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Abstract

Seasonal reducing conditions play an important role in the cycling of

nutrients and soil pore water chemical constituents in the Willamette Valley.

Long periods of soil saturation lead microorganisms utilizing organic matter as

their carbon source to find alternative electron acceptors other than oxygen.

Once oxygen has been depleted microorganisms sequentially use nitrate,

manganese (IV), iron (III), and sulfate. Soil mineral solubility often controls the

release of these pore water chemical constituents, and thus is an important

component of the biogeochemistry of soils.

Soil pore waters were sampled using pore water equilibration devices, or

peepers. Peepers give a high resolution of the concentration of pore water

chemical constituents with depth. They also sample pore waters without

oxidizing the constituents and thus give a realistic view of the species in situ.

Peepers have been widely used in sampling the pore waters of lake and ocean

bottom sediment and peat bogs. However, no literature was found on the use of

peepers in dense saturated mineral soils.

The results from this experiment support the idea that carbon is an

important determinant in the concentration of reduced species. All reduced

species were most heavily concentrated at the depth that dissolved and solid soil

organic carbon were most concentrated.

Organic phosphorus was present in concentrations of an order of

magnitude greater than inorganic phophorus. Organic matter apperars to be an

important regulator of phosphorus. The soluble inorganic phosphorus
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concentration trend appeared to be correlated with the iron (II) concentration

trend; thus, suggesting the importance of iron reduction in phosphate release.

Inorganic phosphorus was found at concentrations of an order of magnitude

greater under anaerobic conditions than under aerobic conditions.

Minteqa2, a geochemical model, was used to evaluate which soil minerals

are likely controlling the solubility of pore water chemical constituents.

Ferrihydrite, goethite, green rust, and lepidocrocite all showed trends of

increasing saturation index with increasing redox potential. The soil pore waters

are over-saturated with respect to goethite and lepidocrocite. Both of these

minerals have been observed in Willamette Valley soils under oxic conditions.

Under-saturation was observed with respect to ferrihydrite and mackinawite

suggesting dissolution of these mineral phases. Siderite was only slightly over-

saturated. The thermodynamic modeling approach gives useful insight into the

possible mineral solids that may form. However, identification of the important

Fe solid phases awaits additional investigation using microscopic techniques

such as, x-ray diffraction, Mossbauer spectroscopy, or other surface techniques.
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Introduction

Importance of oxidation and reduction processes

Soils in the Willamette Valley of Oregon are seasonally reduced for

extended periods of time, especially in riparian zones and depressional areas.

Saturation and flooding of soils greatly reduces the exchange of oxygen with the

atmosphere. Under such conditions, the soil becomes anaerobic a very short

distance below the soil surface and microbial activity depletes available oxygen

within one or two days (Kuo and Mikkelsen 1979). The rate at which soils

become anaerobic is heavily dependent upon temperature. These conditions

lead to low redox potentials and many pore-water chemical constituents may be

transformed from oxidized to more reduced states.

Phosphorus is of great importance in freshwater systems. High

concentrations of phosphorus can lead to the eutrophication of streams. The

precipitation and dissolution of iron phosphates may be a buffering mechanism

regulating phosphorus in freshwater systems (Nriagu and Dell 1974). A

decrease in redox potential is usually associated with increased phosphorus

solubility due to the reduction of Fe (III)-bound phosphate minerals. Hence, an

understanding of biogeochemical processes controlling iron phosphates is of

interest.

The reductive degradation of chlorinated organic chemicals may be

coupled to the oxidation of Fe (II) soil minerals. Green rust, a mixed Fe (II/III)

oxide, reactions are likely involved in the persistence of contaminants in natural

systems (Myneni et al 1997). Erbs et al (1999) found that green rusts likely
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contribute to the reduction of tetrachloromethane, a potentially toxic and

carcinogenic contaminant.

Nitrate can be reduced to ammonium by green rust, as well as microbially,

thereby slowing the leaching of nitrate into the outside environment. The rate of

this abiotic reaction may be as great as, or even higher than, the microbially

mediated reduction (Hansen et a/ 1996).

Soil aeration is a factor in microbial activity, nutrient availability, and plant

root growth (Walters et a/ 1992). The oxidation state of a nutrient can control its

solubility and thus, its availability (Brady and Weil 1996). Interestingly, it has

been shown that elevated oxygen concentrations and redox potentials are found

in a plant rhizosphere, relative to adjacent non-rooted areas in seasonally

flooded forest systems (Haven 1997). So, an understanding of redox processes

is important to soil biology and subsequent biogeochemical activities.

Redox processes are important in understanding the formation of soils.

Van Breemen (1988) emphasized the importance of short-term reduction and

oxidation of iron compounds in the long-term formation of certain types of soils.

These long-term redox reactions can explain silty acidic surface soils overlying

clayey less acidic subsoils in level landscapes seasonally flooded by rainwater.

Redox processes are also responsible for mottles and gleys present in poorly

drained soils. These soil characteristics are important indicators of wetlands and

useful for soil classification purposes.

Seasonally reduced soil ecosystems are a dominant feature of the

Willamette Valley. It is believed that the reduced biogeochemistry of these soils
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may be an important factor in the water quality of the Willamette Valley. Grass

seed fields often border riparian zones in western Oregon. Knowledge of the

biogeochemistry of such areas can help determine the fate of applied fertilizers

(Griffith et a! 1997).

Hypothesis and Objectives

Reduced chemical species in solution would not be as abundant in the

very upper part of the soil profile due to the intrusion of atmospheric oxygen. In

the organic rich layer directly under the layer of atmospheric mixing, the

concentration of the reduced species should be greatest due to oxidation of

organic matter and lack of available oxygen. The concentrations of reduced

species should decrease with depth as the pool of minerizable organic carbon

begins to decline. Soluble phosphate concentrations would be directly related to

concentrations of Fe(II) throughout the profile. The soil pore water pH should be

lowest below the zone where mixing with atmospheric oxygen occurs, due to the

diffusion of CO2 into the outside atmosphere, and should also be lowest in the

zone where organic carbon is highest, due to the production of C02 by

microorganisms.

A large part of this project was to determine whether pore water

equilibration devices, peepers, would be useful tools for observing the

geochemistry in poorly drained shallow mineral soils. Peepers have been used

to examine the pore-water geochemistry of marine and lake bottom sediments,

but apparently have not been applied to consolidated mineral soils.
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Sampling of soil pore waters is usually accomplished in one of two ways.

One way is to use a coring device to extract a soil sample and then extract pore

water from the collected sediment. Another way is collecting the samples in situ,

and analyzing the samples in an anoxic environment to give a more realistic idea

of the pore water constituents (Adams 1991).

One of the main goals of this project was to sample the pore waters of a

seasonally reduced riparian soil to obtain samples as close as possible in

composition to actual pore waters. Pore water retrieval from centrifugation,

pressure filtration, and gas displacement has been shown to change

concentrations of dissolved species compared to those in situ (Adams 1991).

Steinmann and Shotyk (1996) showed the usefulness of using pore water

equilibrium devices to sample anoxic pore waters. These devices provide in situ

filtration, and if kept under anoxic conditions, can give a realistic view of the

geochemistry of the soil pore water.

Another important goal of this project is to model the soluble species and

minerals that may be controlling the solubility of chemical constituents measured

in the samples. Common minerals in seasonally reduced soils include

ferrihydrite, lepidocrocite, goethite, green rusts, and maghemite (van Breeman

1988). Determining minerals that may be controlling the solubility of pore water

chemical constituents was accomplished using a geochemical thermodynamic

equilibration model. The redox potential of the model was varied to see the

transformation of minerals as conditions became more aerobic and thus, what

minerals likely controlled the dissolution of chemical constituents measured. This
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is important because, as noted above, the oxidation of minerals containing

reduced metal species may be coupled to abiotic reduction processes.

Materials and Methods

Location

The study was conducted in a riparian area between Lake Creek and an

agricultural grass seed field. This area is a seasonally flooded riparian area in

the Willamette Valley, 15 km east of Corvallis, OR. The landscape is typical of

the mid- to south-Willamette Valley, that is, broad flat areas with depressions,

and natural and man-made drainage areas. Winter and spring weather is mild

and moist, leading to reducing conditions in poorly drained soils. Ponded water

is typical in depressional and riparian zone areas during these times, as was the

case for the sampling site. Perennial rye grass is grown on the better-drained

soils of the site. The most common soil in the riparian zone is a Dayton series,

classified as a silty clay loam, fine montmorillonitic, mesic Typic Albaqualf.

Dayton series physical and chemical data, to the depth of the peeper is

presented in Table 1 (USDA Soil Survey Laboratory Data, 11 May, 1999).

This study site is part of a large investigation on the remedial effects of

buffer strips on non-point source inputs of nitrogen, phosphorus, and pesticides

(Griffith et al 1997). This study has focussed primarily on nitrogen movement

from the grass seed field through the buffer strip and into the intermittent stream,

Lake Creek.
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Table 1 - Dayton Series Physical and Chemical Data

Horizon Depth
cm

Apl 0-6
Ap2 6-23
E 23-35
E/B 35-47

Clay Silt Sand Bulk Density Ca Mg K Sum
% g/cm4 -------- -------- cmol(+) kg-1 --------

19.7 77.8 2.5 1.46 8 3.6 0.3 11.9
18.6 79.1 2.3 1.47 5.9 1.4 0.1 12.2
22 75.7 2.3 1.44 5.9 2.8 0.1 8.8

32.4 63.7 3.9 1.44 9.4 7 0.3 16.9

Depth Organic C Acidity Bas Sat Base Sat pH
sum NH4

cm % --------------- cmol(+)
kg-I

Apt 0-6 2.01 11.9 51 64 5.2
Ap2 6-23 1.64 12.2 38 50 4.9
E 23-35 0.59 8.7 50 60 5.1
E/B 35-47 0.36 10.1 63 73 5.2

Soil redox potentials at this site become very reducing during winter and

spring and oxidizing during the summer and fall months (Fig. 1). This is typical of

poorly drained soils that are seasonally reduced.
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Fig. 1 - Soil Redox Potentials for Three Years at Lake Creek (Baham et al

1997)
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Sampling

The chemistry of reduced soil pore waters is particularly sensitive to

oxygen. Therefore maintaining an oxygen free atmosphere during pore water

collection and sampling is important in measuring the original chemical

constituents (Adams 1991). Sampling was therefore accomplished with

equilibrium diffusion chambers, or peepers (Fig. 2), which are specifically devised

to sample anoxic pore waters (Steinman and Shotyk 1996).

Fig. 2 - Peeper schematic (Steinman and Shotyk, 1996). Chambers (C)
are milled into the Plexglass body (B). Peeper cover (L) covered the
membrane filters (M) and was held in place with nylon screws (S).

The peeper constructed for this study was made from a 2 cm thick

Plexiglas sheet milled to a point at one end. Its length and width were 62 cm and

15 cm, respectively. Sixteen rectangular chambers were milled into the sheet at

2.5 cm intervals to a depth of 40 cm. Each chamber was 1.5 cm wide, 10 cm

long, and 1.8 cm deep, holding approximately 27 mL of soil pore water solution.

A 14 cm x 41 cm piece of 0.2 pm polysulfone membrane was placed over

one side of the peeper. A Plexiglas cover, with openings spaced opposite to the
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peeper chambers, was placed over the membrane and screwed tightly to the

peeper with nylon screws. The chambers were filled with deionized-

deoxygenated water and another sheet of membrane paper and cover were

placed over the exposed side to prevent any oxygen from entering the device.

The peeper was placed in a round cylindrical tube filled with deionized water.

The water and peeper in this container were sparged by bubbling argon at the

rate of 1 L Ar / minute for a period of 18 hours, thus stripping any remaining

oxygen from the cells. The unit was then transported to the field in the cylindrical

tube.

A plastic jig was used to make a preliminary hole to make insertion of the

peeper easier and less susceptible to erratic motions that might allow oxygen to

diffuse into the cells. The peeper was pushed as far as possible into the ground

by hand, at which point it was tapped in using a sledgehammer. A wooden block

was place over the peeper to prevent direct damage to the peeper from the

hammer. The first cell of the peeper was approximately 1 cm below the soil

surface.

The peepers were allowed to equilibrate for two weeks with the soil pore

water before they were removed. This equilibration time was found to be

sufficient for Steinman and Shotyk (1996) as well as for others using this design

(Adams 1991). The calculation of this time is based on Fick's Second Law which

deals with the time required for a solute to diffuse a given distance (Nobel 1991).

A detailed calculation of the time necessary for equilibration factors in the
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concentration outside the membrane, surface area of the membrane, and

temperature.

The peeper was removed from the site 14 days after placement. Removal

was accomplished by running a rope through two holes drilled in the top of the

peeper and tying the rope to a wooden handle. Then, one person on each side

of the handle pulled the peeper evenly and smoothly out of the ground.

Soil was washed from the exterior of the peeper with a jet of deionized

water from a water bottle. The peeper was then immediately placed in a glove

bag filled with argon. Soil solution samples were removed in this oxygen free

environment. A portable table brought to the field served as a bench to extract

the sample solutions from the peeper.

The peeper membrane covering each of the cells was pierced with

hypodermic needles that had been flushed with argon. Care was taken to keep

soil out of the cells and off the needle while the samples were being extracted.

Approximately 27 mL of solution was extracted. Removal of the soil pore water

solution from all the cells was accomplished in approximately one and one half

hours.

Analysis

The soil pore water samples were brought back where analysis for

inorganic and organic constituents was initiated within thirty minutes. A ten mL

aliquot was injected into vials containing acid and inductively coupled plasma -

atomic absorption spectroscopy (ICP-AES) was used to determine total soluble

Ca, Na, Mg, Mn, Fe, Si, P, and Al. A three mL aliquot of solution was dispersed
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into vials for measuring pH, electrical conductivity, dissolved organic carbon

(DOC), and dissolved inorganic carbon (DIC). Approximately 2 mL were

dispersed into vials and Cl-, F, NO3, S04-, and PO43- were determined by ion

chromatography. The remaining 10 mL of sample was used to determine

concentrations of Fe(II), P043-, NO3, and NH4+ by colorimetric analysis and K

was measured by atomic absorption spectroscopy.

Inductively coupled plasma (ICP) spectroscopy is an atomic emission

technique. Elemental constituents in a sample are excited by a plasma of heated

argon gas. Each element emits a characteristic spectra line. The intensity of the

radiation emitted is proportional to the concentration of that element (Tan 1996).

ICP allows the simultaneous determination of a number of elements in the same

sample.

In atomic absorption (AA) a sample is subjected to a flame less intense

than that used in ICP. Thus, the elements in the sample are atomized but remain

in their ground state. Radiation characteristic of the element of interest is passed

through the sample and the amount of radiation absorbed by the atoms are in

proportion to the concentration of element present (Tan 1996).

Colorimetric analysis was performed with an automated ion analyzer.

The concentration of inorganic phosphorus was determined by reacting it with

ammonium molybdate and anitmony potassium tartrate under acidic conditions to

form a complex. This complex is then reduced with ascorbic acid to form a blue

complex that absorbs light at 880 nm.
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The concentration of ammonia was determined by reacting it with

salicylate and hypochlorite ion in alkaline phosphate buffer. An emerald green

color is produced and is intensified by sodium nitroprusside for absorption

analysis.

Nitrate concentration is measured by reducing it to nitrite by passing the

sample through a copperized cadmium column. The nitrite concentration is then

determined by diazotizing with sulfanilamide followed by coupling with N-(1-

naphthyl)ethylenediamine dihydrochloride. The resultant complex is magenta

and absorbs light at 520 nm.

Iron (II) concentration is determined by reacting it with 1,10 -

phenanthroline which absorbs light at 510 nm. In all cases the absorbance is

proportional to the concentration of the constituent of interest (Prokopy 1992).

The principle behind ion chromatography is that ions have different

affinities for oppositely charged ionic groups located on a stationary column

packing. Quartenary ammonium is the functional group that provides exchange

sites for annions and sulphonic acid for cations (Braithwaite and Smith 1996).

The ions are measured as they ellute from the column by a conductivity detector.

Field Sampling

Three peeper experiments were conducted between early March and

early May 1998. The first peeper was inserted alone (Experiment 1).

Subsequently, two peepers were inserted in close proximity to each other and at

the same time (Experiment 2 and 3). This simultaneous insertion of two peepers



was then repeated (Experiment 4 and 5) after data from experiments 2 and 3 had

been analyzed.

Data from Experiments 1,4, and 5 were not used because of the large

volume of data and the time allowed to analyze it. Thus, only data from peeper

experiment 2 and 3 were used in analysis.

Modeling

Total soluble concentrations of the chemical constituents were used as

input data for the aqueous geochemical speciation model, MINTEQA2 (Allison et

al). This model considers all species that may form from the components, and

estimates their concentration/activity at equilibrium. The degree of saturation for

each of the soil minerals in equilibrium with the soil solution can be calculated

with this model.

The model allows for the precipitation of solids when a solution has

theoretically become over-saturated with that solid mineral. However, for the

purposes of our modeling, solids were not allowed to precipitate since our

membrane pore size should have only allowed ionic species to diffuse into the

sample cells.

The temperature was set at 12.5 C. This is comparable to actual soil

temperatures at this time of year.

Redox potentials for each individual cell were not measured in our

experiments. A nice feature of this model was the ability to vary the redox

potential to see how it affected the species formed. The pE (negative log of the

electron concentration) was set at values of -2.5, -1.5, -0.5, 0.5, and 1.5 which
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correspond to Eh values of -147.9, -88.74, -29.58, 29.18, and 88.74 mV,

respectively. All of these values are possible, and likely, for the types of

conditions at this time of year. This variation in pE's also allowed for the

microsite variability known in soils.

Dissolved organic matter was included in the model to simulate the

complexation of Al and Fe by ligands. The value for the concentration (molar) of

the DOM ligand was set at 20% of the value for the measured DOC

concentration (molar). While this value is somewhat arbitrary, some literature

has placed a value on the percent of DOC comprised of reactive organic acids

from 18% to 65% (Wolt 1994).

A new species, named Fe2DOM, was also created for our model. This

species represents a complex between organic matter and Fe (II). Fe2DOM is

hypothesized to be an important species formed in our system. This is because

of a very reduced system with much organic matter present. The equilibrium

constant, or log K, was chosen to be 9.7. Soil organic matter is a complex

heterogeneous substance, and its exact interaction with metals is not well

defined. However, a log K of 9.7 is reasonable considering equilibrium constants

found between Fe(Ill) and various organic ligands, and the fact that Fe(II) is not

considered to complex as strongly with organic matter as Fe(Ill) (Steinman and

Shotyk 1997).
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Results and Discussion

Data validity

When measuring chemical constituents in soil pore-waters, it is common

to check the validity of the data by computing the charge balance. A first order

approximation of the charge balance is computed assuming all of the ionic

species are in their dissociated forms. Mathematically it is simply the sum of the

annion charge and the cation charge. This value is then multiplied by 100 and

divided by the cation charge minus the annion charge to get the ion difference

percentage.

Ion Difference % = (EC, - EC;_) * 100 / (EC;, + EC;_)

Ion difference percentages from -20 or 50 percent have been observed

(Wolt 1994). Low percentages usually indicate that the data is reliable and all

significant constituents in the soil solution sample have been measured.

Table 2 - Ion Difference Percentages for Modeled and First-order

Data.

Cell 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Model 0.56 6.60 4.80 1.37 6.24 1.60 9.69 9.77 8.74 12.08 4.87 3.78 5.77 12.89 8.52 7.80

First-order 21.66 14.31 17.92 18.15 12.04 5.12 8.41 7.50 5.80 8.25 9.09 11.85 2.42 8.30 6.09 6.33

14
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The ion difference percentage computed before modeling, or first-order

computation, in the upper four or five cells has rather high ion difference

percentages (Table 2). These values drop significantly after the data has been

modeled and all complexes are considered. There are a couple of reasons why

this may have occurred. One explanation of the differences could be due to the

fact that iron (III) was found in significant quantities in our samples, which is not

expected under reducing conditions. (This topic will be discussed further later.)

Fe (III) was also most prevalent in the upper 15 cm of the profiles, correlating

nicely with the high ion differences in that profile depth. The geochemical model

allowed the manipulation of redox potentials that were reasonable in this soil for

the given seasonal climatic conditions. When these potentials were lowered, iron

(III) was transformed to iron (II). Thus, the ion difference percentages were

lowered.

Another explanation is that in the first-order ion difference computation,

DOM was assigned a charge of -1; whereas, it was found that in Minteqa2, DOM

was assigned a charge of -2.8 in computing the ion difference percentage. DOM

was also most prevalent in the upper 15 cm. These different assignments of

charges in computing the ion difference percentage likely explain the differences

that were found. It is probable that the charge balances would be the same

between first-order and modeled data once changes were made to the model to

correct for the above errors. The rest of the data, both modeled and first-order,

appears to be in acceptable ranges.
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Ionic Strength

Ionic strength is defined as follows:

= 1 /2EC;Z;2

Where I is the ionic strength, C is the concentration of the species, and Z is the

valence of the species.

Ionic strength (I) is a measure of the concentration of charges in a

solution. It is used to model the non-ideal behavior of ions and their complexes

in solution. Therefore, it is useful in describing the soil solution when concerned

with the activities of ions in solution (Wolt 1994).

Table 3 - Ionic Strengths (M) of First-order Data and Modeled Data.

Cell Modeled First-order Cell Modeled First-order

1 7.22E-03 6.21 E-03 9 7.98E-03 7.08E-03
2 8.88E-03 7.58E-03 10 7.10E-03 6.98E-03
3 9.78E-03 8.15E-03 11 7.74E-03 6.91 E-03
4 1.03E-02 8.37E-03 12 7.36E-03 6.86E-03
5 1.10E-02 8.84E-03 13 7.99E-03 6.19E-03
6 1.08E-02 6.89E-03 14 6.96E-03 6.85E-03
7 9.12E-03 7.92E-03 15 7.62E-03 7.27E-03
8 8.05E-03 7.26E-03 16 6.81 E-03 6.47E-03

The ionic strengths of each peeper cell, both modeled and first-order are

summarized in Table 3. There are few differences between modeled and non-

modeled data. Gillman and Bell (1978) found little difference between corrected
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ionic strength data (for ion pair formation) and uncorrected data when soil

solutions had ionic strengths less than 12 mM.

Typical Concentrations of Constituents from Uncorrected Analytical Data

1e+0

1 e-1

Ie-6

1e-7

Mg

NH3

PO4NO

Species

Figure 3 - Water Chemistry for a Typical Peeper Cell

The concentrations of the constituents that were measured for a typical

sample are shown in Figure 3. This graph shows the relative concentrations of

the important constituents. Calcium, magnesium, dissolved inorganic carbon,

iron (II), and, interestingly, iron(lll) appear to be some of the ions in highest

abundance, being present in millimolar concentrations.
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Ionic Equilibrium Model

The profiles of various soil pore water constituents and how their

concentrations change with depth are shown in this section. These profiles are

from the averaged data of Experiments 2 and 3. These peepers were placed in

the field on March 17, 1998 and removed 14 days later. Ponded water was

present throughout the site for the duration of the experiment.

Fig 4 - DOC vs. Depth

The concentration of dissolved organic carbon (DOC) is highest a few cm

below to approximately 15 cm below the soil surface (Fig. 4). Below 15 cm,
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organic matter is not present in as great quantities since there is no influence

from litter fall, and rooting distance is shallow for grasses in poorly drained areas.

7000 9000 11000

Concentration (uM)

Figure 5 - DIC vs. Depth

DIC reaches its maximum around 5 cm below the DOC maximum, at 12

cm below the soil surface (Fig. 5). DIC increases from the soil surface down to

this point, at which point its concentration begins to recede with depth. DIC

probably reaches its maximum below DOC's maximum due to carbon dioxide

diffusing from the soil pore waters to the external atmosphere where the partial

pressure of CO2 is much less. The concentration of DIC throughout the profile is
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consistent with the idea that inorganic carbon would be produced in highest

amounts in the biologically active zone since CO2 is the product of microbial

respiration and CO2 forms carbonic acid in water.

pH

Figure 6 - pH vs Depth

The plot of pH versus depth (Fig. 6) shows decreasing pH to a depth of 20

cm and then an increase in pH to a depth of 40 cm. This data mirrors the plot of

the partial pressure of CO2 (Fig. 7) fairly well. This makes sense since CO2 in

solution forms carbonic acid which, in turn, would reduce the pH. This data also
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mirrors DIG well. There is a close-knit fundamental relationship among DOG,

DIC, pH, and PCO2.

U

0.04 0.06 0.08 0.10

Partial Pressure (atm)

Figure 7 - PCO2 vs. Depth

The partial pressures of CO2 in our samples increased from the surface to

a depth of 12 cm and then begin to recede with depth to 40 cm (Fig. 7). The

production of CO2 in soil indicates a biologically active area. From approximately

8 to 20 cm the partial pressure was the highest indicating this area has the

highest biological activity. The atmospheric partial pressure of C02 is 0.00035

atm. The partial pressures in the peeper are over two orders of magnitude

greater than atmospheric CO2.

2
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Figure 8 - Total Iron (II) and "free" Fe2+ vs. Depth

Total soluble Fe (II) is the total iron (II) in the pore waters, and "free" Fe2+,

is the total iron as an ionic species in solution. The plot of Total soluble Fe (II)

and "free" Fe2+ versus depth (Fig. 8) shows a trend of increasing Fe (II)

concentration to a depth of 12 to 15 cm and then a gradual decrease to the

bottom of the peeper at 40 cm. The slightly lower concentrations of Fe (II) can

be expected near the top of the profile due to input of atmospheric oxygen and

subsequent oxidization of Fe (II) to Fe (III) minerals. A short distance down
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conditions become more reducing because of a lack of atmospheric oxygen and

the need for soil microorganisms to use an electron acceptor to break down the

relatively high concentrations of organic matter. Fe (II) concentrations decline

again around 15 cm likely because dissolved organic carbon also begins to

decline (Fig 4). The difference between the plot of total soluble Fe (II) and Fe (II)

species is comprised of Fe (II) complexed with organic matter. This difference is

highest, as expected, in the upper 15 cm where organic carbon is highest.

Iron (III) (Fig. 3) was found at significant concentrations in our pore water

samples. In fact, it was present in quantities as much as 60-75% of the iron (II)

values. The presence of Iron (III) is unlikely at redox potentials postulated at our

site. When pE's likely for the conditions at our study site were imposed in the

model, Fe (ill) was reduced to Fe (II).

There are two possible explanations for this fact. The first is as

Steinmann and Shotyk (1997) noted, that Fe (III) forms very stable complexes

with organic ligands. This could explain iron (III) being present in very reducing

conditions where organic matter is present. It was hypothesized that if the

stability constant for Fe (III)-DOM ligand was greater in the model that Fe(III)

might stabilize and not be transformed into Fe (II). However, increasing the log K

stability constant for the iron (III) - DOM complex in the geochemical model,

Minteqa2, resulted in no appreciable increase in iron (III). Thus, suggesting

complexation of Fe (III) with organic ligands was not occurring in our system, or a

weakness in the model.
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Another explanation of significance is that there may have been

inconsistencies in the standards used to calibrate the two instruments measuring

iron. Total iron was measured via ICP. Iron (II) was measured colorimetrically

and iron (III) was found to be the difference between the two. Similar

experiments, conducted this field season, with careful standard preparation

showed that total iron measured by ICP was equal to iron (II) measured

colorimetrically. This observation suggests a difference in the two standard

preparations and leads to the explanation that analytical error may be the reason

for high Fe (III) concentrations encountered in the pore water samples.

Figure 9 - Phosphate vs. Depth
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Inorganic phosphate, as measured colorimetrically, shows an increasing

trend to around 15 cm below the soil surface. At this point the concentration

begins to decrease. This pattern roughly follows the trend of Fe (II)

concentration. No causal relationship between P04 and Fe (II) has been

determined in this experiment. Kuo and Mikkelsen (1978) stated that in flooded

soils an increase in Fe(II) is usually associated with the release of ferric bound

phosphate. Nriagu and Dell (1974) also discussed this relationship. Reduced

soil conditions can play an important role in water quality because of this

relationship.

t Total Measured P04 vs Depth

Modeled Mg/Ca P04 s vs Depth

-W Modeled Fe PO; s vs Depth

- Modeled HPO4 vs Depth

Figure 10 - Main Constituents of Total Phosphate
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Orthophosphates, as well as, iron phosphates are shown in Fig. 10 since

they are the main constituents of total phosphate. Iron phosphates are an

important part of the chemistry in surface layers of the soil where active reduction

takes place. Their precipitation and dissolution may regulate phosphorus in

freshwater systems (Nriagu and Dell 1974). Calcium and magnesium

phosphates were present in concentrations of an order of magnitude less than Fe

(II) phosphates.

- Total P vs Depth
- Total P04 vs Depth

Figure 11 - Total Phosphorus and Total Phosphate vs. Depth
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Figure 11 shows the concentrations of total soluble phosphorus and total

phosphate, or inorganic phosphate, on the same graph. The difference between

the two is organic phosphorus. Thus, this graph shows the importance of organic

phosphorus in this system. Total P is present in concentrations of an order of

magnitude greater than total phosphate and the resolution of total inorganic

phosphate plotted in Fig. 9 is lost when plotted alongside total phosphorus.

Figure 12 - Mn (II) vs. Depth

Figure 12 shows Mn (II) concentration with depth. It is apparent from the

graph that Mn (II) is most prevalent from 10 to 20 cm below the soil surface. This

reduced component of the soil solution shows its predominance in the

biologically active zone. It is also interesting that the reduced form of
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manganese is in high concentrations below the depth where iron (II)

concentrations (Fig. 8) starts to decline. This is likely because manganese is

reduced at higher redox potentials than iron. A reasonable conclusion from the

above observation is that the redox potential is higher from 15 to 22 cm than from

10 to 15 cm in the natural system. This also suggests that biological activity is

beginning to slow in this region.

Concentration (uM)

Figure 13- SO4 vs. Depth

Sulfate (Fig. 13)is interesting in that it is present in very small amounts

until a depth of around 15 cm below the soil surface at which point its

concentration increases dramatically. Sulfate is reduced only at very low redox

potentials. It is hypothesized that sulfate has been reduced to sulfide when

present in very low concentrations in these samples. However, there is very little
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sulfate in the upper few centimeters of the profile where conditions should be

relatively oxidizing, thus preventing sulfate's reduction to sulfide. It is possible

that sulfate in the upper few centimeters of the soil profile has been leached.

The presence of sulfate below 15 cm indicates that this zone in the soil profile is

becoming more oxidizing (Sposito 1989).

0 2 4 6 8

Concentration (uM)

Figure 14 - NO3 vs. Depth

Nitrate, the oxidized form of nitrogen, is present in relatively low

concentrations (Fig.14). This is due to the low redox potential at the site. Thus,

the process of denitrification is likely taking place, reducing nitrate to more

reduced species and eventually to elemental nitrogen. Also, nitrification of

ammonia to nitrate is hindered by the low redox potentials. Levels of nitrate are
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highest from 8 - 18 cm below the soil surface in the area most likely biologically

active. This result is due to the mineralization of the comparatively high levels of

soil organic matter in this region.

Concentration (uM)

Figure 15 - NH4 vs. Depth

Ammonium, the reduced form of nitrogen, is present in concentrations ten

times that of nitrate throughout most of the soil profile (Fig. 15). This is

consistent with the low redox potentials at this site. Ammonium builds up under

reducing conditions because nitrification cannot take place. However, its

concentration is highest toward the surface because this is where the majority of

the carbon is being cycled in the soil. The cycling of nitrogen, and many of the
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constituents and nutrients in soil pore water, is intimately tied to the cycling of

carbon, since carbon is the source of energy for microbes mediating this cycling.

Mineral Saturation and Solubility

The concentrations of iron chemical constituents in the soil pore water are

controlled by the solubility of iron containing minerals. The equilibrium between a

mineral and its constituents is characterized by a numerical constant called the

thermodynamic equilibrium constant, K. Each mineral has its own characteristic

K, and if the formula is:

aA + bB... = cC + dD... (1.1)

then the K is equal to :

K = CcDd (1.2)
AaBb

K has been experimentally determined in the laboratory for many minerals

present in the soil environment.

When the dissolution of a solid is:

XaYb(s) = X"+(aq) + YY (aq) (1.3)

The ion activity product (IAP) is defined as:



Li

IAP = (X"+)(Y''") (1.4)

lAP can be determined directly from field data and equilibrium of the solution is

not necessary. The field and lab measured constituent activities can provide a

window to see what minerals are controlling soil pore-water constituent solubility.

Thus, the experimental IAP can be compared with the known K values of soil

minerals to see if the solution is over- or under-saturated with respect to that soil

mineral.

The saturation index is defined as:

Sl = log (IAP / K) (1.5)

When this value is zero, the solution is in equilibrium. When this value is

positive, the solution is over-saturated with respect to that mineral, and when the

value is negative, the solution is under-saturated with respect to that mineral.

Ferrihydrite

The dissolution-reduction reaction for ferrihydrite is as follows:

Fe(OH)3(s) + 3H+(aq) -> Fe3+(aq) + 3H20

Fe3+(aq) + e (aq) H Fee+(aq)

(1.6)

Fe(OH)3(s) + e (aq) + 3H+(aq) H Fee+(aq) + 3H20

Where the K for the above reaction is:

I
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Figure 16 - Saturation Index for Ferrihydrite
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The activity of mineral solids is assumed to be equal to one. Also, the activity of

water is assumed to be equal to one.

The IAP for the above reaction is:

IAP = (Fe2+)(H+)_3(e")"' (1.8)

When the value of log IAP is equal to log K, the solution is in equilibrium with

respect to ferrihydrite.

Ferrihydrite is under-saturated throughout most of the pE's imposed in the

model (Fig. 16). It is increasing in saturation with increasing pE and is slightly

over-saturated in the first two cells when the highest pE is imposed. (The

transparent grid at saturation index zero represents the plane of equilibrium.)

Ferrihydrite is a solid Fe (III) mineral and so would not be expected to form until

pE's are higher. Fe (III) minerals begin to be reduced to Fe (II) at pE's ranging

from 1.7 to 5.0 (Sposito 1989). It is likely that if pE was increased further,

ferrihydrite would become over-saturated. In the soil environment this would

mean ferrihydrite would come out of solution and form a reddish precipitate

(Schwertmann and Taylor 1989).

Goethite

The dissolution-reduction reaction for goethite is as follows:

FeOOH(s) + 3H+(aq) H Fe3+(aq) + 3H20

Fe3+(aq) + e (aq) H Fe2+(aq)
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Figure 17 - Saturation Index for Goethite
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(1.9)

FeOOH(s) + 3H+(aq) +e (aq) H Fe2+ + 31-120

Where the K for the above reaction is:

(1.10)

The IAP for the above reaction is:

IAP = (Fe2+)(H+)-3(e )-1 (1.11)

When the value of log IAP is equal to log K, the solution is in equilibrium with

respect to goethite.

Goethite is one of the most prevalent iron oxides in soils and

environments conducive to mineral weathering. It can commonly be the sole

pedogenic iron oxide in soils of cool and temperate regions (Shwertmann and

Taylor 1989).

Goethite is over-saturated in most of the peeper cells over the ranges of

pE's imposed (Fig 17). It becomes slightly under-saturated at the lowest pE's

and in the deeper cells. Goethite is an Fe (III) mineral and begins reduction to Fe

(II) at pE's from 1.7 to 5.0 (Sposito 1989). The fact that goethite saturation is on

the decline from pE's from 1.5 to -2.5 seems consistent with this observation.

Siderite

The dissolution reaction of siderite is shown here:
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Figure 18 - Saturation Index for Siderite
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FeCO3(s) -> Fee+(aq) + C032-(aq)

C032-(aq) + 2H+(aq) -* H2CO3(aq)

H2CO3(aq) H C02(g) + H2O

(1.12)

FeCO3(s) + 2H+(aq) H Fee+(aq) + C02(g) + H2O

Where the K for the above reaction is:

K = (Fe2+)PCO2 (1.13)
(H+)2

The IAP for the above reaction is:

IAP = (Fe2+)PCO2(H+)"2 (1.14)

When the value of log IAP is equal to log K, the solution is in equilibrium with

respect to siderite.

The saturation of siderite does not change over the pE's imposed in the

model (Fig 18). It is over-saturated in all cells but decreases with depth after the

postulated biologically active zone and then increases again at the bottom 10 cm.

Siderite is an Fe (II) mineral that is unaffected by changes in pE over the ranges

we imposed. It apparently does not begin to oxidize until higher redox potentials.

Donner and Lynn (1989) noted that a high CO2 partial pressure and a

reducing environment lead to conditions that are consistent for the formation of

siderite. Reducing conditions and high CO2 partial pressures were both present

at the study site.
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Lepidocrocite

The dissolution-reduction reaction for lepidocrocite is shown here:

FeOOH(s) + 3H+(aq) H Fe3+(aq) + 3H20

Fe3+(aq) + e (aq) H Fe 2+

(1.15)

FeOOH(s) + 3H+(aq) +e (aq) <-> Fe2+
+ 31-120

Where the K for the above reaction is:

K =Fe2+ (1.16)
(H+)3(e )

The IAP for the above reaction is:

IAP = (Fe2+)(H+)_3(e)-1 (1.17)

So, when the value of log IAP is equal to log K, the solution is in equilibrium with

respect to lepidocrocite.

The sample solutions are mainly over-saturated with lepidocrocite over the

pE's imposed in the model (Fig. 19). They only become under-saturated with

respect to lepidocrocite when the pE is -2.5, or directly beneath the postulated

biologically active zone at pE of -1.5. Lepidocrocite is an orange colored variant

of goethite and is thus and iron (III) mineral (Schwertmann and Taylor 1989).

Lepidocrocite has its sharpest increase in saturation between -0.5 and 0.5 pE

while goethite showed a steady increase in saturation throughout the pE's

imposed. The factors of determination of the goethite:lepidocrocite ratio in soils

are not completely understood (Schwertmann and Taylor 1989).
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Figure 20 - Saturation Index for Green Rust
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Green Rust

The dissolution-reduction reaction of Fe3(OH)8, or green rust, a mixed Fe

(II), Fe (III) oxide, is shown here:

[Fe (III)]2[Fe (II)](OH)8(s) + 8H+(aq) -* 2Fe3+(aq) + Fee+(aq) + 8H20

2Fe3+(aq) + 2e (aq) H 2Fe2+

(1.18)

[Fe (lll)]2[Fe (II)](OH)8(s) + 8H+(aq) + 2e(aq) H 3Fe2+ + 8H20

Where the K for the above reaction is:

K=Fee+3 (1.19)
(H+)8(e)2

The IAP for the above reaction is:

IAP = (Fe2+)3 (H+)"8(e")"2 (1.20)

So, when the value of log IAP is equal to log K, the solution is in equilibrium with

respect to green rust.

The sample solutions were mainly under-saturated with respect to green

rust throughout the pE's imposed in our model (Fig. 20). The exception was the

upper two peeper cells at the pE of 1.5. There is a definate trend of increasing

saturation with increasing pE, and would probably become over-saturated if pE

was increased further.
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Green rust is a mixed Fe (II) - Fe (III) oxide with a dark green-blue color

(Schwertmann and Taylor 1989). It is moving toward saturation at pE's of 1.5

and likely above because the Fe (II) in solution is starting to become oxidized to

Fe (III). Green rust probably starts to become under-saturated again at high pE's

because all of the Fe (II) has become oxidized. As mentioned before, green

rusts are important in abiotic de-chlorination and ammoniafication.

Mackinawite

The dissolution reaction for mackinawite is shown here:

FeS(s) + H+(aq) ++ Fee+(aq) + HS-(aq)

HS"(aq) + 4H20 ++ S042"(aq) + 9H+(aq) + 8e (aq)

(1.21)

FeS(s) + 4H20 H Fee+(aq) + S042"(aq) + 8H+(aq) + 8e (aq)

Where the K for the above reaction is:

K = (Fe2+)(SO42 )(H+)8(e )8 (1.22)

The IAP for the above reaction is:

IAP = (Fe2+)(S042-)(H+)8(e )8 (1.23)

So, when the value of log IAP is equal to log K, the solution is in equilibrium with

respect to mackinawite.

The soil solution is under-saturated with respect to mackinawite through

most of the redox potentials imposed (Fig. 21). The solution does become



slightly over-saturated in the lower cells when the pE is -2.5. Mackinawite shows

a steady decrease in saturation with increasing pE. Mackinawite is an Fe (II) and

sulfur containing mineral. It therefore needs very reducing conditions to form.

Sulfate initially becomes reduced to sulfide over pE ranges of 0 to -2.5; iron from

pE's of 1.7 - 5.0 (Sposito 1989). Thus, the reduction of sulfate limits the

precipitation of this mineral, and as shown, the mineral does not begin to become

over-saturated until a pE of -2.5.

All of the minerals (Fig. 16-20), except mackinawite (Fig. 21), show a trend

of higher saturation in the top 15 cm and a general decrease toward 30 cm of

depth with a slight increase again toward the bottom 10 cm. This corresponds

well with the plot of total iron (II) (Fig. 8). Most of the iron is in the top 15 cm

because this is where the majority of the organic matter is located and is the

zone of highest biological activity. Mackinawite shows the reverse trend and

increases in saturation from 15 to 30 cm. This is because it solubility is

controlled by sulfur which is barely detectable until 15 cm below the soil surface

(Fig. 13). Even then, it is mainly in the form of sulfate, but apparently is

beginning to be reduced to sulfide at low pE's so that mackinawite can start to

become saturated in the soil solution.

All of the iron (III) minerals, ferrihydrite, goethite, and lepidocrocite,

increase in saturation with increasing pE. Lepidocrocite and goethite have the

same molecular formula but are structurally different. Thus, they reach the same

saturation index at different pE values. Green rust, a mixed Fe (II/III) mineral,

also increases in saturation with increasing pE, but becomes under-saturated
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below pE's of 1.5 at a rate greater than the pure Fe (III) minerals. Siderite, a Fe

(II) mineral is over-saturated and does not change in saturation over the pE's we

imposed. The high partial pressure of carbon dioxide in the soil solution may

help stabilize this mineral. However, it would likely start to become under-

saturated with pE's much greater than those imposed in the model. Mackinawite,

an Fe (II) and sulfur mineral, becomes under-saturated very quickly with

increasing pE.

Conclusion

Carbon is very important in the cycling of nutrients and minerals in the soil

environment. Microorganisms need an electron acceptor for the oxidation of

organic matter. In oxygen free environments microorganisms sequentially utilize

nitrate, manganese (IV), iron (II), and sulfate as terminal electron acceptors

(Sposito 1989). The results obtained from this experiment seem to support the

idea that carbon plays a key role in the reduction of chemical species in solution.

All reduced species were most heavily concentrated at the depth that dissolved

and solid soil organic carbon were most concentrated.

Organic phosphorus is a significant portion of total phosphorus in this

system. It is present in concentrations of an order of magnitude greater than

inorganic phosphorus (Fig. 11).

Inorganic phosphorus shows high concentrations toward the soil surface

but declining with depth. This pattern follows the concentration pattern of iron

(II). Iron is thought to be an important regulator of phosphorus in aquatic



ecosystems (Nriagu and Dell 1974). Also supporting this conclusion is the fact

that iron phosphates, the only redoximorphic phosphate minerals, appear to be a

significant portion of total phosphorus (Fig. 10).

Although no positive identification of the minerals in the soil where the

pore water samples were obtained was determined, the pore water chemical

constituent data was modeled to determine what soil minerals may be controlling

their solubility. Ferrihydrite, goethite, green rust, and lepidocrocite all showed

trends of increasing saturation with increasing redox potential. Siderite remained

at a constant value of over-saturation throughout the pE's imposed, and

mackinawite decreased in saturation with increasing pE.

Soil pore water equilibration devices, peepers, do an excellent job of

sampling the pore waters of a seasonally reduced mineral soil. They give

reliable data about the concentrations and redox status of soil pore-water

chemical constituents. Peepers allow redox sensitive species to be analyzed

without changing their in situ oxidation state. Concentrations of Fe (II) and other

redox sensitive species are typically an order of magnitude higher than values

obtained from sampling pore water from traditional open wells (Steinmann and

Shotyk 1996). Peepers also give a very high resolution vertical profile of these

constituents with depth.
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