
PHOSPHORUS LEACHING FROM MANURE-IMPACTED

SOILS AFFECTED BY FLUCTUATING WATER TABLES

By

JAIME MEJIAS-BASSALETTI

A dissertation submitted in partial fulfillment of
the requirements for the degree of

DOCTOR OF PHILOSOPHY

WASHINGTON STATE UNIVERSITY
Department of Biological Systems Engineering

August, 2005



To the Faculty of Washington State University:

The members of the Committee appointed to examine the dissertation of

JAIME MEJIAS-BASSALETTI find it satisfactory and recommend that it be ac-

cepted.

Chair

ii



Acknowledgements

First, I would like to express my sincere appreciation to the Government of Chile and

the “Instituto de Investigaciones Agropecuarias, INIA-Chile” for providing the finan-

cial assistance during my doctorate studies at Washington State University. Partial

financial support for this work was also provided by The State of Washington Water

Research Center (SWWRC).

I would like to express my gratitude to Dr. Markus Flury, whose expertise, ethics,

understanding, and patience, helped considerably to my learning process. I appreciate

his great assistance in writing grant proposals, and his technical support in correcting

and editing this thesis. Special thanks goes out to my supervisor Claudio Stöckle
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PHOSPHORUS LEACHING FROM MANURE-IMPACTED

SOILS AFFECTED BY FLUCTUATING WATER TABLES

Abstract

by Jaime Mejias-Bassaletti, Ph.D.

Washington State University

August, 2005

Chair: Claudio Stöckle

The main objectives of this dissertation were:

1. Acquire relevant field data to determine the role of iron reduction in P transport

in tile effluents.

2. Explore the relation of the soil redox potential to P release and transport in

column studies under dynamic conditions.

3. Develop a P leaching indicator based on the estimate of the P sorption strength

in highly P-impacted soils.

In the first study, we observed a significant positive correlation between P and Fe2+

concentrations in drainage water from the pasture, but not in that from the corn field.

In the latter, a significant relation was found between P Fe3+ concentration. Phos-

phorus and Fe2+ were positively correlated to drain flow rate in the pasture system

v



and the same was true for P and Fe3+ in the corn field. In the second study, we

demonstrated that an initially oxidized system saturated with P and under dynamic

flow conditions can mobilize P after reductive dissolution of ferric iron. These results

revealed that a reduced system presents a sink for P due to precipitation reactions but

the system turns unstable after the redox potential increases, fixing less P than the

oxidized control system. These findings suggest that alternating anoxic-oxic conditions

play an important role in subsurface P transport. In the third study, we demonstrated

that the inverse of the equilibrium P concentration at zero sorption (1/ce) is a valid

estimate of the soil sorption strength, which may be used as an indicator for P leach-

ing potential. Below a threshold level of 1/ce=0.71 L/mg, desorbability parameters

increased significantly.
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Chapter 1

Overall Introduction

1.1 Background

Phosphorus is an essential nutrient for plant growth and it is commonly applied to

agricultural fields to increase crop yields. Fresh water eutrophication caused by agri-

cultural non-point source pollution has been recognized as one of the leading water

quality problems in the U.S. [USEPA, 2003]. Since Nitrogen (N) and phosphorus

(P) are the main limiting nutrients for primary production in freshwater systems, its

control and remediation strategies have been directed mainly to prevent these two nu-

trients becoming pollutants in the water systems [Sharpley et al., 1999]. However, the

exchange of N between the atmosphere and water makes N control more difficult than

controlling P inputs. Thus, most attention has focused on P as the limiting factor

leading to the accelerated growth of algae and aquatic plants [Sharpley et al., 1999].

Phosphorus is strongly immobilized in soils by mean of ligand exchange reactions

with hydroxyls groups in the surface of iron and aluminum hydr(oxides) [Stumm and
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Sigg, 1979]. Oxide surfaces may adopt positive, negative or neutral charges as a

function of the soil pH. The reaction of iron oxides and phosphate can be described

according to Sanchez and Uehara [1980]:

Fe 

+ H2PO4
-

Fe 

+ H2O 

OHO 

Fe 

OO 

Fe 

O OH 

Fe 

Fe 

OH O 

Fe 

OO 

Fe 

O OH 

P

H
+
 

H OH

O

OH

Figure 1.1: Mechanism of P adsorption on Fe(III) oxide surface by ligand exchange

reaction.

The rapid growth and intensification of crop and animal farming has led an excessive

application of P to land. The accumulation of P in soils at levels that are excessive

from an agronomic and environmental point of view has been of major concern in the

last few years, because this represents a potential risk for contamination of surface

and ground water [Shober and Sims, 2003]. Although P is nearly immobile in the soil

profile, at elevated soil P concentrations, P can be transported off site and reach fresh

water.

Phosphorus is mainly transported via surface runoff attached to soil particles, but

in the last few years, P transported via subsurface flow has been a major concern.
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Phosphorus can be mobilized and transported in soluble forms after desorption or

solubilization processes from the soil matrix. While many P sorption studies have been

conducted, the influence of redox reactions on P chemistry and its potential impact on

P movement into tile drains has not been investigated intensively. Periodic flooding

induce special conditions on P dynamics. Phosphorus associated to iron oxides may be

released to pore water upon reduction of ferric iron. The fate of P released by reductive

dissolution of iron oxides has been a matter of controversy. Some authors suggests that

upon reduction P is released to the pore water and transported through percolating

water [Pant et al., 2002]. Patrick and Khalid [1974], found that flooding increased the

P retention but, after the soils were re-oxidized, P was released more easily and to

a greater extent than permanently oxidized soils. As far as we know, no studies on

the effect of redox potential on P release to surface water have been conducted in the

northwestern Washington State. This dissertation aimed to generate new information

on this area of research and contribute to the improvement of P management in this

region.

1.2 Scope and Objectives

The overall goal of this dissertation is to study the transport of P in manure-impacted

soils affected by periodic flooding. Specifically, we address the following objectives:

1. Acquire relevant field data to determine the role of iron reduction in P transport

in tile effluents from a highly P-impacted soil.
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2. Explore the relation of the soil redox potential to P release and transport in

column studies under dynamic conditions.

3. Develop a P leaching indicator based on the estimate of the P sorption strength

of highly P-impacted soils.

1.3 Thesis Outline

This dissertation is organized in three main chapters. The core of each chapter is a

paper that has been prepared for submission to a peer reviewed journal.

In Chapter 2 we present field evidence of the effect of redox potential on P release

in tile drain outflow, as indicated by the relationship between ferrous iron and P.

In Chapter 3 we present experimental results of the P release and transport affected

by oxidation-reduction conditions in dynamic systems.

In Chapter 4 we provide theory and data to obtain a P leaching indicator that can

be used as a predictor of risk of P loss via subsurface soils in soils affected by high P

inputs.

A summary and overall conclusions are presented in Chapter 5. Tables and figures

are presented at the end of each chapter following the format of manuscripts submitted

to a journal.
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Chapter 2

Phosphorus Leaching from a Tile-drained
Histosol under Reductive Dissolution of

Iron

2.1 Abstract

Long-term application of animal manure to farmland has caused an excessive accu-

mulation of phosphorus (P) in soils. Under this conditions there is a potential risk

of P release to the soil solution and subsequent leaching into surface and groundwa-

ter, especially where seasonal flooding occurs. During flooding, iron can be reduced

from ferric (Fe3+) to ferrous iron (Fe2+). Phosphorus associated with Fe-minerals can

thereby be released into the soil solution and transported to ground and surface wa-

ters. We monitored tile drain outflow from a Pangborn muck soil in northwestern

Washington State, from April 28th 2004 through February 1st 2005 (279 days). Two

systems were compared, a pasture and a corn field. The soil P concentrations (≈300

mg P/kg) were greater than agronomic requirements. Mean P concentration in drain

5



outflow was 0.02 mg/L for the pasture and 0.07 mg/L for the corn field. These values

were higher than suggested critical environmental limits (<0.01 mg/L). During the

time of the study, we estimated the loss of P to be 4.2 kg/ha for the pasture and 8.7

kg/ha for the corn field. The soil was periodically flooded as indicated by soil water

tension measurements. During flooding, the redox potential of water drainage dropped

to ≈180 mV. We observed a significant correlation between P and Fe2+ in drainage

water from the pasture, but not for the corn field. Instead, in the corn field, P was

positively related to Fe3+. Phosphorus and Fe2+ in the pasture system, and P and

Fe3+ in the corn field were related linearly to drain flow rates. We conclude that in

the pasture system, P lost in tile drainage was associated with reductive dissolution of

Fe. A different geochemical mechanism led to the P release in the corn field. Because

no colloids were detected by light scattering analysis, we believe that P and iron were

transported as dissolved phases possibly as ternary complexes with dissolved organic

matter (DOM) (<1nm particle size).

2.2 Introduction

Phosphorus is considered fairly immobile in soils because of its strong sorption onto

aluminum and iron hydroxides [Sample et al., 1980; Torrent, 1997]. In the last few

years, however, the impact of soil P accumulation on water quality has been of in-

creasing concern. The over application of P in areas of intensive animal production

has led to the accumulation of P in soils at levels that are excessive from an environ-
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mental point of view [Shober and Sims, 2003]. Animal-based agriculture is one of the

largest contributors of non-point P contamination of surface waters [USEPA, 2003].

A fraction of the accumulated P in soils can be transported via soil erosion, surface

runoff, and subsurface transport processes [Heathwaite and Dils, 2000]. Phosphorus

carried off site can be deposited in water bodies enhancing eutrophication of aquatic

ecosystems [McDowell et al., 2002b].

Although subsurface transport of P through soil is considered to be of minor con-

cern, recent reports indicate elevated P concentrations in leachates and tile drainage

from agricultural soils receiving high P inputs [Beauchemin et al., 1998; Heathwaite

and Dils, 2000; Turner and Haygarth, 2000; Kleinman et al., 2003]. It has been re-

ported that soils with excessive P levels, low P sorption capacity, high organic matter

content, and shallow water tables, are vulnerable to P leaching [Sims et al., 1998]. The

risk of P leaching increases if soils are artificially drained [Sims et al., 1998] and if the

transport of P is facilitated by preferential flow [Stamm et al., 1998; Kleinman et al.,

2003].

Soil P enrichment and anaerobic conditions have been reported as major factors

controlling the mobilization of P in subsurface environments. Soils saturated with

P are more vulnerable to release P via reductive dissolution of iron oxides during

aerobic-anaerobic cycles [Szilas et al., 1998; Scalenghe et al., 2002; Pant et al., 2002].

Villapando and Graetz [2001] found that fluctuating water tables increased P leaching

in soils receiving intensive manure application. Young and Ross [2001] reported that

7



phosphorus concentration in pore water was directly related to soil P saturation of 14

soils used in a microcosm flooding experiment. Olila et al. [1997] reported environ-

mental critical P losses in a constructed wetland after periodic water level drawdown

and reflooding cycles.

The reductive transformation of iron–phosphates leading to P release can be de-

scribed using the strengite dissolution example given by Willett [1985]:

Fe(III)PO4(s) · 2H2O + e− ⇀↽ Fe2+(aq) + H2PO−
4 (aq) + 2OH− (2.1)

The reductive dissolution of iron oxides is commonly controlled by microbial respi-

ration under anaerobic conditions [Benner et al., 2002]. In absence of oxygen, microbes

may use Fe3+ as an electron acceptor [Frederickson et al., 1998], thereby releasing the

sorbed P to the soil solution [Pant et al., 2002]. Sources of carbon such as DOM,

humic, and fulvic acids, have been shown to be effective in promoting iron reduction

under anaerobic conditions [Petruzzelli et al., 2005]. Equation 2.1 suggests that wa-

ter table fluctuations may have a considerable effect on the P mobilization into the

drainage system, promoting the pollution of surface waters [Sims et al., 1998].

The Lower Nooksack River watershed in Whatcom county, WA is characterized

by agricultural activities such as potato, blueberry, corn and permanent pasture for

intensive dairy production [Cox and Kahle, 1999]. Soils are usually poorly drained,

located on flood plains, and have fluctuating water tables, periodically rising to the

soil surface [Goldin, 1992]. One third of the dairies of Washington State are located

in Whatcom County on soils affected by periodic flooding [Cox and Kahle, 1999].
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Long–term use of manure in these soils has been of environmental concern. Currently,

the Washington Department of Ecology is applying restrictions and regulations on the

amount and timing of manure applications on these soils [Carey, 2004].

The objective of this study was to acquire relevant field data to determine whether

increased P release occurs into tile drains as a result of reductive dissolution of iron

oxides. Specifically, we explore the relationship between P and ferrous iron (Fe2+) in

drainage water from a pasture and a corn field.

2.3 Materials and Methods

2.3.1 Field Sites

A dairy farm, near Everson, Washington typical of dairies in the region, was selected

as the experimental site of this study. A schematic of the location of the Everson

site is presented in Figure 2.1. The soil series was identified as the Pangborn muck

[Goldin, 1992]. Pangborn mucks are defined as dysic, mesic Typic Medisaprists, have

low pH, and have a high accumulation of organic matter that is dominated by fine,

woody, partially decomposed organic deposits [Goldin, 1992]. These soils are usually

located in flood plains with 0 to 2% slopes [Goldin, 1992]. There exist 2,778 ha of

Pangborn muck soils in the Whatcom county area [NRCS, 2005].

This type of soil was selected as appropriate for the objective of this study for three

reasons: (i) organic soils are recognized to be one of the most important contributors
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of P to surface waters resulting from facilitated subsurface transport of P complexed

with DOM [Miller, 1979]; (ii) these soils are hydric soils which turn anaerobic during

the growing season due to wet conditions [NRCS, 2005]; and (iii) solute transport and

fate in level soils with artificial drainage systems is thought to be controlled mostly by

subsurface flow [Sims et al., 1998]. A photograph of the Everson field site is shown in

Figure 2.2.

Typical crop rotations in dairy systems of this area may include five years of per-

manent pasture followed by corn [Mitchell et al., 2003]. This study was conducted

from April 28th 2004 through February 1st 2005 (279 days). Half of an existing per-

manent pasture 70% fescue and 30% white clover, was sown with 13 ha of corn on

May 2004 (corn field). The other half of the surface was left as the original pasture

(pasture system) so that both systems were adjacent. Liquid manure was applied on

April 3rd by injection in both the pasture and the corn field at a rate of 220 m3/ha

(44 kg P/ha).

2.3.2 Soil Analysis

Physical and chemical soil analyses were performed before the manure application. Dry

soil bulk density was measured in the top soil (0-10 cm) using the intact core method

[Blake and Hartge, 1986], and soil texture was determined at two depths (0-30 cm and

30-60 cm) using a soil particle size analyzer (Mastersizer S, Malvern Instruments, Inc.,

Malvern, UK).
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Soil samples for chemical analyses were taken at two soil depths (0-30 cm and

30-60 cm) with a manual auger. Before analysis, samples were air dried and sieved

to < 2 mm diameter. Soil pH was measured in a 1:2 (w/v) soil:water solution. Total

organic carbon (TOC) and total organic nitrogen (TON) were determined in a Leco

FP2000 Nitrogen and Carbon Analyser. Plant available P was measured with the

Bray and Kurtz P-1 (Bray-P1) method according to standard procedures [Kuo, 1996].

Phosphorus extracted by the Bray-P1 method is designed to dissolve P from Fe and

Al complexes in acidic and neutral soils and inhibit the re-adsorption of solubilized P

on soil colloids [Sims, 2000]. Calcium-chloride-extractable P (PCaCl2) was determined

according to Kuo [1996]. The amount of PCaCl2 in soils has been well correlated

to the extent of P release and the risk of P leaching in soils [Brookes et al., 1997].

Oxalate extractable P (Pox), iron (Feox), and aluminum (Alox) which are associated

with organic and amorphous mineral phases were obtained by extracting soil samples

with ammonium oxalate [Loeppert and Inskeep, 1996]. All the extracts were filtered

through a 0.45 µm cellulose-nitrate-acetate (CNA) membrane [Haygarth and Sharpley,

2000]. Molybdate reactive P concentration was determined colorimetrically [Kuo,

1996]. The Feox and Alox were determined by atomic absorption spectrophotometry

(AAS) and Pox concentration was obtained by colorimetry according to Wolf and Baker

[1990].
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2.3.3 Phosphorus Sorption Experiments

Soil P sorption characteristics were assessed by performing P sorption isotherms and

calculating the degree of saturation of the P sorption capacity of the soils. Phosphorus

sorption isotherms were performed following Nair et al. [1984]. Briefly, 1 g of air-dried

soil, sieved < 2-mm was mixed with 25 mL of 0.01 M KCl P-free solution. The soil was

then mixed with 0, 0.01, 0.1, 5, 10, 25, 50, and 100 mg/L of P as KH2PO4 in 50 mL

centrifuge tubes and shaken for 24 h. After centrifugation for 10 min, the supernatant

was filtered through 0.45 µm CNA filter and P concentration in the extracts was

determined according to Kuo [1996]. Phosphorus sorption isotherms were described

using the modified Langmuir equation [Yli-Halla et al., 2002]:

q =
kqmc

1 + kc
− qi (2.2)

where c is the equilibrium P concentration (mg/L), k is the P sorption strength (L/mg),

qm is the maximum P sorption capacity (mg/kg) and qi is a fitting parameter account-

ing for the potential desorbable P (mg/kg) [Hartikainen, 1991]. Equation 2.2 allows

one to account for the desorption of initially existing sorbed P.

The degree of P saturation (DPS) was calculated according to van der Zee and van

Riemsdijk [1988].

DPS =
Pox

0.5(Feox + Alox)
(2.3)

where Pox, Feox and Alox are in mmol/kg. The denominator of Equation 2.3 represents

an estimate of the total P sorption capacity of the soil [van der Zee and van Riemsdijk,
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1988]. Szilas et al. [1998] found that the DPS is a good predictor for the potential P

loss after reductive dissolution of iron in flooded soils.

2.3.4 Field Instrumentation and Water Sampling

Nine tensiometers were installed to monitor the changes in the soil water status. We

installed the tensiometers at soil depths of 25, 50, and 100 cm with three replicates

each. The tensiometers were located five meters away from the open ditch (Figure 2.3).

Each tensiometer was filled with degassed nanopure water, and sealed with a septum

stopper at the top. The water tension inside the tensiometer was measured every 15

days with a digital portable tensimeter equipped with a transducer probe and a digital

display (Tensimeter, Soil Measurement Systems, Tucson, AZ).

One tile drain was selected in each system and the outflow of the drains into the

drainage ditch was monitored. The tile drain flow rates were measured manually every

15 days, using a bucket and a stop watch with three replicates per tile drain.

Water samples for chemical analysis were obtained in two ways: for P analysis,

three different samples (replicates) were collected in 250 mL plastic bottles, previously

washed in a P free detergent. Bottles were rinsed three times with drain water before

the sample was retained. The bottles were fully filled and tightly capped; for Fe

analysis, a water volume of 60 mL was filtered in situ <0.22 µm using a syringe

filter and immediately acidified using 6 M HCl to prevent oxidation of Fe2+. All

water samples were then refrigerated, transferred to the laboratory, and stored at 4◦C.
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The maximum time between sampling and analysis was 24 h to avoid potential P

transformations.

Weather data during sampling were collected in an automatic weather station

(Davis Instruments, Hayward CA) located 5 miles southeast of the Everson sampling

site and provided by courtesy of Chris Clark (Whatcom Conservation District Lynden,

WA). Rainfall, air, and soil temperatures were collected hourly and the daily average

used for data analysis. Soil temperature was measured at 15 cm soil depth below a

grass surface, similar to the pasture system used in this study.

2.3.5 Analysis of Drain Outflow

Redox potential, and pH, were measured in the laboratory with a combination ORP

electrode (Cole Parmer,Cat. EW-05658-70, USA) and a pH electrode (Cole Parmer,

Cat. EW-05662-90 , USA) connected to a pH/voltmeter (Orion 720A voltmeter, Orion

Research Inc., Beverly, MA).

Phosphorus concentration was measured after filtration (<0.45 µm) using CNA

membrane filters. The P concentration in each sample was determined using the

methodology described by Pote and Daniel [2000]. This fraction corresponds to the

operationally defined Molybdate Reactive Phosphorus (MRP<0.45) according to Hay-

garth and Sharpley [2000]. Iron concentrations ([Fe2+], [Fe3+], and [FeTotal]) were

measured using ferrozine analysis [Stookey, 1970].

Colloid facilitated transport has been identified as a potential and relevant mecha-
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nism for P leaching [Haygarth and Jarvis, 1999; Siemens et al., 2004; Ilg et al., 2005];

therefore, samples as collected from the field were analyzed for scattering counts to de-

tect suspended colloidal material (Zetasizer 3000 HSA, Malvern Instruments, Malvern,

UK).

2.3.6 Data Analysis

Phosphorus concentrations in the water drainage outflow were correlated to Fe2+,

Fe3+, and flow rate. Linear regression analyses were conducted using SigmaPlot r©

2002 version 8.0. Sorption parameters in Equation 2.2 were optimized by nonlinear

regression using the Solver utility provided by Microsoft Excel.

2.4 Results and Discussion

2.4.1 Soil Properties

Soil properties are depicted in Table 2.1. Mineral fractions were dominated by elevated

amounts of silt (≈50%) and sand (≈45%). No differences were observed in the texture

between the two depths. This soil is mainly characterized by its high organic matter

content (SOM). The TOC and TON values measured in the two depths were 28% and

2%, respectively. The high organic matter content of this soil explained its elevated

porosity and its low ρb (≈0.4 g/cm3).

Soil pH was acidic with slightly higher values in surface soils (pH≈5.1) compared
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to (pH≈4.8) the 30-60 cm soil depth. Soil P analyses revealed that the soil has been

affected by high P inputs. Mean values of P Bray-P1 (≈300 mg/kg) are far higher than

values considered optimum for plant growth (≈25 mg/kg) [Sims, 2000]. Amounts of

PCaCl2 were also high, indicating a potential risk of P loss in subsurface flow [Brookes

et al., 1997; Hooda et al., 2000; Hesketh and Brookes, 2000].

2.4.2 Langmuir P Sorption Parameters and DPS

Phosphorus sorption isotherms for the two depths are given in Figure 2.4. Mean

Langmuir P sorption parameters k, qm, and qi estimated using Equation 2.2 are listed

in Table 2.1.

Maximum P sorption capacity (qm) was similar in both pasture and the corn field,

and also between the two soil depths. The DPS indicated high saturation of sorption

sites with P in the surface soil than below 30 cm soil depth. The mean DPS was

higher than 25% in all soil samples indicating a potential risk of P loss via leaching. A

value of 25% of DPS has been suggested as a critical environmental limit above which

enhancing P loss via subsurface transport may occur [van der Zee and van Riemsdijk,

1988].

The soil studied here contains elevated soil test P (Bray-P1 >25 mg/kg) and DPS

values above suggested environmental critical limits (>25%). This implies that inde-

pendent of the mechanism involved in P release (desorption or reductive dissolution

of Fe), this soil presents a potential risk of P contamination for surface waters.
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2.4.3 Soil Water Status and Flow Rates

Soil water tension, rainfall, and average air temperature measured during the sampling

period are depicted in Figure 2.5. Soil water tension was less than −40 mbars from

September to November 2004 but became less negative after heavier rainfalls occurred.

In November 2004 and December 2004, soil water tension reached values near zero.

In November 2004, the soil water tension was close to zero in the first 25 cm of soil

depth. The same was true for a soil depth of 100 cm in January 2005. In the first

case, the soil was close to saturation possibly as a result of water recharge from the

soil surface. In the second case, the drainage system possibly was not able to drain

the excess water and the water table may have risen above the drain lines. The near

saturation conditions suggest that suboxic or anoxic conditions are likely during this

time of the year.

The drain flow rates increased during the period of heavy rainfall, reaching a peak

of ≈ 6 L/s (Figure 2.5). The mean flow rates were 2.19 L/s and 1.77 L/s for the

pasture and the corn field, respectively (Table 2.2).

2.4.4 Phosphorus Loadings and Rate of P Transfer

An estimation of the rate of the reactive P (MRP<0.45) transfer per drain (g/day) was

obtained by multiplying the MRP<0.45 sample concentration by the mean flow rate per

drain. Although the mean drain flow rate in the pasture drain was 20% higher than in

the corn field, the rate of P transfer was five times higher in the corn field than in the
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pasture system (Table 2.2). This was due to the higher P concentration measured in

the corn field water outflows. The mean rate of transfer of MRP<0.45 was 5 g/day per

drain for the pasture and 10.4 g/day per drain for the corn field. The total MRP<0.45

exported in 279 days of flow was estimated in 4.2 kg/ha for the pasture, and 8.7

kg/ha for the corn field. These values are in the range of P losses measured in organic

soils and considered detrimental for surface water quality [Miller, 1979]. Because the

sampling methodology was not intended to calculate P transfer rates per land area,

these data should be interpreted with caution. However, P concentrations measured

in the drain water outflows can be considered high enough to trigger eutrophication

in fresh waters (>0.01 mg/L) [Sims et al., 1998; USEPA, 2003].

2.4.5 Redox Potential and pH of Drainage Water

Redox potential and pH of water samples are shown in Figure 2.6. In general, redox

potential was lower in the spring (≈170 mV) and increased in the summer up to

220 mV. These values decreased during winter to about 180 mV, coinciding with the

soil water saturation conditions discussed above. The decrease of the redox potential

during the flooding period confirmed that reductive processes occurred in these soils.

The ferric iron reduction occurs typically at these ranges of redox potential (150 to

200 mV) [McBride, 1994].

An inverse trend was observed with pH. The highest pH values were measured in the

spring but rapidly decreased by the end of the summer. This can be attributed to an
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increase in the mineralization rate of SOM induced by an increment of soil temperature.

Because soil temperature was not measured at the sampling site, these values are used

only as a reference. Figure 2.6 shows that pH was minimum when the soil temperatures

taken at 15 cm soil depth were higher. As a result of microbial respiration, weak acids

and CO2 are released and cause the pH to drop [Rowell, 1981]. During fall, water

pH increased again possibly due to reductive processes during anaerobic respiration.

Anaerobic respiration releases OH− groups during the reduction of iron hydroxides,

increasing the soil solution pH [Ponnamperuma, 1972]. This is supported by the

decrease in the redox potential measured in the outflows. During winter, pH values

were as low as 5.6 and as high as 6.2 during May 2004.

In general, the water pH followed a similar trend in both the corn field and the

pasture. Although no differences were found in the initial pH values between the

pasture and the corn field (Table 2.1), we observed a slightly lower pH in water samples

collected from the corn field. We believe that, due to cultivation, the soil in the corn

field became more aerated than the pasture and, hence, we may expect higher microbial

activity and higher SOM degradation.

2.4.6 Phosphorus and Iron in Drainage Water

Pasture System

The concentrations of FeTotal measured in the drain outflows are in the range of values

reported for the Whatcom county area (<0.1 mg/L) [Cox and Kahle, 1999]. Iron found
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naturally in subsurface water in the Whatcom area originates from the parent material

of the subsoil and soil organic matter [Cox and Kahle, 1999]. The variation of Fe2+,

FeTotal ([FeTotal]= [Fe3+] + [Fe2+]), and the ratio [Fe2+]/[FeTotal] and [Fe3+]/[FeTotal] as

a function of time are shown in Figure 2.7. The concentration of Fe2+ in the pasture

system was below detection limits from April 2004 through November 2004. During

this period the only form of iron was Fe3+ (Fe3+/FeTotal= 1). After November 2004,

Fe2+ was the dominant form of iron (Fe2+/FeTotal= 0.7), reaching a maximum of 0.035

mg/L on January 2005.

Corn Field

Concentrations of Fe2+ ([Fe2+]) in the corn field were nearly constant (≈0.02 mg/L)

between April 2004 to December 2004 (Figure 2.7). The ratio [Fe2+]/[FeTotal] during

this period increased from ≈0.4 to 0.7 in November 2004, where the concentration

became ≈0.025 mg/L. After December 2004, [Fe2+] decreased to a minimum of 0.006

mg/L ([Fe2+]/[FeTotal]=0.2), due to an increase in [Fe3+]. The [Fe3+]/[FeTotal] increased

from 0.3 to 0.8 from November 2004, reaching a maximum of ≈0.05 mg/L at the end

of December 2004.

Phosphorus and Iron as a function of Flow Rate

Figure 2.8 shows the relationship between MRP<0.45, [Fe2+], [Fe3+] and the flowrate.

The MRP<0.45 was linearly and positively correlated (R2 = 0.83) to the flowrate in

the pasture system (Figure 2.8(a)), and the same was true for Fe2+ (R2 = 0.96).
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Conversely, Fe3+ was not related to flow rate in this system (Figure 2.8(b)).

In the corn field, MRP<0.45 increased linearly as a function of flow rate (May 2004

to October 2004) but negatively when the flow rates increased higher than ≈ 1 L/s

(Figure 2.8 (c)). Concentrations of Fe3+ increased linearly as a function of flow rate

up to ≈ 1 L/s. At higher flow rates, we identify a second linear relationship but with

a lower slope (Figure 2.8 (d)).

P Release as a Function of Oxidation State of Fe

In the corn field, Fe3+ was the dominant form of iron (>60%), which is coincident

when the maximum flow rates. In contrast, in the pasture system, Fe2+ was the

dominant form of iron when the flow rates were the highest (December 2004 to January

2005) and the redox potential the lowest (≈180 mV). As expected, in the pasture

system, the variation of the MRP<0.45 as a function of time followed the same trend as

Fe2+ and both Fe2+ and MRP<0.45 were positively correlated (R2 = 0.87) (Figure 2.9,

top). This suggests that, in the pasture system, the MRP<0.45 and Fe2+ were released

and transported off site as a result of similar chemical and physical processes. After

the pasture system became anaerobic, reductive processes of ferric iron took place,

releasing P and Fe2+ to the pore water. Because the soil solution is mobile, as indicated

by the drain outflows, P and Fe2+ are transferred from the source to the percolating

solution [Jensen et al., 1999]. Because of the high DPS of this soil, P is translocated

downward together with Fe2+. Free Fe2+ is slightly soluble in water and can reach the
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drainage system.

Light scattering analysis did not show evidence of colloids in the water drainage

samples. Therefore, we concluded that, in the pasture, P was released by reductive

dissolution of iron (given by the significant relation to Fe2+) and transported into tile

drains in dissolved forms or associated with organic colloids. There is evidence that,

in reduced soils, Fe2+ also reacts with DOM forming an oxidation-resistant complex

[Theis and Singer, 1974].

In the corn field, Fe2+ was not well correlated with MRP<0.45 in drainage water

(Figure 2.9, bottom). Instead, we observed good correlations between MRP<0.45 and

Fe3+ (Figure 2.10). Regression analysis indicated that these parameters were directly

related from May 2004 to October 2004, but inversely from November 2004 to January

2005, coinciding with the increase of the drain flow rates.

The positive correlation between P and Fe3+ in the corn field, could result from P

transported by iron-(hydr)oxide colloids. However, as stated before, colloids were not

detected by light scattering analysis in the corn field water samples. Additionally, the

P concentration, but not [Fe3+], decreased linearly when the flow rate was high. This

revealed that P mobilization could have been controlled by diffusion mechanisms from

immobile water in micropores [Jensen et al., 1999].

Thus, although Fe2+ detected in the drainage water is indicative of reductive pro-

cesses, the P release in the corn field may be dominated by additional desorption

processes. The high P content and the elevated DPS of the soil favor desorption
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processes and enhance the mobilization of P [Hooda et al., 2000]. This may explain

the higher P concentrations measured in the water drainage from the corn field (0.07

mg/L) as compared to the pasture system (0.02 mg/L), even though the flow rates

were higher in this system.

Desorption processes and competitive interactions for sorption sites between DOM

and P or dissolution of iron-P minerals by the presence of DOM may be additional

processes affecting the P release in the corn field [Hutchison and Hesterberg, 2004].

Results reported for agricultural sandy soils indicate that more than 50% of MRP<0.45

was associated to iron-aluminum-humic complexes [Dolfing et al., 1999; Hens and

Merckx, 2002]. Then the released P and Fe3+ in solution may form P-Fe3+-DOM

ternary complexes [Hutchison and Hesterberg, 2004], and be transported through soil

as a mobile complex [Hens and Merckx, 2001].

2.5 Conclusions

The monitoring results showed that flooding played an important role in the release

of P into the tile drainage system. The positive correlation found between P and Fe2+

in the pasture system was consistent with earlier reports. The results of this study

indicate that in soils enriched with P and affected by fluctuating water tables, P is

released as a result of iron reduction and transported off site via tile drains.

Although in the corn field we found Fe2+ in the outflows, this was not well related

to P. This suggested that iron reduction was not the only process involved in the P

23



release. This was evident from the higher P concentration in the outflows in the corn

field compared to the pasture.

Apparently, cultivation had an effect on the P loss from the corn field. Studies

suggest that cultivation may increase the contact between P and reactive sorption

sites, and hence decrease the P mobilization via leaching. However, in this soil with

high DPS we observed the opposite. After cultivation more P was released compared to

the pasture. Because P in the corn field was related to Fe3+, it is possible that mobile

P was associated with colloidal iron oxides. The cultivation in soils with high DPS,

may increase the contact and sorption between P and small colloids. The adsorption

of P to these iron oxides favor its dispersibility and mobility [Siemens et al., 2004].

Cultivation of a soil with elevated DPS levels could favor Fe(III)-DOM complexes and

P as a ternary complex with these by (i) stimulating oxidation of Fe or suppressing

its reduction; or (ii) enhancing the mineralization of soil organic matter.

In addition to cultivation effects, differences in biological dynamics associated with

crop and microbial activity in the corn and pasture fields may contribute to differences

in the characteristics of P losses in both fields. For example, (a) the pattern (amounts

and timing) of P uptake, (b) interaction of P uptake and organic matter mineralization

and crop growth period (phenology), and (c) residual soil P before late fall/winter

flooding, are all likely to be different in the two fields.

Elucidating the P and iron cycling in intensive agricultural systems affected by

periodic flooding is important to improve the control of P losses from land to water.
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Further research is required to elucidate the mechanisms involved and provide adequate

interpretation of the results obtained in this study.
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2.6 Tables and Figures
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Table 2.1: Mean (standard error, s.e.) of selected soil properties for a Pangborn muck

(Everson) soil at two soil depths for both the pasture and field corn.

Pasture Corn Field

Soil Parameter 0-30 cm 30-60 cm 0-30 cm 30-60 cm

pH (H2O) 5.1 4.7 5.1 (0.2) 4.8

Bray-P1 (mg/kg) 352 (39) 195 (59) 343 (19) 243 (25)

PCaCl2(mg/L) 2.1 (0.4) 0.9 (0.3) 2.8 1.7

Total organic C (TOC) (%) 28 (1) 24 (5) 28 (1) 30 (1)

Total organic N (TON) (%) 2.2 (0.03) 1.5 (0.27) 2.1 (0.07) 1.8 (0.06)

Phosphorus Sorption properties

qm (mg/kg) 2533 (152) 2664 (188) 2691 (511) 2600 (117)

k (L/mg) 0.03 0.05 (0.017) 0.02 (0.008) 0.02 (0.008)

qi (mg/kg) 342 (35) 166 (10) 295 (76) 184 (31)

DPS (%) 40.0 (7) 21.2 (2) 42.7 (14) 25 (7)

Physical Properties

Sand (%)] 43.6 (0.8) 45 (2.6)

Silt (%)] 50.5 (0.7) 48.6 (2.1)

Clay (%)] 5.9 (0.1) 6.4 (0.5)

Bulk Density (g/cm3)† 0.4 (0.025)

] Represents to both pasture and the corn field at two depths (0-30 cm and 30-60 cm.)

† Bulk density measured in the first 10 cm.
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Table 2.2: Phosphorus losses and flow rates of the Everson field site from April to February

2004.

Pasture Corn Field

MRP† Flow Rate MRP Rate† MRP† Flow Rate MRP Rate†

(mg/L) (L/s) (g/day) (mg/L) (L/s) (g/day)

Mean 0.02 2.19 5.0 0.07 1.77 10.4

Max 0.04 6.00 21.5 0.11 5.86 28.2

Min 0.004 0.10 0.06 0.018 0.33 0.5

†:Molybdate reactive P ((< 0.45)).
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Figure 2.1: Schematic of location of Everson sampling site. Not to scale.
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Figure 2.2: Photo of Everson site showing the pasture system, the corn field, ditch

and the sampling points in each drain.
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Figure 2.4: Sorption isotherms for Pangborn muck (Everson)at two soil depths. Fitted

lines were generated from Equation 2.2. Errors bars are standard errors (s.e.) of 5

replicates.
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Everson. Average soil temperature taken at 15 cm soil depth (bottom).
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Chapter 3

Phosphorus Transport through
Ferrihydrite-coated Sand under Reducing

Conditions

3.1 Abstract

Phosphorus (P) transport through soils is usually limited by strong sorption of P to

iron or aluminum oxides. However, under conditions of reductive dissolution of Fe, P

may be mobilized and transported in dissolved form through soils. This phenomenon

has been well described in static systems but few studies have been conducted under

dynamic conditions. We hypothesize that P, sorbed to iron (hydr)oxides, is released

and leachable when the redox potential drops below the Fe3+/Fe2+ redox couple. We

set up an experiment to determine the effect of reduced conditions on P release and

transport in a ferrihydrite-coated sand medium. Ferrihydrite-coated sand was packed

into flow-through columns. Transport of P through these columns was studied under

oxidized and reduced conditions in water-saturated sand columns. Bacteria (She-
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wanella putrefaciens, CN-32) were used to induce reducing conditions, whereby Fe3+

was reduced to Fe2+. Three systems were studied: an initially oxidized ferrihydrite-

coated sand containing P that became reduced (experiment 1); P transport through

an initially P-free system under reduced conditions (experiment 2), and P transport

through oxidized conditions (oxidized control). Ferrous iron, P, pH, and redox poten-

tial were measured in the column outflow. In the initially oxidized column (experiment

1), 12% of the P in the system was released as a result of reductive dissolution of P

during 100 pore volumes of throughflow. The reduced system (experiment 2), fixed

more P than the oxidized control, but when the redox potential increased again, the

system lost twice as much P as the oxidized control. Chemical equilibrium modeling

indicated that, P release and fate in the experiment 2 was controlled by precipitation

of vivianite (Fe(II)3(PO4)2·8 H2O), but not in experiment 1. This study demonstrated

that an initially oxidized system saturated with P and under dynamic flow conditions

can mobilize P after reductive dissolution of ferric iron. These results show that an

initially reduced system presents a high affinity for P due to precipitation reactions,

but the system turns unstable after the re-oxidative process, fixing less P than the

oxidized control system. Reactive transport in the P-Fe-H2O system, therefore, is

determined by both adsorption and precipitation processes under reducing conditions.
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3.2 Introduction

In soils, the stable form of P is orthophosphate. Orthophosphate in the form of

phosphoric acid (H3PO4), has four dissociation states; however, for the pH range

commonly found in soils (pH 4 to 7), H2PO−
4 and HPO2−

4 are the dominant species

[Lindsay, 1979]. Orthophosphate sorbs to soil mainly by ligand exchange on iron

or aluminum oxides/hydroxides forming binuclear surface complexes [Goldberg and

Sposito, 1985]:

Fe−O− PO2 −O− Fe (3.1)

These surface complexes are strong and therefore P does not readily desorb or leach

from soils containing (hydro)oxides of Fe and Al. Thus, leaching has been of minor

concern [Sharpley et al., 1994] and most of the environmental problems related to P

have been associated with erosion processes and surface runoff [Smith et al., 1999].

Sorption of P to soil containing (hydro)oxides is controlled mainly by soil pH and

redox potential. While many P sorption studies have been conducted, the influence of

redox reactions on P chemistry and its potential impact on P mobility under dynamic

conditions has not been investigated intensively.

Phosphorus sorbed to iron oxides may become soluble and may be leached through

the soil profile due to a decrease in the redox potential. This leads to reduction of Fe3+

to Fe2+, thereby releasing P into the soil solution [Pant and Reddy, 2001]. Enhanced

leaching of P in such soils has been reported from several field studies [Quang and

Dufey, 1997; Sallade and Sims, 1997; Sims et al., 1998; Scalenghe et al., 2002; Pant
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et al., 2002]. Specific environments in which enhanced leaching has been observed

include paddy fields [Ponnamperuma, 1972; Shahandeh et al., 1994], marine sediments

[Slomp et al., 1996; Anschutz et al., 1998], wetlands [Novak et al., 2004], field lysimeter

studies [Villapando and Graetz, 2001], and laboratory microcosms [Young and Ross,

2001].

The reductive transformation of iron–phosphates leading to P release can be de-

scribed by:

Fe(III)PO4(s) · 2H2O(l) + 2H+(aq) + e ⇀↽ Fe2+(aq) + H2PO−
4 (aq) + 0.5O2(g) (3.2)

The Fe(III)-phosphate can be thought of as either a mineral, such as strengite, or

an orthophosphate sorbed to an Fe(III)-oxide, such as ferrihydrite. In the presence

of Fe2+ and P in solution, the controlling equilibrium solid phase becomes vivianite

(Fe(II)3(PO4)2·8 H2O) [Willett, 1985]:

3Fe2+(aq) + 2H2PO−
4 (aq) + 8H2O ⇀↽ Fe(II)3(PO4)2(s) · 8H2O(l) + 4H+(aq) (3.3)

From Equations 3.2 and 3.3, we can see that the production and accumulation of Fe2+

will drive reaction 3.3 to the right, thereby limiting the reductive dissolution of Fe as

vivianite-like Fe2+ phosphate precipitates [Moore and Reddy, 1994]. Indeed, Roden

et al. [2000] argued that, in a batch experiment, the reduction of Fe is less pronounced

than in dynamic flow systems, where the products of the reduction reaction are con-

tinuously carried away with the water flow. Jensen et al. [1999] postulated that the

dynamics of P in sub-oxic environments follow two interrelated stages. Firstly, upon
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iron reduction, the P is released from P-bearing ferric iron (hydr)oxides to pore water

(loading). The second stage consists in the translocation of the P released via the per-

colating phase. Jensen et al. [1999] speculated that the reductive release of P associated

with ferric iron was enhanced under dynamic flow conditions. Miscible displacement

experiments therefore would allow us to obtain a more representative estimate of fate

and transport of P in a reduced environment. Although evidence suggests that P can

be mobilized upon reductive dissolution of ferric iron, this phenomenon has not been

studied intensively in dynamic systems.

The objective of this study was to experimentally explore the effect of redox po-

tential on P release and transport under dynamic flow conditions. An experimental

setup was developed to simulate the effect of the water table on the transport of P

resulting from reductive dissolution of P-bearing ferric iron (hydr)oxides. Specifically,

we conducted experiments to simulate three typical cases of soils affected by cyclic

flooding events: (i) P release from an initially oxidized system that becomes reduced,

(ii) P transported through a reduced environment, and (iii) P transported through an

oxidized environment, used as control (oxidized control).
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3.3 Materials and Methods

3.3.1 General Experimental Approach

The effect of redox potential on P fate and transport was investigated using an ide-

alized laboratory column flow-through system. We used ferrihydrite-coated sand as

the porous medium and created reducing conditions using Fe-reducing bacteria. Phos-

phorus adsorption in soils is dominated by soil iron oxides, and ferrihydrite should

therefore provide a representative model [Borggaard, 1983]. The column experiments

were conducted under dark conditions at constant temperature of 10◦C.

3.3.2 Synthesis of Ferrihydrite-coated Sand

Ferrihydrite (5Fe2O3·9H2O) was synthesized in a glass beaker, according to procedures

described in Schwertmann and Cornell [Schwertmann and Cornell, 1991] (page 90).

The ferrihydrite was coated onto a silica sand (J.T. Baker, lot A05673), which was

previously fractionated to particle sizes between 250 and 500 µm. The silica sand was

washed with 1 M of HCl by agitating in a end-over shaker overnight. The ferrihydrite

was coated onto the sand grains following the method of Brooks et al. [1996].

The detailed procedure for ferrihydrite synthesis and sand coating was as follows:

Ferrihydrite was synthesized by neutralizing 200 mL of 0.06 M of ferric chloride (FeCl3)

by adding 2 M NaOH dropwise until the pH was stable at 7.2. The solution was

decanted overnight and the solution pH re-adjusted to 7.2. Two phases were clearly
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identified: The supernatant solution free of oxide (clear part) was discarded and the

bottom part (iron oxide) was dialyzed. Dialysis tubes of 25 mm flat width, 2mL/cm

and with a molecular weight cut off value of 12,000-14,000 Da (Spectrum r©) were filled

with the iron oxide and placed in a plastic container with nanopure water. The water

from the container was replaced every 12 h. This process eliminated the remaining

content of salts from the oxide such as Na and Cl. The oxide was dialyzed until the

electrical conductivity (EC) of the water reached a value of ≈ 3 µS/m. After dialysis,

the ferrihydrite suspension was thoroughly mixed with 60 g of silica sand, and dried

at room temperature for 3 days. The mixture was stirred twice a day to facilitate

the drying process. Then the ferrihydrite-coated sand was washed several times with

nanopure water and dried again at room temperature. The ferrihydrite-coated sand

was heated for 24 h at 105◦C to eliminate microbial contamination before the transport

experiments. The specific surface area (1.11 m2/g) was determined by B.E.T. analysis.

The ferrihydrite obtained by this methodology was identified as a two-line ferrihydrite

by x-ray diffraction (XRD) analysis (Figure 3.1). The ferrihydrite-coated sand was

found to be stable after one year of storage both under dry conditions and immersed

in nanopure water at room temperature (Figure 3.2).

3.3.3 Microorganisms used to Reduce Redox Potential

Iron-reducing bacteria (Shewanella putrefaciens, strain CN-32) were obtained from

James Frederickson (Pacific Northwest National Laboratory, Richland, WA) and kept
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at −70◦C in a 20% glycerol stock solution. Bacteria were grown in a tryptic soy broth

(TSB) suspension media at 25◦C in an orbital shaker and harvested at late log-phase

[Frederickson et al., 1998]. When the late log-growth stage was reached (after 80 h),

the bacteria were washed three times with a buffer solution (43 mM NaCl and 30 mM

NaHCO3, pH 7) [Hansel et al., 2003]. The washing procedure consisted of shaking the

bacteria with the buffer solution, centrifugation, and replacing the supernatant.

Shewanella putrefaciens is a “facultative, dissimilatory iron reducing bacterium

(DIRB) that couples the incomplete oxidization of lactate to acetate with Fe3+ reduc-

tion” [Hansel et al., 2003]. Figure 3.3 shows cells of Shewanella putrefaciens strain

CN-32, growing in TBA agar medium at 25◦C. A sample of the bacteria suspension

was dried in dry ice and prepared for scanning electron microscopy (SEM). A scanning

electron image of the bacteria used in this study is shown in Figure 3.4.

To determine the time for the bacteria to reach the late log-stage of growth, we

measured the optical density (Hewlett Packard 8425A Diode array, at a wavelength

of 500 nm) of the bacterial suspensions and the bacteria concentration as a function

of time. To determine the bacteria concentration, bacteria were plate-counted. For

plate counting a sample was incubated on TBA agar medium at room temperature

for 72 h. The phosphorus consumption rate (kb) at 25◦C, was obtained in a separate

batch reactor containing bacterial suspension media (TSB). After 10, 48, 72 and 96 h,

5 mL of media was centrifuged and analyzed for P by the molybdate blue method

[Murphy and Riley, 1962]. Phosphorus changes as a function of time were assumed
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to be the P bacteria consumption. Bacteria concentrations during incubation and

optical densities as a function of time and bacteria P consumption rate are shown

in Figure 3.5. The measured P consumption rate in batch experiments was found

to decrease exponentially with time and at the time of harvest kb approached zero.

For this reason the bacterial P consumption was considered negligible in the P mass

balance calculations.

Tests performed previous to the experiments indicated that the chemical compo-

sition of the mineral solution used in the transport experiments supports microbial

growth of S. putrefaciens strain CN-32.

The following reactions can be expected to occur in an anoxic environment during

the oxidation of lactic acid (Equation 3.4) by Shewanella putrefaciens in a FHO-coated

sand in the presence of phosphate [Frederickson et al., 1998].

4Fe(OH)3(s) + CH3CHOHCOO−(aq) + 7H+(aq) = 4Fe2+(aq) + CH3COO−(aq) + HCO−3 (aq) + 10H2O(l) (3.4)

2Fe(OH)3(s) + Fe2+(aq) = Fe3O4(s) + 2H2O(l) + 2H+(aq) (3.5)

2Fe(OH)3(s) + 4Fe2+(aq) + A2−(CO2−
3 , SO2−

4 )(aq) + 9H2O(l) = [FeII4 FeIII2 (OH)12][A
2− · 3H2O](s) + 6H+(aq) (3.6)

Fe2+(aq) + HCO−3 (aq) = FeCO3(s) + H+(aq) (3.7)

3Fe2+(aq) + 2HPO2−
4 (aq) + 8H2O(l) = Fe3(PO4)2 · 8H2O(s) + 2H+(aq) (3.8)

Equations 3.5, 3.6, 3.7 and 3.8 describe the formation of magnetite (Fe3O4), green rust

([FeII
4 FeIII

2 (OH)12][A
2− · 3H2O]), siderite (FeCO−

3 ), and vivianite (Fe3(PO4)2 · 8H2O),

respectively.

47



3.3.4 Column Experiments

General Setup

Small glass columns of 1-cm i.d. and 7-cm length with 25 µm teflon frits in the end

pieces (Omnifit, Cambridge, UK) were packed at a bulk density of 1.6 g/cm3 with the

ferrihydrite-coated sand. The column system was kept O2-free by using an air-tight N2

chamber. We kept a positive pressure of N2 gas inside by flushing 99.99% N2 gas into

the chamber, controlled by a flow meter. Degassed water was poured in a compartment

between the lid and the body of the box (Figure 3.6). The water layer interface (5 cm

depth) was intended to avoid O2 entering inside the chamber. This was based on the

low diffusion rate of O2 in water. Before each experiment, the box was flushed with

N2 for 30 min to take the O2 out of the chamber. During the experiments, a positive

pressure was maintained inside the chamber. It was checked periodically by the flow

meter readings and the N2 bubbles constantly escaping through the water interface to

the outside of the chamber (Figure 3.6).

As the column itself is air-tight and was operated under completely water satu-

rated conditions, we only placed inflow and outflow into the N2 chamber. A constant

upward-flow of eluent was maintained by a peristaltic pump at a flow rate of 0.035

cm/min (=0.5 m/d). Redox potential and pH were monitored in five minute intervals

with in-line electrodes connected to flow-through cells. Sensor data were collected

through a PC interface connected to an Orion 720A voltmeter (Orion Research Inc.,

Beverly, MA). Column outflow was collected in disposable glass culture tubes using a
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Spectra/Chrom IS-95 interval sampler (Spectrum r© Chromatography, Houston, TX).

To each tube placed in the interval sampler, we added 0.05 mL of 6 M HCl to prevent

P precipitation and iron oxidation caused by exposure to oxygen during chemical anal-

ysis. The whole system was set up inside of a temperature-controlled growth chamber

at 10◦C under dark conditions to mimic the soil environment. A schematic of the

column setup is shown in Figure 3.6.

As stated before, three types of experiments were performed: In one type, P was

sorbed to the ferrihydrite-coated sand under oxidizing conditions prior to the induction

of reducing conditions; in the second experiment, P was injected into the ferrihydrite-

coated sand column under reducing conditions; and in the third experiment, P was

transported through the ferrihydrite-coated sand column under oxidizing conditions.

The first experiment mimics an initially oxidized system containing P that becomes

anoxic; the second experiment represents P transport through a reduced soil envi-

ronment; and the third system considered P transported under oxidized conditions

(oxidized control).

Experiment 1: Reduction of an Initially Oxidized System

A water saturated ferrihydrite-coated sand column was equilibrated with a non-degassed

background electrolyte for nine pore volumes (pH 6.5 and redox potential of ≈ 350

mV). Then, 0.152 mM P as KH2PO4 was added to the inflow solution for 39 pore

volumes, after which the inflow was switched back to the initial KCl background for
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50 pore volumes until no P was detected in the outflow. This procedure deposited P

inside the column, and a breakthrough curve of P was obtained in the column outflow.

At this point, we assumed that we had a uniform coverage of P inside the column.

To reduce the redox potential inside the column, two pore volumes of bacteria

(≈ 108 cells/mL) suspended in a mineral solution (3 mM lactic acid; 1.78×10−2 mM

NH4Cl; 6.72×10−2 mM KCl; 0.514 mM NaCl) were introduced as a pulse input, fol-

lowed by elution of the mineral solution only. The sequence of column inputs and the

composition of the mineral solution are summarized in the Table 3.1. To facilitate the

bacteria input process, the original 25 µm pore size teflon frits in the inlet and outlet

of the column were replaced by 53 µm pore size diameter nylon membranes (Gilson

Company Inc., OH, USA).

We performed XRD analysis to determine the presence of secondary mineral for-

mation. For the XRD sample preparation, the column was opened inside the chamber

at the end of the experiment, and samples were collected in degassed water. The

samples together with degassed water were introduced in a septa tube and N2 gas was

flushed inside to prevent oxidation of the material. Powder samples were obtained

by sonicating the Fe-coated sand contained in the septa tubes for 10 minutes. The

suspension was extracted from the tube using a 5 mL plastic syringe and replaced

by the same volume of degassed nanopure water. This procedure was repeated three

times. Then, the suspension containing the Fe-oxides was centrifuged and the super-

natant was taken off by the same procedure and vacuum dried at room temperature.
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The XRD patterns were collected with a Philips diffractometer (XRG 3100, Philips

Analytical Inc., Mahwah NJ) at a scanning rate of 0.02o2θ.

Experiment 2: Reduced System

Ferrihydrite-coated sand was inoculated in a sterile glass beaker with the bacterial

suspension using the same mineral solution listed on Table 3.1 . One column packing

of sand was inoculated with the equivalent of two column pore volumes of bacteria

suspension (≈ 108 cells/mL). After thorough mixing of the bacteria-sand slurry, the

sand was packed into the column and equilibrated for one hour at 10◦C without flow.

Then a P-containing solution (0.32 mM) was fed through the column for 88 pore

volumes, followed by elution with a P-free solution (Table 3.1). In this experiment we

used the original 25 µm pore size teflon frits in the inlet and outlet of the column.

The porous media of the column was dissected in 1.75 cm increments at the end of

the experiment. The material was extracted with 6 M HCl and the total Fe (FeTotal =

Fe3+ + Fe2+) and P were measured colorimetrically as described in the section below.

Oxidized Control System

A bacteria free ferrihydrite-coated sand column was preconditioned with 9 pore vol-

umes of non-degassed background electrolyte (pH 6.5 and redox potential of ≈ 350

mV) under saturated conditions. Then, 0.32 mM of P as KH2PO4 was added to the

inflow solution for 21 pore volumes, after which the inflow was switched back to the

initial KCl background for 25 pore volumes until no P was detected in the outflow.
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A breakthrough curve of P was obtained in the column outflow (oxidized control in

Table 3.1).

Analysis of Fe, P, and Bacteria in Column Outflow

Every six tubes, tubes from the interval sampler were capped inside the N2 chamber.

Column outflow was analyzed for Fe2+ with the ferrozine method [Stookey, 1970], P

was analyzed with the molybdate blue method [Murphy and Riley, 1962], and turbidity

(bacteria concentration) was determined spectrophotometrically. Redox potential was

determined in the outflow with a combination ORP electrode (Cole Parmer, Cat.

EW-05658-70, USA). The redox electrode was calibrated prior to each experiment by

determining the redox potential in a buffer solution saturated with quinhydrone at

pH 4 and 7. The redox readings were checked with a standard table provided by the

manufacturer (Cole Parmer). In a similar way, the pH electrode (Cole Parmer, Cat.

EW-05662-90 , USA) was calibrated using pH buffer standard solutions (pH 4 and 7).

3.3.5 Data Analysis and Interpretation of the Results

Data analysis consisted of mass balance and regression analyses. Mass balance analyses

were performed for each system to study the net P retention and release. Regression

analyses were performed by using SigmaPlot r© 2002 version 8.0. Non-linear regressions

were performed using the Solver utility provided by Microsoft Excel.

The results of the experiments were interpreted as follows: (i) the P transport in
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the tailing portions of the P elution curves for experiment 2 and for the oxidized control

system were predicted by the analytical solution of the advection dispersion equation

(ADE) [Manoranjan and Stauffer, 1996]; and (ii) the secondary mineral formation

inside the columns was modelled using the chemical equilibrium speciation model

visual MINTEQ 2.15 [Gustavsson, 1999].

(i) Phosphorus Transport

The P transport through the ferrihydrite-coated sand medium for experiment 2 and

for the oxidized control was described by the one-dimensional ADE

θ
∂c

∂t
+ ρ

∂q

∂t
= θD

∂2c

∂x2
− θv

∂c

∂x
(3.9)

where c is the solution-phase concentration, q the sorbed-phase, D is the dispersion

coefficient, v is the pore water velocity, t is time, x is the distance, θ is the volumetric

water content, and ρ is the bulk density. The P sorption was described by the Langmuir

non-equilibrium sorption equation

∂q

∂t
= kfc(qm − q)− krq (3.10)

where qm is the P sorption maximum, kf is the sorption rate constant and kr is the

desorption rate constant.

Equations 3.9 and 3.10 are transformed into a coupled system of nonlinear ordinary

differential equations with respect to z using the travelling wave coordinate z = x−αt

as follows [Manoranjan and Stauffer, 1996]:

−α
dc

dz
= D̃

d2c

dz2
− dc

dz
− w(−α

dq

dz
) (3.11)

53



−α
dq

dz
= k1bc− (k1c + k2)q (3.12)

where, α is the constant speed at which the wave front is moving, w = ρ/θ, D̃ = D/v,

k1 = kf/v, and k2 = kr/v. Combining Equations 3.11 and 3.12 we have

−α dc
dz
− D̃ d2c

dz2 + dc
dz

−w
= k1bc− (k1c + k2)q (3.13)

but q can be obtained by integrating Equation 3.11

q =
(−α− D̃ dc

dz
+ c)

αw
(3.14)

Then Equations 3.13 and 3.14 are combined to obtain an expression in terms of c

−α dc
dz
− D̃ d2c

dz2 + dc
dz

−w
= k1bc− (k1c + k2)

(−α− D̃ dc
dz

+ c)

αw
(3.15)

Finally, using the Bernoulli equation, an analytical solution is obtained for Equa-

tion 3.15 in the form

c(x, t) =
−(a1

a2
)

[1 + exp(−a1(x− αvt))]
(3.16)

where a1 (1/cm) and a2 (L h/mmol cm2) are constants related to solute desorption

and adsorption, respectively. To obtain a positive concentration profile, α should be

such that

0 < α < 1; α(1− α) > D̃k2 (3.17)

Estimating P desorption

We compared the desorption part of the P breakthrough curves for experiment 2 and

for the oxidized control. The analytical solution of the ADE based on the traveling
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wave front model [Manoranjan and Stauffer, 1996] was fitted to the experimental data

describing the tailing parts of the P elution curves. The desorption rate constant kr

(t−1) was estimated from:

kr = αv[a1 +
(1− α)

D̃
] (3.18)

The adsorption rate constant kf (L/mmolh−1) is given by:

kf = 2αva2 (3.19)

Desorption rate constants were attempted to quantify the differences in P release

behavior between both systems.

A tracer experiment with bromide (Br−) was conducted to determine D of the

column system (Figure 3.7). A step input concentration of 0.2 mM of Br− at pH

11, as KBr was flushed into the column previously equilibrated with 0.015 M KCl

at pH 11. Bromine was analyzed spectrophotometrically at a wave length of 202 nm

(HP 8452A, Hewlett Packard). The D was determined by fitting the one-dimensional

advection-dispersion equation (ADE) to non-reactive solute breakthrough data using

the CXTFIT code, version 2.1 [Toride et al., 1999].

(ii) Chemical Speciation

The solubility equilibrium of the precipitates originating from the biogenic iron re-

duction and the stable solid mineral phases as a function of the pH and redox poten-

tial were predicted using MINTEQ 2.15 [Gustavsson, 1999], a Windows r© version of

MINTEQA2 [Allison et al., 1991]. For these calculations, we used the solution concen-
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trations, pH, and redox potential determined in the column outflow and assumed this

to be representative for the resident concentration inside the column. The temperature

was set to 10◦C for all the calculations. The ionic strength was also estimated by the

model. The chemical components used as input parameters are listed in Table 3.2.

Three different cases were considered for modeling: for the experiment 1 three com-

binations of low, medium and high concentrations of P and Fe2+ were used for the

calculations. In the experiment 2, we simulated the chemical speciation of solid phases

in three different stages of the elution P curve. We considered the sorption part (4.7

pore volumes), the plateau (34.1 pore volumes), and the desorption phase of the curve

(108.2 pore volumes).

3.4 Results and Discussion

P Transport in the Oxidized Control System

Experimental data obtained from the P transport in the oxidized system (oxidized con-

trol) are depicted in Figure 3.8. The initial pH of the solution was 6.5 but increased to

neutral pH after three pore volumes. At this point the breakthrough curve showed the

steepest slope, which is indicative of rapid saturation of the sorption sites. The increase

in pH was assumed to be a result of ligand exchange reactions [Goldberg and Sposito,

1985]. After the saturation of sorption sites was attained, the sorption decreased in

intensity and the pH started to decrease and stabilize at 6.5. Right after the P feeding
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solution was shifted (after 30 pore volumes) to the original background solution the

pH decreased below 6.5. The redox potential was stable at 200 mV throughout all the

experiment suggesting the absence of oxidation or reduction reactions.

Experiment 1: P Transport by Reduction of an Oxidized System

The history of the column experiment is shown in Figure 3.9. The initial breakthrough

of P was performed under oxidized conditions (redox potential > 240 mV). Under these

conditions, no Fe reduction occurs and P chemisorbs to the ferrihydrite, as suggested

by the shape of the P elution curve, which is similar of that obtained in the oxidized

control.

The adsorption part of the P breakthrough curve is accompanied by an increase in

pH as expected from binuclear bridging mechanisms between P and Fe-oxide [McBride,

1994]. After most of the P sorption has occurred the pH decreased up to background

levels (pH=6.5). The desorption part of the P breakthrough curve is very steep, indi-

cating an irreversibility of the sorption reaction. We introduced a total of 15.14 µmoles

of P during 39 pore volumes and only about 10% (1.6 µmoles) was sorbed effectively

inside the column (Table 3.4). This indicated that sorption capacity was relatively

low.

After P was deposited inside the column and no P was detected in the outflow,

the reduction part of the experiment was started by introducing the bacteria into the

system (at 98 pore volumes). At this point, it was assumed that the system was
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saturated with P because P broke through at C/Co ≈ 1. As Fe-reducing bacteria

were introduced into the column, the redox potential started to drop after 105 pore

volumes, suggesting a time lag (10 pore volumes) between introduction of bacteria

and reduction. The pH correspondingly increased up to 7.5 as the redox potential

dropped due to proton consumption during reduction of ferric iron as indicated in

Equation 3.4. The bacteria decreased the redox potential efficiently and Fe2+ as well

as P were detected in the column outflow.

The total P measured in the outflow after the bacteria input was 0.21 µmoles.

Phosphorus concentration measured in the bacteria suspension before the start of

the experiment was 0.0194 µmoles. This amount of P was considered to correct the

mass balance analysis. Thus the net P leached out during the reductive part of the

experiment 1 (≈ 100 pore volumes) was 0.19 µmoles. In relative terms, the amount of

P lost during the reductive part of the experiment represents the 12% of the total P

content deposited inside the column during the oxidized part of the experiment.

Secondary Mineral Formation

Saturation indices (SI), a thermodynamic indication of mineral dissolution or forma-

tion, obtained for a series of potential precipitated phases are depicted in Table 3.3. A

visual evidence of secondary mineral phase formation was observed after the 10 pore

volumes of bacteria input. It consisted of a dark discoloration in the upper part of the

column (outflow part) (Figure 3.10) and was evident until the end of the experiment.
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The same phenomenon has been reported in other studies and attributed to mag-

netite formation (Fe3+
2 Fe2+

2 O4) [Hansel et al., 2003]. Indeed, the saturation indices,

and Equation 3.5, indicate that magnetite may be present as a secondary mineral in

this system. However, magnetite was not detected in the XRD analysis. There is

evidence that upon reduction, the concentration of Fe2+ plays a fundamental role in

the formation of magnetite [Hansel et al., 2003]. Hansel et al. [2003], suggested that

magnetite precipitation will occur when Fe2+ concentration increases above 0.3 mM. In

this study the Fe2+ concentration was far less than this limit, so we believe this was an

inhibiting factor of magnetite formation. It has been also reported that magnetite for-

mation is inhibited by the presence of P [Hansel et al., 2003]. The XRD identification

of iron oxides is favored at concentrations >10% [Wilson, 1987]. Thus, the discol-

oration can be attributed to the presence of magnetite but at lower concentrations of

this limit.

Secondary phases such as goethite, lepidocrocite, green rust, and vivianite have

also been detected in this type of reduced system [Benner et al., 2002]. According

to the modeling results, the eluents were supersaturated with respect to magnetite,

goethite, ferrihydrite, hematite, maghemite, lepidocrocite, and Fe(OH)2.7Cl0.3. Despite

the several mineral phases that were predicted to be supersaturated by MINTEQ, none

of those are associated with P. This supports the results obtained from mass balance

calculations that P was released as result of the reductive dissolution of Fe3+ of the

ferrihydrite-coated sand.
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Experiment 2: Reduced System.

Phosphorus transport, Fe2+, pH, and redox potential determined under reduced con-

ditions are shown in Figure 3.11. The outflow solution pH was nearly constant at 7.5

during the period of P input (80 pore volumes). Right after the P input was stopped

the pH decreased up to 6.5. Originally, the redox potential of the mineral solution was

about 300 mV; however, right after the bacteria were mixed with the media, the redox

potential decreased to 140 mV. The redox potential reached a minimum of 10 mV at

80 pore volumes and started increasing after the feeding P solution was shifted to the

background electrolyte (after 80 pore volumes).

Ferrous iron reach a maximum first at 8 pore volumes and decreased gradually

until 30 pore volumes. From 40 to 60 pore volumes Fe2+ was undetected. After 60

pore volumes the concentration reached ≈0.0005 mM, which coincided with stopping

P input. Thereafter, Fe2+ decreased gradually again after the P input was shifted to

the background electrolyte.

A comparison of the transport of P through the oxidized control and experiment

2 is shown in Figure 3.12. In both cases the breakthrough curves showed a sharp

rise up to 20 pore volumes, and then the curve reached a plateau. In the oxidized

control system the concentration rose up to the original feeding concentration of 0.32

mM. The P BTC observed under reduced conditions followed a similar pattern but

never reached the original P concentration. Compared to the oxidized system, the P

breakthrough showed a pronounced tailing.
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The differences in the P breakthrough curves between the oxidized control and

experiment 2, may be a result of precipitation and dissolution reactions.

Secondary mineral formation

The MINTEQ model outputs indicate the potential for the formation of vivianite as

the only phase associated with P (Table 3.3). Solutions were supersaturated with

respect to vivianite only during the sorption part of the P breakthrough curve of the

experiment 2. The precipitation of vivianite would effectively reduce Fe2+ concentra-

tions from solution as long as sufficient PO4 is present [Willett, 1985]. This might also

explain the higher P retention observed in the reduced column versus the oxidized

control during the first 40 pore volumes. After P input was stopped (after 100 pore

volumes) and the concentrations inside the column decreased, vivianite becomes un-

dersaturated and consequently dissolves again. This was supported by the MINTEQ

output results which indicate that vivianite was undersaturated after 80 pore volumes

(plateau and desorption case in Table 3.2). This results in a release of P as well as

Fe2+. A pronounced Fe2+ peak was indeed detected coinciding with the decrease of P

concentrations in the column outflow (Figure 3.11).

Phosphorus desorption in experiment 2 versus oxidized control

The desorption rate constant kr estimated from Equation 3.18 showed that P was more

tightly retained in the oxidized control. The desorption rate in the oxidized control

was 2.86×10−7 h−1 versus 0.89 h−1 estimated for experiment 2. This indicates that,
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in experiment 2, P continued being released after the P input stopped, supporting the

idea that P in the reduced column was released as a result of dissolution processes which

did not occur in the control. This process may correspond to vivianite dissolution as

indicated by Equation 3.8 and the MINTEQ model outputs (Table 3.3).

The content of P and FeTotal inside the column is depicted in Figure 3.13. Both

P and FeTotal variation inside the column were parallel. This can be explained by the

fact, that upon reduction, Fe2+ may be transported and accumulated at the end of the

column (column outflow) [Hansel et al., 2003]. Dissolved phases of P and Fe2+ may

have been transported upon reduction of Fe3+ and accumulated near the outflow end

of the column, precipitating as vivianite in this portion of the column.

During the sorption part of the elution curve, a grater amount of P was retained

by the reduced system in experiment 2 than the oxidized control. The inverse was true

during the desorption part of the experiments. Mass balance analysis revealed that,

in the reduced system (experiment 2), the P retained inside the column was 5% of the

total P input (Table 3.4). On the other hand in the oxidized column (oxidized control)

the P retained was 10% of the total P input. This suggests two things. First, the

mechanism of sorption was different in both systems. Ligand exchange was most likely

in the case of the oxidized conditions and vivianite precipitation apparently occurred

in the reduced experiment (experiment 2). Second, the phosphate precipitated as

vivianite seems to be relatively unstable. Small changes in the chemical conditions

such as the switch back to the P-free solution during the desorption part, led to P
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release due to the dissolution of vivianite. These results are in agreement with those

obtained by Patrick and Khalid [1974].

These findings suggest that changes in redox potential during periodic flooded

events may have significant effect in the P transport and fate.

3.5 Conclusions

In this study we provide evidence that P was released and mobilized upon ferric iron

reduction under dynamic flow conditions. A reduced system retained more P than

the oxidized column due to precipitation reactions. However, after P feeding was

stopped, the redox potential increased causing the dissolution of precipitated phases.

This explained the release of most of the P fixed inside the column.

Overall, a reduced environment immobilized less P than an oxidized environment.

In this sense, P controlled by precipitated phases such as vivianite, may retain more

P than oxic environments, but this retention may be temporary and is sensitive to

change in P concentration.

These results confirm that redox processes are important mechanisms controlling

P transport and fate in soils. Therefore, this study suggests that soils with elevated P

and iron-bearing materials affected by anaerobic conditions constitute a potential risk

for water quality impairment.
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3.6 Tables and Figures

64



Table 3.1: Mineral composition and sequence of the type of feeding solution used in the

experiments and in the control.

Experiment 1

Pore Volumes Solution Composition

0–9 Background electrolyte‡

9–48 Background electrolyte + 0.152 mM of P as KH2PO4

48–98 Background electrolyte

98–100 Bacteria, 108 cells/mL (suspended in mineral solution§)

100–206 Mineral Solution

Experiment 2

Inoculation Bacteria + Mineral Solution + FHO-coated sand

Column Packing column was left 1 h before start the flow

0–88 Mineral solution + 0.320 mM of P as KH2PO4

88-145 Background electrolyte

Oxidized Control

0–9 Background electrolyte‡

9–30 Background electrolyte + 0.320 mM of P as KH2PO4

30-55 Background electrolyte

‡ 15 mM KCl; pH 6.5; Eh 350 mV

§ 3 mM Lactic Acid; 1.78×10−2 mM NH4Cl; 6.72×10−2 mM KCl; 0.514 mM NaCl

14.3 mM NaHCO3; pH 7.
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Table 3.2: Cases used for MINTEQ calculations in Experiment 1: three concentrations of

P and Fe2+ (mg/L) and in Experiment 2: three stages of the P elution curve in Experiment

2 at 10◦C, .

Experiment 1 cases† Experiment 2 cases§

Element High Medium Low Sorption Plateau Desorption

Fe2+ 0.00083 0.00014 0.000046 0.05 0.013 0.0023

PO3−
4 0.58 0.31 0.06 13.98 27.45 3.07

pH 7.6 7.6 7.6 7.6 7.6 6.5

Eh (mV) 190 188 51.7 143 51 73

†Combination of the high, medium and the low Fe2+ and P concentrations determined in the column eluent

§selected from three different stages of the P elution curve: sorption, plateau, desorption.
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Table 3.3: Predicted saturation indices (SI) for the mineral phases using MINTEQ for three

concentrations of P and ferrous iron in Experiment 1 and for three stages of the P elution

curve in Experiment 2 at 10◦C.

Experiment 1 Experiment 2

High§ Medium§ Low§ Sorption Plateau Desorption

Ferrihydrite 0.27 -0.51 -2.91 1.59 -0.56 -4.10

Goethite 3.09 2.31 -0.087 4.41 2.26 -1.28

Magnetite 9.54 7.23 2.47 14.32 9.52 -0.39

Hematite 8.51 6.94 2.15 11.14 6.85 -0.23

Maghemite 1.90 0.34 -4.45 4.53 0.24 -6.84

Lepidocrocite 2.77 1.99 -0.40 4.09 1.94 -1.59

Fe(OH)2.7Cl0.3 3.92 3.14 0.74 5.24 3.09 -0.12

Siderite -2.90 -3.65 -3.62 -0.75 -1.26 -3.22

Vivianite -8.97 -11.76 -12.72 0.25 -0.69 -7.76

Strengite -2.81 -3.87 -6.79 -0.12 -1.97 -4.80

SI=(log IAP - log Ks), where IAP, Ion Activity Product and Ks, solubility constant

§Combination of the high, medium and the low Fe2+ and P concentrations determined in the column eluent
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Table 3.4: Phosphorus mass balance analysis for Experiment 1, 2, and the control.

Input Output Balance

Mass of P (µmoles)

Experiment 1

Before Bacteria input:

Total P input 15.14 (100%)

Total P output 13.53 (89.4%)

Total P deposited inside the column 1.61 (10.6%)

After bacteria input:

Total P input‡ 0.0194

Total P output 0.21

Total P remaining in the column 1.42

Total P released by reductive dissolution 0.19 (12%)[

Experiment 2

Total P input 60.81 (100%)

Total P output 57.78 (95.01%)

Total P deposited inside the column 3.03 (4.98%)

Oxidized Control

Total P input 25.92 (100%)

Total P output 23.46 (90.5%)

Total P deposited inside the column 2.46 (9.5%)

‡P content (µmoles) measured in the bacteria suspension

[calculated as % of the total P deposited inside the column (0.19/1.61)
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Figure 3.1: X-ray diffractogram of the 2-line ferrihydrite used for the coating process.
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Figure 3.2: Ferrihydrite-coated sand stored for one year under dry conditions (a) and

in nanopure water at room temperature (b).

70



Figure 3.3: Cells of Shewanella putrefaciens strain CN-32 growing in TBA agar

medium at 25◦C, 96 h after plating.

Figure 3.4: Scanning electron microscope image (SEM) of Shewanella putrefaciens

CN-32 used in the experiments.
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Figure 3.5: P consumption rate, bacteria plate counting (cfu/mL), and growth curve of

Shewanella putrefaciens strain CN-32 used as iron reductive agent in the experiments.

Error bars indicate the standard error (s.e.).

72



Redox Electrode

Voltmeter

pH Electrode

Flowthrough Cells

Column

Data Storage

N2

Lid

Water Interface

N2

N2 Bubbles

Chamber Details

N Gas

Influent
Tank

Interval Sampler

Flow Meter

Pump
Peristaltic

0.8 m

Figure 3.6: Schematic of column setup and details of the N2 box, for P fate and

transport studies under reducing conditions.

73



Number of Pore Volumes

0.0 0.5 1.0 1.5 2.0 2.5

B
ro

m
id

e
 R

e
la

ti
v
e
 C

o
n
c
e
n
tr

a
ti
o
n

0.00

0.25

0.50

0.75

1.00

1.25

Observed 

Fitted 

D = 0.00476 cm2/min





Pe = 135 
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Figure 3.10: Visual evidence of the dark discoloration observed in the upper part of

the column (outflow) 10 pore volumes after bacteria input in the experiment 1.
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Figure 3.11: Phosphorus and Fe2+ breakthroughs for a saturated ferrihydrite-coated
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Phosphorus sorption part of the curve (a) and P desorption after P input was shifted

to the background electrolyte (b)
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column after the Experiment 2.
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Chapter 4

An Indicator to Assess Risk of Phosphorus
Leaching in Manure-impacted Soils

4.1 Abstract

Diffuse contamination of surface water by P is one of the main water quality prob-

lems in the U.S. Agricultural soils receiving large amounts of phosphorus (P) may be

susceptible to P loss via subsurface flow. Several indicators have been developed to

determine the risk of P leaching. Recently, the slope of the Langmuir isotherm at

lower solution P concentration ranges, has been used to predict enhanced P leaching

in highly P-impacted soils; however, its use is limited because it needs to be estimated

from a complete sorption isotherm. This study aimed to (i) obtain a similar estimate

of the P sorption strength without developing a complete sorption isotherm; (ii) deter-

mine threshold levels of the indicator above which the P mobility may be enhanced;

and (iii) provide a practical methodology to implement the use of the indicator. We

provide theory and data to demonstrate that the inverse of the equilibrium P concen-
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tration at zero sorption (1/ce) is a valid estimate of the soil sorption strength. Soil

samples from manure–impacted soils in northwestern Washington State were used as

the experimental basis of this study. The 1/ce was obtained in two ways: (1) using

two points of the linear isotherm and (2) using the water-desorbable P (Pw). We

demonstrated that 1/ce is equivalent to the estimate of the sorption strength calcu-

lated from a complete sorption isotherm. A segmented model was used to determine

a threshold level of 1/ce below which P desorbability parameters were significantly

enhanced. Values of 1/ce were well predicted using two points of the isotherm and a

good relationship was found with Pw. A threshold level of 0.71 L/mg was determined

as a critical point of 1/ce below which desorbability parameters (e.g. concentration of

P in solution (Ps), Pw, calcium-chloride-extractable P (PCaCl2), desorption rate (kd)

increase significantly. Molybdate reactive P measured in drainage water from selected

soils in this study was negatively correlated to 1/ce. The indicator 1/ce is a meaningful

estimate of the sorption strength that can be obtained without developing a complete

sorption isotherm. It can be accurately calculated using only two points of the linear

isotherm and also can be reasonably approximated by using 1/Pw. The indicator 1/ce

can be implemented in a routine soil analytical procedure and, due to its nature, may

be used in any soil type and management to predict/estimate the potential risk for P

loss via subsurface flow.
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4.2 Introduction

Phosphorus released from agricultural lands has a detrimental impact on surface wa-

ter quality leading to algae proliferation and reduction of available oxygen for liv-

ing aquatic organisms [Sharpley et al., 1994; Shober and Sims, 2003; Novak et al.,

2004]. Phosphorus transfer from agricultural fields commonly occurs via surface runoff,

whereby P is carried off site through sediment transport [Sharpley et al., 1994]. How-

ever, in agricultural soils receiving high P inputs, P leaching has been identified as a

serious environmental problem [USEPA, 2003].

Due to the increasing concern of subsurface P losses, the development of environ-

mental indicators has been proposed to assess the risk of P leaching in agricultural soils

[Beauchemin and Simard, 1999]. Soil test P (STP) [Heckrath et al., 1995; Maguire

and Sims, 2002] and the degree of soil P saturation (DPS) [Beauchemin and Simard,

1999; Hooda et al., 2000] have been proposed to predict the risk of P mobilization via

subsurface transport.

Soil test P, such as Olsen P, Mehlich-3 P, and Bray-P1, have been used as indicators

of P availability to crops and for transport. Heckrath et al. [1995] reported good agree-

ment between extractable soil P and P-leaching. For example, the P concentration in

tile drainflow was significantly enhanced when the STP levels increased above 60 mg

Olsen P/kg [Hesketh and Brookes, 2000]. The use of soluble and easily desorbable P in

deionized water or in diluted salt solutions have also been proposed as environmental

soil tests [Hooda et al., 2000; McDowell et al., 2001a]. For instance, extractable P in
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0.01 M CaCl2 and water soluble P have been well related to P leaching [Hesketh and

Brookes, 2000; McDowell and Sharpley, 2001]. The use of STP as an environmental

indicator is promising because the analyses are extensively used in agriculture. How-

ever, because the STP are site specific, they are not easily extrapolated to a different

type of soil [Pautler and Sims, 2000].

On the other hand, DPS is calculated as the ratio between the actual P sorbed

and an estimate of the P sorption capacity of the soil (PSC) [Beauchemin and Simard,

1999]. In the Netherlands, DPS is obtained as the ratio between P extracted with

ammonium oxalate and the sum of the concentration of Al and Fe determined in the

same extract (DPSox) [van der Zee and van Riemsdijk, 1988; Breeuwsma et al., 1995].

A critical value of DPSox>25%, has been postulated as a critical level above which

increased risk of P loss occurs in a range of agricultural soils [Breeuwsma et al., 1995].

Even though, the use of DPSox has been applied successfully in sandy soils, this

indicator fails in calcareous soils due to precipitation reactions between calcium and

the oxalate used in the extracting solution [McDowell et al., 2002a]. In highly manure-

impacted soils, Fe and Al form binary complexes with the dissolved organic matter.

Consequently, the PSC of the soil is overestimated and the value of DPSox is underes-

timated [Sanchez and Uehara, 1980].

The DPS has also been calculated as the ratio between STP such as Mechlich–1

and the Langmuir P sorption maximum (qm) and related to the potential for P loss

via leaching [Pautler and Sims, 2000]. In this case, P extracted by the Mechlich–1
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method corresponds to the actual sorbed P, and qm represents the PSC [Beauchemin

and Simard, 1999]. However, as stated before, the indicators based on STP are site-

specific and may not be easily generalized.

Recently, a more general approach (Equation 4.1) has been proposed using the

sorption strength constant (k) from the Langmuir isotherm [McDowell et al., 2002a].

The indicator (k̃) corresponds to the slope of the sorption isotherm curve evaluated at

c0, which is the equilibrium P concentration in solution, obtained when no P is added

to the original solution. This point accounts for P desorption in highly P-impacted

soils.

k̃ =
k

(1 + kc0)2
(4.1)

A value of k̃ lower than 0.07 (L/mg) was found to be a threshold level where the P

movement in subsurface flow was significantly enhanced [McDowell et al., 2002a]. This

is a meaningful indicator that gives valuable information related to the potential for

P leaching. However, its use is limited because the determination of k in Equation 4.1

requires that a complete sorption isotherm be obtained [McDowell et al., 2002a].

Because sorption isotherms are linear in the lower range of P concentrations [Har-

tikainen, 1991] and c0 lies in this range, the use of a complete sorption isotherm to

obtain an estimate of the sorption strength in this region of the curve is unneces-

sary. The objectives of this study were to: (i) obtain an estimate of the P sorption

strength without obtaining a complete sorption isotherm; (ii) determine threshold lev-

els of the indicator above which the P mobility may be enhanced; and (iii) provide
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a practical methodology to implement the indicator. This study provides theory to

test the proposed indicator using data of selected soil samples collected from highly

manure-impacted soils in northwestern Washington State.

4.3 Materials and Methods

4.3.1 Theory

Quantity/Intensity plots have been used as a simple methodology to describe the

relationships between P in solution (intensity, I) and P sorbed onto the solid phase

(quantity, Q) [Hartikainen, 1991]. These curves are obtained by reacting a known

mass of soil with P solutions of different concentrations at constant temperature. At

equilibrium, the decrease in the original P concentration is measured and assumed to

be the amount of P sorbed onto the solid phase. The Q/I graphs are obtained by

plotting the amount of P sorbed against the P remaining in solution [Barrow, 1978].

The first point of the Q/I plot (c0) is obtained when no P is added to the original

solution and its value is close to zero only in soils that are not heavily manured or

fertilized with P.

In Q/I plots, the intercept of the curve with the abscissa is termed the equilibrium

P concentration at zero sorption (ce) and the intercept with the ordinate corresponds

to the amount of instantly desorbable P (qi) [Taylor and Kunishi, 1971; Sims and

Wolf, 1994; Zhou and Li, 2001]. The parameter ce denotes the concentration of P
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in solution, at the point where no net P sorption or desorption occurs [Taylor and

Kunishi, 1971]. This parameter has been widely recognized as a meaningful indicator

to estimate the potential for a given soil to release P to water [House and Denison,

2000; Yli-Halla et al., 2002]. The parameter qi represents the potentially desorbable

P [Hartikainen, 1991]. This parameter has been significantly related to the P loss in

subsurface flow [McDowell et al., 2001b]. Finally, the slope of the curve describes the

sorption strength of the soil [Hartikainen, 1991].

Modeling the Q/I relationships

During sorption experiments conducted with highly P-impacted soils, desorption of

P commonly occurs and has to be accounted for [Scheinost and Schwertmann, 1995].

Adsorption–desorption data from batch experiments can be treated according to the

following mass balance [House and Denison, 2000]:

qi +
1

ms

[vici + mp] = f(c) +
c

ms

(V + vi) (4.2)

where, qi is in mg/kg, ms is the mass of soil used in the experiment (kg), vi is the

initial water volume (L) of the sample, ci and c (mg/L) are the initial and final P

contents in solution, respectively, mp is the mass of P that has been added during the

experiment (mg), f(c) is a function describing the P sorbed after equilibration, and V

is the volume of the solution (L) used for the sorption experiment. Because the soil is

air dried before the experiment, the terms ci and vi can be neglected and the following
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expression for the net P sorption (∆q) is obtained:

∆q = f(c)− qi =
1

ms

[mp − cV ] (4.3)

Using the Langmuir model as f(c) in Equation 4.3, yields:

∆q =
kcqm

1 + kc
− qi (4.4)

where k is the Langmuir sorption strength constant and qm is the P sorption maxima.

Dividing Equation 4.4 by qi, a dimensionless expression is obtained

∆q

qi

=
1

qi

kcqm

(1 + kc)
− 1 (4.5)

An expression for the parameter qi can be obtained from Equation 4.4 when ∆q = 0

and c = ce.

qi =
kceqm

1 + kce

7→ ce =
qi

k(qm − qi)
(4.6)

Combining Equations 4.5 and 4.6, qm is eliminated and Equation 4.7 is suitable to

model adsorption–desorption curves in Q/I plots (Figure 4.1).

∆q

qi

=
c

ce

(1 + kce)

(1 + kc)
− 1 (4.7)

Parameters k, qm, and qi in Equation 4.4 were estimated by non-linear regression

analysis using soil samples collected from five different fields as described below. The

values of ce were obtaining by solving Equation 4.6.

Obtaining the estimate of sorption strength

Differentiating Equation 4.7 with respect to c we obtain the slope of the sorption curve

for the complete sorption isotherm. This expression is evaluated at c0 as suggested by
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McDowell et al. [2002a]: 
d(∆q

qi
)

dc




c0

=
1 + kce

ce(1 + kc0)2
(4.8)

Hence, the slope at c0 is obtained in [L/mg] as an estimate of the sorption strength,

similar to that proposed by McDowell et al. [2002a]; however, this still requires the

development of a complete sorption isotherm to obtain k. Thus, following the same

procedure, an alternative way to calculate the value of the slope is provided.

At low ranges of equilibrium P concentration, P sorption isotherms approximate

to a linear function and can be described by the least squares model (Equation 4.9)

(Figure 4.2) [Koski-Vähälä and Hartikainen, 2001].

q̄ = sc̄ + q̄i 7→ q̄

q̄i

=
sc̄

q̄i

+ 1 (4.9)

Where q̄ is the sorbed or desorbed P, q̄i is the instantaneously labile P determined

linearly, c̄ is the equilibrium P concentration, and s the linear sorption coefficient.

Because, c0 values lie in the lower range of the isotherm, it is expected that the

slope calculated with the least squares fit model be similar to that calculated using

Equation 4.8. Following the same methodology, Equation 4.9 is differentiated and the

linear slope is obtained (L/mg).

d( q̄
q̄i

)

dc̄
=

s

q̄i

(4.10)

In analogy to the procedure to obtain qi in Equation 4.6, this parameter is calculated

from Equation 4.9 when q̄ = 0 and c = c̄e.

q̄i = sc̄e (4.11)
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Combining Equation 4.10 and Equation 4.11, the estimate of the sorption strength

(indicator) is obtained. The inverse of the equilibrium P concentration at zero sorption

(ce), corresponds, in this study, to the proposed indicator as a predictor of risk of P

leaching.

d( q̄
q̄i

)

dc
=

1

c̄e

(4.12)

This is important because ce has been recognized as an important parameter related

to P desorption that describes the point where neither sorption nor desorption occurs.

However, this study demonstrated that ce is also a valid estimate of the sorption

strength of the soil.

Methodology to Obtain c̄e

The indicator 1/c̄e was obtained using two approaches: (a) selecting two points of the

linear isotherm (Equation 4.11), and (b) using Water-desorbable P (Pw).

Again, using the assumption that the isotherm is linear in the low P concentration

range (0-10 mg/L), two points of the of the linear part of the isotherm were used to

calculate the parameter c̄e using Equation 4.13 (Figure 4.2).

c̄e =
q̄i

s
= c0 − q0

(c1 − c0)

(q1 − q0)
(4.13)

Finally, the indicator 1/c̄e is obtained:

1

c̄e

=
(q0 − q1)

(q0c1 − c0q1)
(4.14)

Where q0 and q1 are the amounts of sorbed P (mg/kg) that yield a solution concentra-

tion of c0 and c1 (mg/L) in a 0.01 M KCl extract solution (soil/solution ratio of 1:25
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(w/v)) with original P concentrations of 0 and 5 mg/L of P added, respectively. Be-

cause there is evidence that the soil/solution ratio and the ionic strength have an effect

on the P sorption in batch experiments [Koopmans et al., 2002], a standard protocol

for the determination of Q/I plots has to be adopted. We suggest the methodology

proposed by Nair et al. [Nair et al., 1984] as appropriate for the purpose of this paper.

For the purpose of simplifying the determination of ce, we evaluate Pw as a predictor

of ce. Experimental details of the methodology of Pw determination are given in section

4.3.3 (Soil Analyses). Values of Pw were regressed against the ce obtained from a

complete sorption isotherm.

4.3.2 Sites and soils sampling

The sampling area is located in the western part of Washington State, focussing in

those areas where dairy farming is a major activity. A total of five soils located in

Whatcom, Skagit, and King counties constitute the physical basis of this work. The

basic criteria were to choose fields that are under permanent pasture, are artificially

drained using tiles and open ditches, and have received long-term dairy manure inputs.

Soil samples were collected by using an auger soil probe at two depths on August

2002 (0 - 30 cm and 30 - 60 cm). A stratified random sampling design was adopted in

all sampling sites [Webster and Oliver, 1990]. Each site of about 5-7 ha was divided in

five blocks and 10 sub-samples were taken randomly in each block. In each block, the

sub-samples were lumped together to give a representative sample. At the end, five
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composed samples (one from each block) were obtained for each surveyed site and for

each depth. Composite soil samples were air-dried, ground, and sieved to pass through

a < 2-mm sieve before analysis.

4.3.3 Soil Analyses

Soil solution pH was determined with air-dried samples using the solution extracted

from a 1:2 (w/v) soil:deionized water mixture. Total organic carbon (TOC) and to-

tal nitrogen (TON) were determined by combusting in a Leco FP2000 Nitrogen and

Carbon Analyser, on air-dried samples ground to pass a 0.147 mm sieve.

Plant available P was measured in sub-samples with the Bray and Kurtz P-1 (Bray-

P1) method. The Bray-P1 method (0.025 M HCl in 0.03 M NH4F) was conducted

according to standard procedures [Kuo, 1996]. The concentration of P in solution (Ps)

was measured by shaking the soil sample with nano-pure water at a soil/solution ratio

of 1:5 (w/v) for 15 min, equilibrating for 60 min, and then shaking again for a further

5 min [Indiati and Sharpley, 1998]. The determination of water-desorbable P (Pw) was

determined by shaking soils with nano-pure water at a soil/solution ratio of 1:10 (w/v)

and equilibrating for 60 min [Kuo, 1996]. Calcium-chloride-extractable P (PCaCl2) was

obtained in a 1:10 ratio of soil to 0.01 M CaCl2 with 60 min reaction time [Kuo, 1996].

Oxalate-extractable soil iron (Feox), aluminum (Alox), and phosphorus (Pox) were

determined by the acid ammonium oxalate method [Loeppert and Inskeep, 1996].

In the extracts, Feox and Alox were analyzed by atomic absorption spectrophotometry
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(AAS) and oxalate extractable P (Pox) was measured colorimetrically [Wolf and Baker,

1990].

All the extracts were filtered through a 0.45 µm cellulose-nitrate-acetate (CNA)

membrane [Haygarth and Sharpley, 2000], and the phosphorus concentrations in the

extracts were determined colorimetrically in the filtered solutions by the ammonium

molybdate-blue method [Kuo, 1996]. All the procedures and extractions were per-

formed at room temperature (≈ 20− 25◦C).

4.3.4 P sorption studies

A total of fifty samples corresponding to five soils, two depths, and 5 replications for

each soil, were used in the P sorption studies. The standard procedure proposed by

Nair and others was adopted [Nair et al., 1984].

Phosphate sorption isotherms were obtained by equilibrating 1 g of an air-dried,

< 2-mm sieved soil with 25 mL of 0.01 M KCl P-free solution containing six levels of

P (0, 0.01, 0.1, 5, 10 and 25 mg/L) as KH2PO4, in 50 mL centrifuge tubes. The tubes

were placed horizontally on a mechanical shaker at 180 excursions per minute (epm)

for a 24 h equilibration period. At the end of the equilibration time the soil samples

were centrifuged for 10 min and the supernatant filtered through 0.45 µm CNA filter

membrane. The filtrates were analyzed immediately and the P concentration was

determined colorimetrically by the molybdate-blue method [Murphy and Riley, 1962].

Because, the soils have been intensively amended with animal manure, 0.01 mL of
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chloroform was added to each tube to inhibit microbial activity. The phosphate not

recovered in the solution after the equilibration period was assumed retained by the

soil.

4.3.5 Kinetics of P desorption

A successive dilution methodology was adopted to study the kinetics of P desorption

according to Hooda et al. [Hooda et al., 2000]. The P desorption from soil as a function

of time was obtained for each soil depth and for five replicates. One gram of soil was

equilibrated with 20 mL of nano-pure water in 50 mL centrifuge tubes. Tubes were

shaken for different periods of time (2, 10, 30, 120 and 1440 min). After each specific

time, tubes were immediately centrifuged and 5 mL of supernatant were extracted and

filtered through a 0.45 µm CNA membrane filter and analyzed for P. Thereafter, the

remaining sample in the tubes was diluted by adding nano-pure water corresponding to

the same volume of solution extracted before (5 mL). The remaining soil in the tubes

was air dried and weighed to check for soil losses during the sequential extraction. Soil

losses were considered negligible and changes in P concentrations were a function of

P desorption rather than soil loss. A total of 50 curves corresponding to the five soils,

two depths, and five replicates for each soil site were obtained. Desorption data were

fitted using the expanded Elovich equation [Polyzopoulos et al., 1986] (Equation4.15).

Q =
1

b
[ln(ab) + ln(t + d)] (4.15)

94



where Q (mg/kg) is the amount of P released at time t (h) and a, b, and d are fitted

parameters. And the rate of P desorption kd (mg/kgh−1) was determined from the

slope of the fitted curve evaluated at t = 24 h (Equation 4.16).

dQ

dt
= kd(t) =

1

b
(t + d) (4.16)

Twenty four hours was considered more than adequate because most significant P

losses occur over a short time [McDowell et al., 2001b].

4.4 Results and Discussion

4.4.1 Soil P status

Means, standard errors and range of selected chemical properties of the five soils

included in this work, are given in Table 4.1. The TOC, TON, and soil solution pH

were higher in surface soils than the subsoils. The same was true for the pH values.

Long-term manure inputs are known to result in increasing soil organic matter content

and pH [Wood and Hattey, 1995].

The range in plant available P determined by the Bray-P1 method in the sampled

soils indicate excessive P build-up. A Bray-P1 value of 20-25 mg/kg is considered

optimum for plant growth [Sims, 2000]. In this study, values for surface soils are ten

times this optimum value. In addition, water-extractable P values were higher in all

soils than the 0.2 mg/L adopted as adequate for plant growth [Fox and Kamprath,

1970]. The water extracted P (Pw) and P in solution (Ps) in the surface soils were also
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higher than this value.

4.4.2 Phosphorus Sorption

Sorption curves showed L-type adsorption [Giles et al., 1974] on all samples. The

L-type isotherms were fitted with Equation 4.4 and the parameters k and qm were

determined by nonlinear regression analysis (Table 4.2). The subsoils showed much

greater affinity for P (greater k) than the surface soils given the same P solution con-

centration. Lower P affinity in surface soils may result from organic anion competition

for sorption sites and weaker sorption by metal sites in organic matter [Sanchez and

Uehara, 1980]. Also it could result from a higher initial P in the surface soils as a

result of manure application [Holford et al., 1997].

Adsorption–desorption curves did not reach a plateau in the solution P concentra-

tion range tested (Figure 4.3). Generally, there was a 0.5-2 times increase in the initial

slope (kqm) for P sorption in the subsoils compared to topsoils. The inverse was true

for the Buckley soil due to its higher qm. A layer of gravelly sand beneath 30 cm depth

in the Buckley soil was observed during sampling. It can be thought that this layer

may account for the lower affinity for P than in the upper horizon.

The effect of the long–term manure application on sorption parameters of the soils

is evident by the lower affinity for P (k) of the surface soils, higher values of TOC and

TON, and the high levels of P (qi, Pw, Ps, STP). These characteristics indicate that

the soils under study represent a high risk for P loss and make them adequate for the

96



purposes of testing the proposed indicator 1/c̄e.

4.4.3 Validation and interpretation of 1/c̄e

Validation

Figure 4.4 shows that the indicator obtained from a complete sorption isotherm (Equa-

tion 4.8) was well correlated (1:1 plot, R2 = 0.99, p<0.001) to the indicator calculated

using ce from Equation 4.6. This was expected because the slope of Equation 4.8 at

c0 corresponds to the linear range of the isotherm.

In a similar way, a good agreement was obtained (1:1 plot, R2 = 0.98, p<0.001)

between values of the sorption curve at c0 using Equation 4.8 versus the indicator

calculated using two points of the linear isotherm, 1/c̄e (Equation 4.14) (Figure 4.5).

This was given by the good relationship found between ce values calculated using

Equation 4.6 and c̄e obtained from Equation 4.13.

Regression analyses indicated that Pw and ce from Equation 4.6 were also well

correlated (1:1 plot, R2 = 0.99, p<0.001) (Figure 4.6). This suggests that P extracted

by water (Pw) was in equilibrium with the P originally sorbed by the soils [Siemens

et al., 2004] and can be used to approximate the value of ce, using only a single soil

analysis.

These results demonstrate that the proposed indicator 1/ce is a valid alternative

to estimate sorption strength using a complete sorption isotherm. Additionally, the

data showed that the inverse of Pw is also an indicator of 1/ce.
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Interpretation of 1/ce

The interaction of the parameters k, qi and ce determine the shape of the sorp-

tion/desorption curves. In order to interpret the concept of 1/ce as an indicator

of potential P leaching, three cases were studied. Values of 1/ce were calculated for

different combinations of k and qi, using selected soil samples from this study.

In the first case, 1/ce was compared between two soil samples with the same qi

(Figure 4.7a). A higher value of 1/ce (10.4 L/mg) was obtained for the Skagit soil

sample indicating a lower risk of P loss compared to the Briscot sample (2.66 L/mg).

The higher value of 1/ce in the Skagit sample can be attributed to its higher affinity

parameter k (0.51 versus 0.24 L/mg ). The value of Pw for this soil was twice as low

as the Briscot sample, confirming its lower risk for P loss. The same can be seen when

comparing the values of PCaCl2 . In this case, two soils with the same qi have different

risks for P loss.

The second case consists of two soil samples with the same value of k (Figure 4.7b).

In this example, the values of qi are lower in the Skagit soil sample than those estimated

for the Field sample. A lower value of 1/ce (0.6 L/mg) was observed in the Field sample

compared to the Skagit sample (1.9 L/mg). The higher values of Pw and PCaCl2 are

again in agreement with the lower 1/ce values.

For the third case, 1/ce was calculated for two soil samples with different values

of k and qi (Figure 4.7c). The value of 1/ce was found to be higher for the Briscot

than the Field soil sample (5.3 versus 0.56 L/mg). The higher value for the Briscot
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soil was due to both its lower qi and its higher affinity constant, k. The lower value of

1/ce in the Field soil may indicate a higher risk for P transport in this soil. Values of

Pw in the Field sample were seven times higher (2 mg/L) than those measured in the

Briscot sample (0.27 mg/L). The same trend was observed for the PCaCl2 .

These cases show that if an indicator is based on just one of these parameters (qi

or k), the potential risk for P loss can be biased. In general, it can be expected that

a higher k will lower the risk of P loss; however, soil samples with the same k will

not necessarily have the same risk. On the other hand, the parameter 1/ce takes both

quantity and intensity into account and appears as a reliable predictor of potential P

loss.

Additionally, the same soil samples were compared in terms of the kinetics of P

desorption. The parameter 1/ce was, as before, negatively related to the rate of P

desorption calculated at t = 24 h from Equation 4.16. Higher rates of P desorption

were related to lower values of 1/ce (Figure 4.8). This is a very important issue

in predicting the risk for P loss. McDowell et al. [2001b] postulated that short P

desorption events (no more than 24 h) are significantly more related to the P loss

in subsurface flow than longer events. As shown here, the higher the value of 1/ce,

the lower the P desorption rate and consequently, the lower the P mobilization into

solution.
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4.4.4 Determining 1/c̄e threshold levels

The risk for P loss in similar studies has been analyzed by defining threshold levels

above or below which the P desorbability parameters increase significantly [McDowell

and Sharpley, 2001]. The 1/ce values were calculated in all of the soil samples using

Equation 4.14 and regressed against Pw, Ps, PCaCl2 and kd, as parameters directly

related to the P loss in subsurface flow [Hooda et al., 2000; Hesketh and Brookes, 2000].

The curves were plotted using 1/ce on the x axis and the desorbability parameter on

the y axis. The curves were generally concave and fitted by a power model using

nonlinear regression analysis (Figure 4.9). As suggested by McDowell and Sharpley

[2001], a change point was estimated for each relationship using a segmented model

(split line) [Schabenberger and Pierce, 2002].

m = f1(
1

ce

<= a1) + f2(
1

ce

> a1) (4.17)

f1 = b0 + b1 ∗ (
1

ce

) (4.18)

f2 = b0 + b1 ∗ a1 + b2 ∗ (
1

ce

− a1) (4.19)

The model (m) describes two straight lines separated by the change point (a1).

The value of b0 is the intercept and parameters b1 and b2 are the slopes of the straight

line below and above the change point, respectively. Non–linear regression analysis

was used to estimate the parameters b0, b1, b2, and a1 using the option proc nlin in

SAS r©.

The P desorption parameters increase as the indicator 1/ce decreases. A change
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point was evident in the curves and significantly determined (p<0.001) by the model.

The selected P desorption parameters increased below the change point at ca. 0.71

L/mg indicating that enhanced P loss can occur from those soil samples. In a recent

study, Siemens et al. [2004] used the indicator developed by McDowell et al. [2002a]

to estimate MRP<0.45 in drainage water and groundwater. These authors obtained

a change point of 0.7 L/mg below which the MRP<0.45 was enhanced substantially.

These findings are in agreement with the threshold levels found in this study using

1/ce.

4.4.5 Evaluating 1/ce with P concentration in tile drainage

water

Independently from this study, another research team selected the same soils to mon-

itor MRP<0.45 in water samples from tile drains. The 1/ce indicator calculated for the

two soil depths using Equation 4.14 was compared with the concentration of MRP<0.45

measured in that study (data courtesy of Joseph Harrison, Washington State Univer-

sity, Puyallup). Figure 4.10 shows that the higher the values of 1/ce, the lower the

MRP <0.45 concentration found in the water samples collected from the drain outflow.

This is in agreement with the relationship found using the desorbability parameters.

In summary, given the high loads of P in manure, not all soils have the same

potential risk to lose P by leaching. These results indicate that 1/ce is able to reflect

this characteristic. As the P input increases, the risk for P loss increases due to the
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saturation of P sorption sites. As the P sites become saturated with P, the affinity of

the soil to sorb more P decreases as indicated by the decrease in the affinity constant

k. This means that the slope of the sorption curve at the lower P concentration

range decreases, intersecting the x axis at higher values, and giving lower values of

1/ce. Because 1/ce is an independent estimate of this slope, the risk for P leaching is

predicted/estimated.
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4.5 Conclusions

Theory and data from highly P-impacted soils show that the indicator 1/ce is a valid

estimate of the P sorption strength. The indicator can be obtained without develop-

ing a complete sorption isotherm, which allows its implementation in a routine soil

analysis. In addition, 1/ce can be reasonably approximated by 1/Pw, simplifying even

more its application. The indicator 1/ce is not site specific which makes it superior

to STP used as a P leaching indicators. The method to obtain 1/ce is simpler than

the oxalate extraction used to obtain DPSox. The 1/ce indicator can be used in highly

manured soils. The DPSox fails in organic soils and in calcareous soils as well.

Regression analysis between 1/ce and desorbability parameters allowed us to de-

termine a change point below which these parameters increased significantly. The

1/ce values were also related to measured MRP<0.45 in drainage waters. The obtained

change point represents a point below which the selected P desorbability parameters

increase in a higher rate and may be applied to any soil and management regime.

This study shows that 1/ce is a promising method that deserves further evaluation

in different studies, such as lysimeter and field experiments. These studies, together

with the definition of political environmental P limits, could be used to describe values

of 1/ce indicating low, medium or high risk of P leaching. The simple method provided

to obtain 1/ce, makes this indicator a valid alternative to estimate the risk for P loss

in agricultural soils.
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4.6 Tables and Figures
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Figure 4.1: Schematic of the Q/I plot showing the modified Langmuir equation used

to model adsorption–desorption curves. Schematic describing the least squares model

used to describe sorption isotherm at low equilibrium P concentration range. Dashed

line represents the least squares model and the solid line corresponds to the original

isotherm.

107



Equilibrium P Concentration, c (mg/L)

0
c

c0

q0

ce c1

q (mg/kg)
q1

(q1-q0) 

(c1-c0)
 


s =

qi 

s
 


ce =

qi

qi
 

= sc0 + q0

q2

q3

qn

Figure 4.2: ,

[c1, q1]).]Schematic describing the use of the least squares model to obtain ce and qi

using only two points of the isotherm ([c0, q0], [c1, q1]). Dashed line represents the

straight line passing through the two points and the solid line corresponds to the

original isotherm.
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Figure 4.3: P Sorption/desorption plots of top (0-30 cm) and subsoils (30-60 cm) of of

five soils in western Washington. The curves represent sorption and desorption data

fitted to the modified Langmuir equation (Equation 4.4). Points are a mean of five

replications and the vertical error bars on each point indicate the standard error (s.e).
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Figure 4.7: Adsorption–desorption curves of selected soil samples with detailed picture

of the intercepts. Different combinations of k and qi (cases) were used to illustrate the

concept of 1/ce. Two soil samples with the same amount of qi (a). Two soil samples

with same affinity parameter k (b) and two soil samples with different k and qi (c).

Solid lines represent sorption data fitted to Equation 4.4.
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Figure 4.8: Desorption P curves obtained by successive dilution method and the cor-

responding kd values. The calculated indicator 1/ce is listed together with the Pw, and

PCaCl2 values for each soil sample. Two soil samples with the same amount of qi (a).

Two soil samples with the same affinity parameter k (b) and two soil samples with

different k and qi (c). Solid lines represent desorption data fitted to the expanded

Elovich equation.
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Figure 4.9: Relationships between 1/ce and Pw (a), Ps (b), PCaCl2 (c) and kd (d).

The solid line represents fitting of the power model significant at the p< 0.001 level.

Dashed lines correspond to the fit of the segmented model (Equation 4.17) indicating

the change point (cp).
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Figure 4.10: Concentration of MRP <0.45 in tile drain water and 1/ce values for two

depths (0-30 cm and 30-60 cm) of three soils affected by high P inputs. Vertical error

bars represent the standard error (s.e.) of the measured MRP<0.45.
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Chapter 5

Summary and Conclusions

From a field study (Chapter 2), we conclude that, in the pasture system, P lost in tile

drainage was associated with reductive dissolution of Fe. A different mechanism led

to the P release in the corn field. Cultivation of a soil with elevated DPS levels could

favor Fe(III)-DOM complexes and P as a ternary complex with these by (i) stimulating

oxidation of Fe or suppressing its reduction; or (ii) enhancing the mineralization of

soil organic matter. So that we believe that P and iron were transported as ternary

complexes with dissolved organic matter (DOM).

In a column study (Chapter 3), we demonstrated that an initially oxidized system

saturated with P and under dynamic flow conditions can mobilize P after reductive dis-

solution of ferric iron. These results revealed that an initially reduced system presents

a high affinity for P due to precipitation reactions, but the system turns unstable after

the P concentrations decreased. At the end, a reduced system fixed less P than the

oxidized control system. These findings suggest that changes in soil redox potential

play an important role in subsurface P transport.

117



The last study (Chapter 4) provides theory and data to obtain a P leaching in-

dicator in highly P impacted soils. This study demonstrated that the inverse of the

equilibrium P concentration at zero sorption (1/ce) is a meaningful estimate of the sorp-

tion strength that can be obtained without developing a complete sorption isotherm.

It can be accurately calculated using only two points of the linear isotherm and also

can be reasonably approximated by using the inverse of water-desorbable P (1/Pw).

The indicator 1/ce can be implemented in a routine soil analytical procedure and used

in any soil type and management to predict/estimate the potential risk for P loss via

subsurface flow.

Overall, this research demonstrates that soils with excessive P content and affected

by fluctuating water tables may release P and contribute to P enrichment of ground

and surface waters. The indicator developed in this study can be useful to estimate

the risk of P losses by leaching under these conditions.
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Stamm, C., H. Flühler, R. Gächter, J. Leuenberger, and H. Wunderli, Preferential

transport of phosphorus in drained grassland soils, J. Environ. Qual., 27, 515–

522, 1998.

Stookey, L. L., Ferrozine a new spectrophotometric reagent for iron, Anal. Chem., 42,

779–781, 1970.

Stumm, W., and L. Sigg, Kolloidchemische Grundlagen der Phosphor-elemination

in Fällung, Flockung und Filtration, Zeitschrift für Wasser-und Abwasser-

Forschung, 2 /79, 73–83, 1979.

Szilas, C. P., O. K. Borgaard, and C. B. Hansen, Potential iron and phosphate mo-

bilization during flooding of soil material, Water Air Soil Pollut., 106, 97–109,

1998.

131



Taylor, A. W., and H. M. Kunishi, Phosphate equilibria on stream sediment and soil

in a watershed draining an agricultural region, J. Agr. Food Chem., 19, 827–831,

1971.

Theis, T. L., and P. C. Singer, Complexation of iron (II) by organic matter and its

effect on iron (II) oxygenation, Environ. Sci. Technol., 8, 569–573, 1974.

Toride, N., F. J. Leij, and M. T. van Genuchten, The CXTFIT Code for estimating

transport parameters from laboratory or field tracer experiments, vol. Research

Report No 137, U.S. Salinity Laboratory, Agricultural Research Service, U.S.

Department of Agriculture, Riverside, California, 1999.

Torrent, J., Interactions between phosphate and iron oxide, Advances in Geoecology,

30, 321–344, 1997.

Turner, B. L., and P. M. Haygarth, Phosphorus forms and concentrations in leachate

under four grassland soil types, Soil Sci. Soc. Am. J., 64, 1090–1097, 2000.

USEPA National Management Measures for the Control of Nonpoint Pollution from

Agriculture, National Service Center for Environmental Publications, Cincinnati,

OH, 2003.

van der Zee, S. E. A. T. M., and W. H. van Riemsdijk, Model for long-term phosphate

reaction kinetics in soil, J. Environ. Qual., 17, 35–41, 1988.

132



Villapando, R. R., and D. A. Graetz, Water table effects on phosphorus reactivity and

mobility in a dairy manure-impacted spodosol, Ecol. Eng., 18, 77–89, 2001.

Webster, R., and M. A. Oliver, Statistical Methods in Soil and Land Resource Survey,

Oxford University Press, Oxford, 1990.

Willett, I. R., The reductive dossolution of phosphated ferrihydrite and strengite, Aust.

J. Soil Res., 23, 237–244, 1985.

Wilson, M. J., X-ray powder diffraction methods, in A handbook of determinative

methods in clay mineralogy, edited by M. J. Wilson, pp. 26–98, Blackie & Son

Limited, New York, 1987.

Wolf, A. M., and D. E. Baker, Colorimetric method for phosphorus measurement in

ammonium oxalate soil extracts, Commun. Soil Sci. Plant Anal., 21, 2257–2263,

1990.

Wood, C. W., and J. A. Hattey, Impact of long-term manure applications on soil

chemical, microbiological, and physical properties, in Animal waste and the land-

water interface, edited by K. Steele, pp. 419–428, CRC/Lewis Publishers, Boca

Raton, Florida, 1995.

Yli-Halla, M., H. Hartikainen, and P. Väätäinen, Depletion of soil phosphorus as
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