(i,j)*(dt/(dx^2))); 

end; 

end; 

 

for j = 1:J; 

o(1,j) = init1; 

end; 

o(N,J)=0; 

for j=1:J 

for i=3:N-2  

for n=3:N-2 

A1(n, n-1)= -1*s1(i,j); 

A1(n, n)= 2+2*s1(i,j); 

A1(n, n+1)=-1*s1(i,j); 

end; 

end; 

end; 

A1(1,2)= -1*s1(1,1); 
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A1(1,1)= 2+2*s1(1,1); 

        

A1(2, 1)= -1*s1(2,1); 

A1(2, 2)= 2+2*s1(2,1); 

A1(2, 3)=-1*s1(2,1); 

         

A1(N,N-1)= -1*s1(N,1);   

A1(N,N) = 2+2*s1(N,1); 

 

A1(N-1, N-2)= -1*s1(N-1,1); 

A1(N-1, N-1)= 2+2*s1(N-1,1); 

A1(N-1, N)=-1*s1(N-1,1); 

I1=inv(A1); 

      

j=1; 

while j<=J 

i=1; 

while i<=N 

if i>1 

if i<N 

R1(i,j)=s1(i,j)*o(i-1,j)+(2-2*s1(i,j))*o(i,j)+s1(i,j)*o(i+1,j); 

else 
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R1(i,j)=s1(i,j)*o(i-1,j)+(2-2*s1(i,j))*o(i,j); 

end; 

else 

R1(i,j)=(2-2*s1(i,j))*o(i,j)+s1(i,j)*o(i+1,j); 

end; 

i=i+1; 

end; 

if j<J 

for p=2:N 

for l=1:N 

o(p,j+1)=I1(p,l)*R1(l,j)+o(p,j+1); 

end; 

end; 

 end; 

j=j+1; 

end; 

o=flipud(o); 

         

Combined File 

clear all; 

w=300; 

y=300; 
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tvals = linspace(0, w, y);                                                                 

xvals = linspace(0, 20, 20); 

N = length(xvals); 

J = length(tvals); 

 

init = 0.001; 

init1 = 0.086; 

 

A =2.07*(10^(-1))*86400*(0.5-0.4); 

B = 3.6*(10^(-5))*86400*0.66*0.4; 

 

for j=1:J 

i=1; 

while i<=N 

if i>3 

if i<N-2 

k1(i,j)=(((A-B)/(N-2-3))*((N-2)-(N-i))+ B); 

else 

k1(i,j)=A; 

end; 

else 
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k1(i,j)=B; 

end; 

i=i+1; 

end; 

end; 

 

[o] = oxygen(k1, xvals, tvals, init1); 

Fe3=zeros(N,J); 

r=zeros(N,J); 

 

C = 6.2*(10^(-6))*86400*0.66*0.4; 

D = 6.2*(10^(-6))*86400*0.66*0.1; 

 

for j=1:J 

i=1; 

while i<=N 

if i>3 

if i<N-2 

k(i,j) =(((C-D)/(N-2-3))*(N-2-i))+D;; 

else 

k(i,j)=D; 

end; 



 

 
 

137

else 

k(i,j)=C; 

end; 

i=i+1; 

end;  end; 

 

[u] = iron(k, xvals, tvals, o, Fe3, init); 

r1=(6.12*10^(14))*86400*((10^(-8))^2)*(u.*o); 

 

for p=1:N 

for j=2:J 

Fe3(p,1)=(r1(p,1)*w/y); 

Fe3(p,j)= (Fe3(p,j-1)+(r1(p,j)*w/y)); 

end; 

end; 

 

figure(1) 

subplot(2, 2, 1); 

plot(xvals,u(:,1),'-',xvals,u(:,3),'-h',xvals,u(:,5),'-x',xvals,u(:,7),'-d',xvals,u(:,10),'-

.') 

xlabel('Distance (cm)') 

ylabel('Fe(II) Concentration (mols/L)') 
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title('Fe(II) Concentration vs Distance') 

legend('1 Day','3 Days','5 Days','7 Days', '10 Days') 

 

subplot(2, 2, 2); 

plot(xvals,u(:,10),'-',xvals,u(:,50),'-h',xvals,u(:,100),'-x',xvals,u(:,200),'-

d',xvals,u(:,300),'-.') 

xlabel('Distance (cm)') 

ylabel('Fe(II) Concentration (mols/L)') 

title('Fe(II) Concentration vs Distance') 

legend('10 Days','50 Days','100 Days','200 Days', '300 Days') 

 

subplot(2, 2, 3); 

plot(tvals,u(1,:),'-',tvals,u(5,:),'-h',tvals,u(10,:),'-x',tvals,u(15,:),'-

d',tvals,u(20,:),'.') 

xlabel('Time (Days)') 

ylabel('Fe(II) Concentration (mols/L)') 

title('Fe(II) Concentration vs Time') 

legend('1cm','5 cm','10 cm','15 cm','20 cm',2) 

 

subplot(2, 2, 4); 

plot(tvals,u(1,:),'-',tvals,u(5,:),'-h',tvals,u(10,:),'-x',tvals(1,10),u(20,:),'-o') 

xlabel('Time (Days)') 
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ylabel('Fe(II) Concentration(mols/L)') 

title('Fe(II) Concentration vs Time') 

legend('1cm','5 cm','10 cm','20 cm',2) 

 

figure(2) 

subplot(2, 2, 1); 

plot(xvals,o(:,1), '-',xvals,o(:,5),'-h', xvals,o(:,5),'-x', xvals,o(:,7),'-d', 

xvals,o(:,10),'-.') 

xlabel('Distance (cm)') 

ylabel('Oxygen Concentration (mols/L)') 

title('Oxygen Concentration (mols/L) vs Distance') 

legend('1 Day','3 Days','5 Days','7 Days', '10 Days',2) 

 

subplot(2, 2, 2); 

plot(xvals,o(:,10), '-',xvals,o(:,50),'-h', xvals,o(:,100),'-x', xvals,o(:,200),'-d', 

xvals,o(:,300),'-.') 

xlabel('Distance (cm)') 

ylabel('Oxygen Concentration (mols/L)') 

title('Oxygen Concentration (mols/L) vs Distance') 

legend('10 Days','50 Days','100 Days','200 Days', '300 Days',2) 

 

subplot(2, 2, 3); 
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plot(tvals,o(1,:),'-',tvals,o(5,:),'-h',tvals,o(10,:),'-x',tvals,o(20,:),'-o') 

xlabel('Time (Days)') 

ylabel('Oxygen Concentration (mols/L)') 

title('Oxygen Concentration vs Time') 

legend('1cm','5 cm','10 cm','20 cm',2) 

 

subplot(2, 2, 4); 

plot(xvals,k1(:,10),'-', xvals,k1(:,50),'-h', xvals,k1(:,100),'-x', xvals,k1(:,200),'-

d',xvals,k1(:,300),'-.') 

xlabel('Distance (cm)') 

ylabel('Oxygen Diffusion Coefficient (cm ^2/day)') 

title('Oxygen Diffusion Coefficient vs Distance') 

legend('10 Days','50 Days','100 Days','200 Days', '300 Days',2) 

 

figure(3) 

subplot(2, 2, 1); 

plot(xvals,Fe3(:,1), '-',xvals,Fe3(:,3),'-h', xvals,Fe3(:,5),'-x', xvals,Fe3(:,7),'-d', 

xvals,Fe3(:,10),'-.') 

xlabel('Distance (cm)') 

ylabel('Fe(III) Concentration (mols/L)') 

title('Fe(III) Concentration (mols/L) vs Distance') 

legend('1 Day','3 Days','5 Days','7 Days', '10 Days',2) 
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subplot(2, 2, 2); 

plot(xvals,Fe3(:,10),'-', xvals,Fe3(:,50),'-h',xvals,Fe3(:,100),'-x', 

xvals,Fe3(:,200),'-d',xvals,Fe3(:,300),'-.') 

xlabel('Distance (cm)') 

ylabel('Fe(III) Concentration (mols/L)') 

title('Fe(III) vs Distance') 

legend('10 Days','50 Days','100 Days','200 Days', '300 Days',2) 

 

subplot(2, 2, 3); 

plot(tvals,Fe3(1,:),'-',tvals,Fe3(5,:),'-h',tvals,Fe3(10,:),'-x',tvals,Fe3(20,:),'-d') 

xlabel('Time (Days)') 

ylabel('Fe(III) Concentration (mols/L)') 

title('Fe(III) Concentration vs Time') 

legend('1cm','5 cm','10 cm','20 cm',2) 

 

subplot(2, 2, 4); 

plot(tvals,Fe3(1,:),'-',tvals,Fe3(5,:),'-h',tvals,Fe3(10,:),'-x',tvals,Fe3(20,:),'-d') 

xlabel('Time (Days)') 

ylabel('Fe(III) Concentration (mols/L)') 

title('Fe(III) Concentration vs Time') 

legend('1cm','5 cm','10 cm','20 cm',2) 
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