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ABSTRACT 

 

The dynamics of phosphorus (P) reactions in stream water have received much 

attention due to their potential to trigger eutrophication.  This study aimed to explore the 

dynamics of P in Walnut Creek, Jasper County, Iowa. The Walnut Creek watershed supports 

a variety of land uses (row crop production, grazing, and riparian buffer zones), and the 

alluvial cross section is composed of a sequence of sediments that contribute differentially to 

the amounts and forms of P entering the stream.  The experiments were focused on the 

distribution and transformations of solid-phase P in the sediments, P sink/source status of the 

sediments under varying physicochemical conditions, potential P release from the sediments 

to the stream water at varying redox potentials, and a comparison of methods for determining 

P concentration in diverse matrices. 

Twenty-five sediment samples from Walnut Creek watershed (classified into three 

groups: bank, in-stream, and floodplain deposits) were sequentially extracted for P. The 

distribution of P among organic and inorganic solid phases varied among the stream 

sediments.  Across all 25 sediments, the inorganic P (Pi) fractions followed the order: Fe 

bound Pi > Ca bound Pi > reductant soluble Pi > Al bound Pi > soluble and loosely bound 

Pi.  For the organic (Po) fractions, the order was nonlabile Po > fulvic acid bound Po > 

humic acid bound Po > labile Po > moderately labile Po.  The ranges of total P (TP), 

Mehlich-3 extractable P (P-M3), and ammonium oxalate extractable P (Pox) were 386-1,134, 

5-85, and 60-823 mg kg
-1

, respectively.  Among the groups, the highest concentrations of TP, 

P-M3, and Pox were in the in-stream deposits.  TP was significantly correlated with Fe oxides, 

clay, and soil organic matter, especially in the bank and floodplain deposits.  
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The sink-source status for P mobility of the twenty-five sediments in Walnut Creek 

watershed was predicted for a variety of physicochemical treatments (including variations in 

solid-to-solution ratio, redox potential, and shaking energy intensity to design treatments of 

oxic, anoxic, high shaking energy intensity, and low solid-to-solution ratio).  The 

physicochemical treatments resulted in variation in the values of equilibrium phosphorus 

concentration (EPC) and phosphorus buffering capacity (PBC), and consequently, changed 

the predictions of the sink-source status of the sediments.  Under all physicochemical 

treatments, it was more likely that the in-stream deposits would act as sources than would the 

bank sediments or the floodplain soils. It was predicted that most of the twenty-five 

sediments would act as sources by releasing P to the stream water under an anoxic 

environment.  Total P, Mehlich-3 extractable P, and ammonium oxalate extractable P were 

the sediment parameters correlated to the EPC values. 

Other experiments in this study used four samples from the Walnut Creek bank 

sediments (the Camp Creek Member, the Roberts Creek Member, the Gunder Member (all 

three members of the Holocene De Forest Formation), and Pre-Illinoian Till.  In the first 

experiment, the effects of anaerobic incubation and addition of glucose on PBC and EPC of 

the bank sediments were investigated.  The experiment demonstrated that anaerobic 

incubation decreased Eh and increased pH, and these effects were exaggerated with presence 

of readily bioavailable carbon.  The PBC and EPC varied among the major alluvial units of 

Walnut Creek bank sediments.  In comparison to the treatment without anaerobic incubation, 

anaerobic incubation significantly increased PBC values of the Camp Creek and Gunder 

sediments.  However, PBC values for the till dropped significantly from 970 L kg
-1

 (without 

anaerobic incubation) to 173 L kg
-1

 (with anaerobic incubation).  Only the Gunder sediment 
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showed a significant increase in EPC when samples were equilibrated under anaerobic 

conditions.  In the treatment of anaerobic incubation under abundance readily bioavailable 

carbon, in all sediments the PBC values were significantly lower and the EPC values were 

significantly higher than those in the treatment without anaerobic incubation.  

The second experiment investigated the effects of oxic and anoxic conditions on the 

potential release of P from bank sediments.  A reactor was specially designed to enclose 

sediment samples in 3,500 MWCO dialysis tubing, to be inserted into simulated stream water 

and rotated at a controlled velocity under oxic and anoxic conditions.  The experiment 

demonstrated that variations in oxic and anoxic conditions governed Eh, pH, dissolved 

organic carbon, and release of P from sediment to the water.  The highest dissolved P 

concentration in the water were exhibited by the Camp Creek and Roberts Creek sediments 

under anoxic conditions, indicating a higher potential for these sediments to function as an 

internal P source to an overlying water column under anoxic environments. 

The effects of treatments of anaerobic incubation and the addition of readily 

bioavailable carbon on transformation of P forms in the bank sediments were investigated in 

the third experiment.  The treatments resulted in changes in Eh and pH that were similar to 

those of the first experiment. The forms of P in four bank sediments of Walnut Creek were 

redistributed concomitantly with a decrease in Eh and an increase in pH due to anaerobic 

incubation and the addition of readily bioavailable carbon.  Low redox potential increased 

concentration of labile Pi which coincided with a decrease in slowly cycling P that was 

associated with Fe. The distribution of slowly cycling P associated with Ca, stable P, and 

residue P did not significantly change at varying redox potential.  Among the four bank 

sediments of Walnut Creek, the younger sediments with more organic matter, i.e., the Camp 
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Creek and Roberts Creek sediments, had greater labile and slowly cycling P associated with 

Fe, reflecting a greater potential to contribute to elevated levels of P in the stream water, 

especially if subjected to low redox potential in the stream.  

Lastly, two experiments were conducted to investigate the use of the malachite green 

(MG) method for determining P concentrations in diverse matrices.  The first experiment 

compared MG to the molybdate blue-ascorbic acid (AA) method to assess the sequential 

extraction of P during fractionation analysis, while the second compared MG to inductively 

coupled plasma atomic emission spectrometry (ICP-AES) for determining Pox.  The results 

showed that the MG and AA methods agreed for determining P concentration in the extracts 

of water, 1 M HCl,  and concentrated H2SO4.  However, a slight discrepancy between the two 

methods was found for extracts of 0.5 M NaHCO3 and 0.1 M NaOH, and concentrated HCl.  

Furthermore, in the determination of Pox, the MG method resulted in significantly higher 

values than those obtained by ICP analysis.  
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CHAPTER 1 

GENERAL INTRODUCTION 

 

Elevated levels of phosphorus in streams can cause eutrophication and, in turn, create 

imbalance in the aquatic ecosystem (Correll, 1998).  High P levels in stream water are often 

associated with P movement through erosion and surface run off from agricultural land and 

pasture (Heathwaite and Dils, 2000; Tufekcioglu et al., 2012).  Most of crop cultivars in 

modern agriculture require high input of nutrients, including P, therefore regular application 

of P fertilizers to agricultural land is practiced to increase available P in soils.  Some portion 

of P from the fertilizers may be retained in the soil and transported to streams together with 

eroded soil materials.  Under certain circumstances, the solid-phase P in eroded materials 

from agricultural land or pasture may be released to the stream water.  Another pathway for 

sediments containing P to enter stream water is bank erosion (Palmer et al., 2014; Zaimes et 

al., 2008).   In Iowa, bank erosion is considered to be the main source of suspended 

sediments in stream water  (Schilling and Wolter, 2000).   

In contrast to the factors that contribute to elevated P in stream water, sediments may 

also act as “sinks” by adsorbing P from stream water.  In the adsorption processes, negatively 

charged ionic P species are mostly adsorbed to sites of Fe or Al-oxyhydroxides.  To a lesser 

extent, adsorption can occur on clay minerals and in association with Fe oxide - organic 

matter complexes as well as on the surface of Ca and Mg carbonates in calcareous soils 

(Holford, 1997).  Meanwhile, the distribution of solid-phase P in the sediments is an 

important factor affecting the potential P release from the sediments.  Sediments containing 

more labile-P fractions may have a greater potential for releasing P to the stream water than 
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the sediments which are dominated by stable-P fractions.  In addition, composition of solid-

phase P fractions in soils may change due to physicochemical changes in the soil 

environment (Hedley et al., 1982; Schrijver et al., 2012; Sui et al., 1999a; Varinderpal-Singh 

et al., 2007).  

As in other stream environments, there is also a growing concern about P dynamics in 

Walnut Creek, Jasper County, Iowa.  The Walnut Creek watershed supports a variety of land 

uses, including row crop production, grazing, and riparian buffer zones.  The alluvial cross 

section is composed of a characteristic sequence of sediments that have a potential to 

contribute differentially to the amounts and forms of P entering the stream.  A range of 

physicochemical properties (e.g., total suspended solids, redox potential, and kinetic energy 

of stream flow) in the system of sediment-stream water may exist occasionally along the 

creek due to storm events, groundwater discharge to the stream, or blocking of stream flow 

by debris or beaver dams.   Previous studies have been conducted to investigate the dynamics 

of P in the Walnut Creek watershed, for example, studies of the variation of total P content in 

stream water over a 5-year monitoring period (Schilling et al., 2006a), the variation of total P 

content by lithostratigraphic unit (Schilling et al., 2009), and potential for P contribution 

from groundwater discharge to the stream (Schilling and Jacobson, 2008b).  

With the aim of contributing to a better understanding of the dynamics of P in the 

Walnut Creek watershed, the present study focused on the factors of solid-phase P 

distribution in the sediments and its transformation, P adsorption-desorption reactions, and 

the potential for P release from the sediments to the water column under physicochemical 

environments that are likely to occur along the creek.  Examining those factors is essential 

for robust modeling predictions of the fate of P at the interface of sediments and stream 
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water.  It is also generally recognized that assessing the dynamics of P requires a rapid and 

sensitive method for determining phosphate in diverse matrices.  Therefore, the objectives of 

this study were to: 

- characterize the properties of sediments in the Walnut Creek watershed and their 

relationships 

- describe the distribution of solid-phase P in the sediments of the Walnut Creek 

watershed 

- predict the sink/source behavior of sediments from the Walnut Creek watershed under 

a variety of physicochemical treatments 

- investigate the effects of varying redox potential on P sorption indices, 

transformations of solid-phase P fractions, and P release from the Walnut Creek bank 

sediments 

- compare a rapid and sensitive method, the malachite green method, to other methods 

for determining phosphate concentration in diverse matrices. 
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CHAPTER 2 

LITERATURE REVIEW 

 

Scope of the Review 

The review in this chapter consists of eight parts. The first part concentrates on the 

environmental issues related to P in water bodies and the main pathways for P to enter stream 

water with emphasis on the Mississippi River. All samples in this study were collected from 

Walnut Creek watershed, and a review from previous studies of the watershed constitutes the 

second part.  The third part is about environmental thresholds derived from the degree of 

phosphorus saturation and soil test P.  The fourth part reviews the two methods for P 

fractionation used in this study and previous studies that are related to transformation of 

solid-phase P in soils/sediments.  Quantity/intensity analysis as a mathematical model for 

studying P adsorption/desorption is the main focus in the fifth part, while methods used in 

previous studies for investigating P release from sediments are reviewed in the sixth part. 

Related to the fifth and the sixth parts, methods for varying redox potential in a lab 

experiment are reviewed in the seventh part.  Finally, the eighth part reviews the malachite 

green method, the molybdate blue-ascorbic acid method, and the ICP-AES method, i.e., the 

three methods used to determine P concentrations in the soil extracts analyzed in this study.  

 

Phosphorus in Freshwater Bodies and its Environmental Significance 

Phosphorus (P) is an essential nutrient for phytoplankton.  Especially when sufficient 

nitrogen is present, phytoplankton growth may be enhanced by even a small increment of P 

(Upreti et al., 2015).  This reflects the small stoichiometric ratio of P to other major nutrients 
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necessary for phytoplankton growth.  The classic example is the atomic ratio 106C:16N:1P 

for phytoplankton in marine environments (Redfield, 1958).  Though the ratio may be 

different in other  ecosystems (e.g.(Cleveland and Liptzin, 2007; Ptacnik et al., 2010; Stelzer 

and Lamberti, 2001), it describes the significant role of elevated P in triggering 

phytoplankton blooms.  

Phytoplankton blooms in eutrophic water could be harmful to species balance in 

aquatic ecosystems (Correll, 1998).  Other examples of water quality impairments due to 

eutrophication are increased in turbidity, low dissolved oxygen, unpleasant odor and taste, 

and toxins which may be produced by some species of cyanobacteria (CCME, 2004).  For 

Canadian rivers and lakes, the range of total phosphorus concentrations that trigger eutrophic 

status is 35-100 g L
-1

 (CCME, 2004).  In the US, the Environmental Protection Agency’s 

water quality criteria recommend that total P concentrations should not exceed 25, 50, and 

100 g L
-1

 in lakes/reservoirs, stream entering lakes, and stream/rivers, respectively, to 

minimize phytoplankton growth (USEPA, 1986).  

Phosphorus in the water bodies may originate from nonpoint or from point sources.  

In general, a primary nonpoint sources is agricultural activities, e.g. in the Mississippi River 

(Jacobson et al., 2011). Alexander et al. (2008) estimated that 80% of P entering the 

Mississippi River is from agricultural sources, while the contribution from nonagricultural 

sources was 20%.  Modern agricultural systems may require high inputs of P, either in the 

form of highly soluble phosphate (e.g., monocalcium phosphate) or organic waste (e.g., 

animal manure) to increase available P. Besides direct runoff from agriculturally managed 

lands, P may enter streams in the Mississippi River basin through stream bed and bank 

erosion (Schilling et al., 2011; Wilson et al., 2008).  Bank erosion may make a significant 
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contribution to the suspended sediments in stream waters, especially in Iowa (Schilling and 

Wolter, 2000), carrying particulate P into the stream water.  

Another potential pathway for P to enter streams is through solution phase movement 

in the soil or leaching (Sinaj et al., 2002).  Normally, the amount of P loss through leaching 

from agricultural land is small (Sims et al., 1998) compared to P transport from surface run-

off and erosion.  This is due to the very small quantity of P in soil solution compared to total 

P (Holford, 1997), as well as affinity of P to be retained by soil particle surfaces.  However, 

loss of P through leaching may be favored when manure has been applied to soil (McDowell 

and Sharpley, 2001b), in soils which have high permeability (Kang et al., 2011), or in paddy 

soils which receive high rates of P fertilizer (Zhang et al., 2003).  Therefore, along with 

erosion and run off, leaching should be considered as one of the P transport mechanisms 

from soil with a potential to cause eutrophication in water bodies (Turner and Haygarth, 

2000).  An example of potential eutrophication in groundwater fed wetlands due to P 

leaching had been reviewed by Smolders et al. (2010).  

 

Walnut Creek Watershed 

Walnut Creek is located in Jasper County, Iowa (Fig. 1).  According to Schilling et al. 

(2006b), Walnut Creek drains 7,951 ha area and discharges into the Des Moines River at the 

upper end of the Red Rock Reservoir.  It supports a variety of land uses, including row crop 

production, grazing, and riparian buffer zones in the Neil Smith National Wildlife Refuge, a 

large-scale project prairie restoration project in Iowa.  The watersheds of Walnut Creek are 

part of the Southern Iowa Drift Plain, where steeply rolling hills and well-developed drainage 

systems are commonly found. Most soils in the watersheds of the Southern Iowa Drift Plain 
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were formed in loess and till, whereas dominant soil textures are silty clay loams, silt loams 

or clay loams. Palmer et al. (2014) reported that annual streambank recession rates in Walnut 

Creek in 2005-2011 were 0.6 cm yr
-1

 and 28.2 cm yr
-1

 during years of hydrological inactivity 

and during seasons with high discharge rates, respectively.  They also reported that the 

overall average for total bank erosion sediment was 5,299 Mg yr
-1

, suggesting that 

streambank erosion made major contribution to sediment discharged from Walnut Creek 

watershed.  

 

 

 

 

 

 

 

Figure 1. Walnut Creek watershed in Jasper County, Iowa, adapted from Schilling et al. 

(2006b). 

 

The alluvial cross section of Walnut Creek is composed of a characteristic sequence 

of sediments with potential to contribute differentially to the amounts and forms of P entering 

the stream.  An example of the alluvial cross section is given in Fig. 2 and illustrates the six 

stratigraphic units of the Walnut Creek watershed (Camp Creek Member, Roberts Creek 

Member, Gunder Member, Pre-Gunder alluvium, Wisconsinan loess, and Pre-Illinoian Till). 

Schilling et al. (2006b) described that the first three alluvial units (the Camp Creek, the 

Roberts Creek, and the Gunder) as members of the De Forest Formation; the fourth alluvial 
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unit (the Pre-Gunder) is older than the oldest member of the De Forest formation.  The last 

two units (the loess and the Pre-Illinoian Till) are commonly found on hill slope locations, 

but the stream may also cut through them.  Four out of the six stratigraphic units (the Camp 

Creek Member, the Robert Creek Member, the Gunder Member, and the Pre-Illinoian Till) 

are major stratigraphic units of alluvium in Walnut Creek bank sediments (Schilling et al., 

2004).  

 

 

 

 

 

 

 

 

 

Figure 2. An example of alluvial cross section from a transect in Walnut Creek watershed, 

adapted from Schilling et al. (2004) and Schilling et al. (2006b).  

 

The De Forest formation represents the Holocene Interglacial stage over the last 

11,000 years BP, and it occurs throughout Iowa.  As Baker et al. (1996) reported in detail, 

the Gunder Member, the Roberts Creek Member, and the Camp Creek Member date from 

11,000 to 4,000 yr BP, 4000 to 400 yr BP, and the last 380 yr, respectively.  The fourth 

alluvial unit, Pre-Illinoian Till, was deposited sometime between 2,000,000 to 500,000 years 

BP.  The Camp Creek Member consists of post-settlement alluvial and colluvial materials 

1. Camp Creek Member 

2. Roberts Creek Member 

3. Gunder Member 

4. Pre Gunder alluvium 

5. Wisconsinan loess 

6. Pre-Illinoian Till and paleosol 
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deposited in the stream valley and range from approximately 0. 6 to 2 m in thickness 

(Schilling et al., 2006b).  Due to different geomorphological processes, each stratigraphic 

unit has a set of unique characteristics.  Examples are the variations in particle size 

distribution and hydraulic conductivity that were described by Schilling et al. (2004) and are 

presented in Table 1. 

 

Table 1. Particle size distribution (PSD) and hydraulic conductivity (HC) of major 

stratigraphic units in Walnut Creek, adapted from Schilling et al. (2004). Numbers in 

parentheses are standard deviation.  

 

Alluvium 
PSD (%) HC (m s

-1
) 

Sand Coarse Silt Fine Silt Clay 

Camp Creek
†
 3.2   (2.3) 36.2  (6.8) 36.6 (11.1) 24.1(10.7) 5.57 x10

-5
 

Roberts Creek
‡
 4.7   (3.1) 31.8 (10.1) 48.8 (21.3) 14.8(13.7) 1.70 x10

-6
 (1.46 x10

-6
) 

Gunder
§
 12.3 (13.5) 35.5 (13.6) 25.2 (10.8) 27.0(11.7) 4.93 x10

-6
 (5.90 x10

-6
) 

Pre-Illinoian Till
œ
 41.9  (3.0) 20.3  (5.2) 20.5  (9.4) 17.4(10.5) 1.99 x10

-7
 (1.75 x10

-7
) 

 

†
 n (number of samples) = 5 for PSD and 1 for HC; 

‡
n= 8 for PSD and 6 for HC; 

§
n= 12 for PSD and 15 for 

HC; 
œ 

n= 3 for PSD and 4 for HC.  

 

DPS and Soil Test P as Indicators of Environmental Risks 

The Degree of Phosphorus Saturation (DPS) is a statistic that compares the amount of 

P that is bound to a soil to an index of the potential capacity of the soil to adsorb P (Renneson 

et al., 2015).  Therefore, equations to calculate DPS commonly represent the ratio of P 

extractable with an extracting solution to the concentration of certain metals extractable with 

the same extracting solution.  For example, DPS indices have been developed that compare 

the amount of extractable P to the concentration of  Fe+Al in ammonium oxalate (Hooda et 

al., 2000; Yan et al., 2013), in the Mehlich-1 extractant (Nair et al., 2004), in Mehlich-3 

extractant (Sims et al., 2002), and in the Bray extracting solution (Dayton et al., 2014). In the 

Mehlich-3 extracting solution, some studies have used the ratio of extractable P to extractable 
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Al (Sims et al., 1998), and others have compared extractable P to extractable Ca+Mg (Ige et 

al., 2005; Xue et al., 2014). It should be noted that related coefficient, the α value, may be 

employed to improve the estimate of the concentration of metals that might be associated 

with P sorption (for example is DPSox = [Pox/ α(Alox + Feox)]*100, where Pox, Alox, and Feox 

are ammonium oxalate extractable P, Al, and Fe, respectively).  Some α values have been 

proposed, for example α = 1 (Kleinman and Sharpley, 2002), α = 0.5 (Leinweber et al., 

1997), and α = 0.25 (Nair et al., 2004).  In addition, an alternative equation was used by 

Pöthig et al. (2010) to calculate DPS in more than 400 soils from Germany and Switzerland, 

where only water-soluble P was used in the mathematical equation.  

The use of DPS in soil and environmental studies has been increasing rapidly due to 

its potential to integrate an assessment of the intensity of P accumulation as referred to the 

finite capacity of a soil to adsorb P as well as to describe the potential of P to desorb from the 

solid phase to solution phase (Beauchemin and Simard, 1999).  In environmental studies, the 

DPS is widely used to assess P environmental risk (Casson et al., 2006; Hooda et al., 2000). 

It is generally accepted that soils with high DPS values are more susceptible to loss P due to 

low capacity to retain additional P (Alleoni et al., 2014).  Some DPS values have been 

suggested as thresholds for environmental risks (Table 2).  The threshold values vary in this 

table depending on parameters used to calculate DPS, objectives, and soil types.  

Besides DPS values, soil test P can be used to assess potential P release.  The use of 

soil test P as an indicator of environmental risks may be simple and applicable since soil test 

P is a part of routine analysis in many soil labs.  However, Sharpley et al. (2003) suggested 

that soil test P should be interpreted carefully for environmental purposes since the P status 

(low, medium, or high) known on soil test reports are based on the expected response of a  
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Table 2. Degree of Phosphorus Saturation (DPS) values as indicator of environmental risk 

from previous studies.  

 

DPS 

(%) 

Parameters 

used to 

estimate DPS 

Note Reference 

8 Pox, Alox, and 

Feox 

DPS value suggested as a threshold for ability of 

an Ultisol amended with inorganic P fertilizers 

in the field to release P. 

Gikonyo et al. 

(2011) 

9 PM3 and AlM3 DPS proposed as the threshold for the A horizon 

of agricultural soils in Quebec with the surface 

water quality objective of 0.03 mg total P L
-1

. 

Sims et al. 

(1998) 

10 Pox, Alox, and 

Feox 

DPS value suggested as a critical point in a 

number of soils in the UK. Less P desorption 

when DPS was <10%, a linear increase in P 

leachate losses when DPS was >10%.  

Hooda et al. 

(2000) 

15 Pox, Alox, and 

Feox 

DPS value suggested as a critical point for 

agricultural soils in the northeastern region of 

the United States; above this value water soluble 

P could be expected to increase rapidly with 

additional P loading.  

Ohno et al. 

(2007) 

15 PM3, FeM3, and 

AlM3 

DPS used as a threshold in Delaware soils to 

minimize the risk of nonpoint-source P pollution  

Sims et al. 

(2002) 

22 PM3, FeM3, and 

AlM3 

DPS value corresponded to a critical 

concentration of water extractable P of 1 mg L
-1 

in Minnesota soils. 

Laboski and 

Lamb (2004) 

22 Pox, Alox, and 

Feox 

DPS value suggested as a threshold for ability of 

an Ultisol amended with inorganic P fertilizers 

in a lab incubation to release P. 

Gikonyo et al. 

(2011) 

25 Pox, Alox, and 

Feox 

DPS set as threshold for noncalcareous sandy 

soils in Netherland with the surface water 

quality objective of 0.15 mg total P L
-1

.  

(Breeuwsma et 

al. (1995) 

25 Pox, Alox, and 

Feox 

DPS value corresponded to 50 mg Mehlich-1 P 

kg
-1

, an excessive P level in Delaware soils. 

Pautler and 

Sims (2000) 

<30, 

30-60, 

>60 

PM1, FeM1, and 

AlM1 

DPS values to assign different P loss ratings in 

the Florida P Index. 

Nair et al. 

(2004) 

 

Notes: Pox, Alox, and Feox are acidified ammonium oxalate extractable P, Al, and Fe, respectively. PM3, AlM3, 

and FeM3 are Mehlich-3 extractable P, Al, and Fe, respectively. PM1, AlM1, and FeM1 are Mehlich-1 extractable 

P, Al, and Fe, respectively 
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crop to P.  Critical values used to predict P loss usually range from less than 2 to 4 times  of 

the critical value for optimum crop yield (Sharpley et al., 2003).  Several values of soil test P 

have been suggested in different states in the United States.  For example, 150 mg Bray-P   

kg 
-1 

is the threshold to recommend no additional P application in Ohio (Dayton et al., 2014). 

Pautler and Sims (2000) suggested that soils in Delaware with >50 mg Mehlich-1 P kg
-1

 

would have excessive P for crop production.  Using calcareous soils in the Minnesota River 

Basin, Fang et al. (2002) suggested that the critical levels for soil Mehlich-3 P and Olsen P 

were 65-85 and 40-55 mg kg
-1

, respectively.  Other environmental thresholds for soil test P in 

the US have been summarized by Sharpley et al. (2003).  

 

Phosphorus Fractionation in Soils/Sediments 

Phosphorus in soil and sediments is distributed among various fractions of organic P 

(Po) and inorganic P (Pi).  The solid phase P can be classified into three general groups: 

labile P, slowly cycling P, and stable P (Schrijver et al., 2012; Tiessen and Moir, 2008) .  

Labile P is soil P capable of readily entering the soil solution, while slowly cycling P is 

thought to be a P associated with Fe/Al oxide, Ca, and organic compounds and which is not 

readily available for plant uptake.  Stable P fraction is more tightly bound to mineral and 

organic compounds than is slowly cycling P.  Stable P also includes P that is bound to highly 

recalcitrant compounds in the soil.  In term of P dynamics in stream water and sediments, 

characterizing these fractions is important to predict potential releases of P from the 

sediments into the stream water.  

General principle of laboratory analysis for soil P fractionation is sequential 

extraction using different extracting solutions. In the method of  Tiessen and Moir (2008), 
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labile Pi fraction, slowly cycling Pi, stable Pi fraction, and residue P are sequentially 

extracted using 0.5 M NaHCO3, 0.1 M NaOH and 1 M HCl, concentrated HCl, and H2SO4, 

respectively.  In another method particularly for non-calcareous soils, Zhang and Kovar 

(2009) described that soluble and loosely bound P, Al bound-Pi, Fe bound-Pi, reductant 

soluble-Pi, and Ca bound-Pi are sequentially extracted using 1 M NH4Cl, 0.5 M NH4F, 0.1 M 

NaOH, CBD (citrate bicarbonate dithionite), and 0.25 M H2SO4, respectively. 

For each step in the sequential extraction, Pi and Pt (total P) are measured directly in 

the extract, while Po is calculated by subtracting Pi from Pt.  It should be noted that the 

procedures for determining Po fractions in the method of Tiessen and Moir (2008) are 

different from those of Zhang and Kovar (2009).  First, Pi and Po in the method of Tiessen 

and Moir (2008) are determined in a single scheme of sequential extraction.  By contrast, 

sequential extraction for Po fractionation in the method of Zhang and Kovar (2009) is 

separate from the scheme for Pi fractionation, where labile Po, moderately labile Po, humic 

acid and fulvic acid-Po, and nonlabile Po are extracted using 0.5 M NaHCO3, 1 M HCl, 0.5 

M NaOH, and 1 M H2SO4, respectively.  Second, in the method of Tiessen and Moir (2008), 

Pt is measured after digestion of the extract with ammonium persulfate in an autoclave at 

121C, while potassium persulfate is recommended in the method of Zhang and Kovar 

(2009) and digestion of the extract takes place on a hot plate at 150C.  

The distribution of solid-phase P may change due to cultivation practices or change 

may be induced by treatments applied in laboratory incubations.  Examples of land 

management practices that have been shown to change the distribution of P among solid-

phase fractions include long-term fertilization (Varinderpal-Singh et al., 2007), application of 

biosolids (Sui et al., 1999a), and reforestation of farmlands (Schrijver et al., 2012). In a 108-
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day incubation study, He et al. (2004) reported that Pi extractable with 0.5 M NaHCO3 and 

0.1 M NaOH increased with addition of manure and fertilizers.  Other studies have suggested 

that transformation of P fractions in incubation studies mostly relate to microbial activities 

triggered by the addition of energy sources.  In a 9-month laboratory incubation, Hedley et 

al. (1982) reported the decrease of labile Pi in soil amended with cellulose and N.  In this 

study, they suggested that adding cellulose and N increased microbial activity and in turn 

promoted the immobilization of Pi to microbial P.  A similar result was reported by Du et al. 

(2011) who found a decrease in water-soluble P after 72-h incubation of sediments treated 

with glucose. 

 

Phosphorus Adsorption and Desorption 

Phosphorus adsorption refers to the retention of phosphate at or near adsorption sites 

of solid-phase soil components.  In contrast, P desorption refers to the release of phosphate 

from the solid phase to the solution phase.  In terms of P dynamics in stream water, 

sediments may adsorb P from the stream water (acting as “sinks”) or desorb P to the stream 

water (acting as “sources”).  A batch adsorption study is commonly used to evaluate the 

sink/source status of the sediments.  Principally, such a study describes the amount of 

phosphate adsorbed onto sorption sites in the sediments (solid phase P, commonly 

abbreviated as Q) as a function of phosphate concentration in the solution (liquid phase P, 

commonly abbreviated as C) at constant temperature after equilibrium has been reached.  

There are various mathematical models to analyze the relationship between Q and C, but for 

the purpose of evaluating stream sediments as sinks or sources of phosphate, 
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quantity/intensity (Q/I) analysis is widely used, since a range of low P concentrations can be 

employed to represent P concentration under natural conditions. 

In the Q/I analysis, linear regression is determined from the relationship of Q as a 

function of C (Hongthanat et al., 2011).  The slope of this linear regression is the PBC or 

phosphorus buffering capacity, while C at Q = 0 is the EPC or equilibrium phosphorus 

concentration.  PBC indicates the capability of sediment to buffer P adsorption and 

desorption, while EPC indicates a condition where adsorption and desorption processes are in 

equilibrium.  Sink/source status of sediments in the stream water can be predicted by 

comparing EPC to the dissolved P in the stream water.  Phosphorus desorption from stream 

sediments to the stream water is favored when EPC is greater than dissolved P in the stream 

water. Conversely, P adsorption is predicted to be dominant when EPC is lower than 

dissolved P in the stream water.  

 

 

 

 

 

 

 

 

 

Figure 3. An example of Q/I analysis, the liquid phase P (C) is plotted against P in the solid 

phase (Q) to determine phosphorus buffering capacity (PBC) and equilibrium phosphorus 

concentration (EPC). In this example, PBC and EPC are 261.5 L kg
-1

 and 0.035 mg L
-1

, 

respectively. 
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Several factors may control P adsorption and desorption, e.g., sorption sites available 

in the sediments, pH, potential redox, ionic strength, and the presence of competing organic 

compounds.  Sorption sites for P adsorption are mainly from iron(III) (hydr)oxides, hydrous 

aluminum oxides, and clay minerals (Stumm and Morgan, 1970).  Other sorption sites may 

occur on manganese oxide (MnO2) surfaces, especially when the concentration of MnO2 is 

greater than the concentration of iron and aluminum oxides (Yao and Millero, 1996). 

However, the point of zero charge of manganese oxides is about 2.8 (Gadde and Laitinen, 

1974).  The pH of the stream water is around neutral, therefore Mn oxides surfaces will have 

a net negative surface charge and may contribute negligibly to limited P adsorption.  

Solution pH plays an important role in controlling P adsorption/desorption since it 

can drive the dominant species of phosphate in stream water, dominant charges in the edges 

of iron oxides, and the competition between HCO3
-
 and phosphate ion (Bar-Yosef et al., 

1988). In general, P adsorption increases under acidic conditions due to the dominantly 

positive charges on the surfaces of Fe and Al-oxides.  For potential redox, adsorption is more 

likely to occur under high redox potential. Pant and Reddy (2001) suggested that under 

aerobic conditions, more P sorption sites are available from the amorphous and poorly 

crystalline forms of Fe oxides.  Conversely, anaerobic conditions promote the reduction of 

Fe
3+

 to Fe
2+

 and dissolution of Fe oxides, resulting in fewer sorption sites and the release of 

Fe-bound P.  

Phosphorus adsorption is also influenced by ionic strength and the presence of 

dissolved organic compounds.  For example, in a study using a range of ionic strengths in a 

base solution, Lucci et al. (2010) showed that higher P adsorption was found when the base 

solution had higher ionic strength.  However, the influence of ionic strength on P adsorption 
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also depends on pH, as reported by Arai and Sparks (2001).  They found that P adsorption on 

ferrihydrite increased with increasing ionic strength at pHs greater than 7.5 but not at pHs 

between 4 – 7.5.  The effects of humic acid on P adsorption were mainly due to the 

competition for adsorption in the sorption sites.  The suppression of phosphate adsorption by 

the presence of soil humic acid had been reported by Antelo et al. (2007) for goethite and by 

Yao and Millero (1996) for manganese oxide.  

 

Study of Potential P Release from Soil/Sediments 

Study of potential release of P through water movement in soils or sediments can be 

carried out in the field or lab experiment.  For field experiments, groundwater samples are 

collected in lysimeters (McDowell and Sharpley, 2001b; Sinaj et al., 2002; Sui et al., 1999b; 

Turner and Haygarth, 2000), in the tile drain outlets (Heckrath et al., 1995), or in the 

monitoring wells (Schilling and Jacobson, 2008a; Schilling and Jacobson, 2014).  In lab 

experiments, P release can be mimicked by flowing water through a packed soil column, and 

the flow can be designed move upward (Frossard et al., 2014) or downward (Glaesner et al., 

2012). In other lab experiments, water is not passed through sediments but a system is 

designed to incubate sediment and overlying water for a selected incubation period. The 

apparatus used for such incubations include glass tubes (Jiang et al., 2008), 1000-mL beakers 

(Li et al., 2013), or Plexiglas tubes (Wang et al., 2008).  

The advantages of studying P release in a lab experiment are the ease in manipulating 

the physicochemical properties of sediment/solution and minimizing unknown parameters. 

For example, Favaretto et al. (2012) applied gypsum to packed soil columns to diminish P 

transport through flowing water, while Frossard et al. (2014) labeled soils with 
33

P to model 
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the P transport in soil. In an incubation study, Li et al. (2013) designed a range of pH, 

temperature, dissolved oxygen, and flow rate to investigate the effects of these factors on P 

release at the sediment-water interface.  Lai and Lam (2008) and Wang et al. (2008) created 

oxic and anoxic environments in sediment and overlying water to examine factor of redox 

potential, while sterilized/non-sterilized sediments and dark/light cycles were applied in the 

study by Jiang et al. (2008) to investigate the effects of biological activity and light on P 

release from river sediments. 

 

Varying Redox Potential for Studying P in a Laboratory Experiment 

Redox potential has been investigated numerous times in the study of P dynamics in 

soils or sediments.  Redox potential governs the oxidation state of Fe in the structure of 

poorly crystalline sesquioxide minerals that commonly bind P.  In a classic P cycling model, 

low redox potential in an anoxic environment reduces Fe(III) in  iron oxides to soluble 

Fe(II)-ions, promoting release of P from the iron oxides (Pant and Reddy (2001). In contrast, 

a high redox potential under oxic environments promotes oxidation of Fe(II)-ions and 

precipitation of insoluble Fe(III)-oxides, resulting in more sorption sites for P binding. 

Oxic conditions in a lab experiment can be maintained by aerating the system 

continuously with room air (e.g.,(Lai and Lam, 2008).  By contrast, methods for creating 

anoxic environments may be more complicated. A common method for decreasing redox 

potential in a lab experiment is by saturating the system with nitrogen and minimizing 

oxygen infiltration into the system.  For example, Pant and Reddy (2001) applied this method 

to investigate the effects of redox potential on P sorption indices.  Lai and Lam (2008) and 

Wang et al. (2008) also studied P release from sediments under decreasing redox potential. 
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Under saturated nitrogen in the system, remaining oxygen will be utilized by aerobic 

microorganisms as an electron acceptor.  When oxygen is ultimately depleted, anaerobic 

microorganisms will be more active due to their ability to use nitrate, Mn
4+

, and Fe
3+

 as 

electron acceptors (Schlesinger and Bernhardt, 2013), resulting in lower redox potential. 

Since this process involves microorganisms in the utilization of oxygen, nitrate, Mn
4+

, and 

Fe
3+

, the mechanisms may be exaggerated when there is an abundance of energy sources and 

electron donors in the system.  

An alternative for decreasing redox potential in a lab experiment is by using 

microorganisms that are able to stimulate oxygen depletion and then utilize Fe(III) as the sole 

electron acceptor (Upreti et al., 2015).  A facultatively anaerobic bacterium, Sewanella 

putrefaciens CN32 (Jaisi et al., 2005), is an example of a microorganism that can be used for 

this purpose. According to Upreti et al. (2015), Sewanella putrefaciens CN32 utilizes 

dissolved oxygen first before switching to use Fe(III) as electron acceptor, therefore a 

gradual change in redox potential can be achieved.  However, this method may not be as 

simple as the method of saturating the system with nitrogen. In addition, the microorganisms 

may not be present in the natural environment.  When introduced microorganisms become 

dominant, the composition of the microbial community in the lab experiment may not 

represent natural conditions in the field. 

 

Malachite Green, Molybdate Blue-Ascorbic Acid, and ICP-AES Methods 

A very general method to determine the concentration of phosphate in an aqueous 

extract is the molybdate blue-ascorbic acid method (Watanabe and Olsen, 1965).  The 

method is a colorimetric method and is based on the complexation of phosphate and 
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molybdate ions to form a colored complex.  Ascorbic acid is added as a reducing reagent to 

develop the blue color.  This method is simple and very popular in many laboratories around 

the world. However, it is time consuming, laborious, creates significant chemical waste, and 

the reagents are not stable under room temperature for more than 24 hours.  In addition, the 

blue color develops very weakly in the extract of acidified ammonium oxalate.  

In many studies (e.g.(Bell et al., 2005; Dayton and Basta, 2005; Yoo et al., 2006), 

inductively coupled plasma-atomic emission spectrometry (ICP-AES) has been used to 

measure ammonium oxalate-extractable P. ICP-AES is an automated technique, and it has 

advantages for the simultaneous or sequential analysis of multiple elements (Jarvis and 

Jarvis, 1992; Olesik, 1991; Rommers and Boumans, 1996).  However, as in other automated 

techniques, the equipment is very expensive (Huerta-Diaz et al., 2005), and considerable 

technical expertise is required with the ICP-AES.  Rommers and Boumans (1996) also 

suggested that the accuracy of the ICP-AES technique may not be high.  

An alternative colorimetric method for determining phosphate in solution is the 

malachite green method.  It is based on the complexation of malachite green with 

phosphomolybdate (Ohno and Zibilske, 1991; Subba Rao et al., 1997).  Compared to other 

basic dyes (e.g., safranin, brilliant green, fuchsin red, methylene blue, and methyl violet), 

Itaya and Ui (1966) stated that malachite green was most favorable for micro-determination 

of phosphate due to the high intensity of the color as well as the typical change of the 

absorption maximum by exposure to phosphomolybdate.  The malachite green colorimetric 

method has been reported to work well in studies of phosphate adsorption by inorganic 

colloids in environmental water samples (Van Moorleghem et al., 2011), for analysis of low 

concentrations of P in soil extracts (Ohno and Zibilske, 1991), lipid P (Zhou and Arthur, 
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1992), alkaline phosphatase activity (Baykov et al., 1988), and ammonium oxalate-

extractable P (Pizzeghelloa et al., 2011).  Absorbance in the malachite green method can be 

read using a 96-well microplate reader (D’Angelo et al., 2001). Therefore, this method can 

be faster, require less labor, and create much less chemical waste than the molybdate blue-

ascorbic acid method. It is also an alternative to ICP-AES analysis to measure ammonium 

oxalate-extractable P (Pox).  
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CHAPTER 3 

POTENTIAL CONTRIBUTIONS OF INORGANIC AND ORGANIC PHOSPHORUS IN 

SEDIMENTS TO P LOADS OF WALNUT CREEK, IOWA 

 

Introduction 

Past studies have linked nutrients discharged through the Mississippi River in the 

Midwestern United States  to extensive hypoxia in the Gulf of Mexico (Bianchi et al., 2010; 

Royer et al., 2006).  Nitrogen is widely accepted as a major contributing nutrient to the 

hypoxia (Rabalais et al., 2002), however Sylvan et al. (2006) suggested that phosphorus (P) 

is also important in promoting the hypoxic zone in the Gulf of Mexico.  Phosphorus loads in 

the Mississippi River are often associated with intensive agricultural activities in the tributary 

watersheds (Jacobson et al., 2011).  A model developed by Alexander et al. (2008) estimated 

the contribution of pasture land, row crop land, and other crop land as 37, 25, and 18%, 

respectively; the contribution of all agricultural sources was higher than from urban sources 

(12%).  Besides direct runoff from agriculturally managed lands, another pathway for P to 

enter the Mississippi River is through stream bed and bank erosion (Schilling et al., 2011; 

Wilson et al., 2008).  In Iowa, streambank erosion is considered to be the main source of 

suspended sediments in stream water (Schilling and Wolter, 2000).   Certainly, P transport in 

the  solution phase of the soil may occur (Sinaj et al., 2002; Turner and Haygarth, 2000), 

though the quantity is commonly less than P transport through eroded sediments. 

In eroded sediments, P occurs in both inorganic P (Pi) and organic P (Po) forms.  

Inorganic P (Pi) consists of soluble or loosely bound fractions as well as fractions that are 

precipitated with or adsorbed to Al, Fe, and Ca components or as hydroxyapatite (Hedley et 

al., 1982; Tiessen and Moir, 2008; Zhang and Kovar, 2009).  For Po fractions, the dominant 
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compounds in soils are inositol phosphates; phospholipids, nucleic acids, phosphoproteins, 

and sugar phosphate usually occur in smaller concentrations (Dalal, 1977).  Williams and 

Steinbergs  (1958) suggested that the Po fraction could be present in soil as a component of 

humified organic matter.  Predicting the potential release of P from eroded sediments by 

reliance only on total P concentrations is not likely to be accurate (Kisand, 2005), therefore 

characterizing Pi and Po fractions could be valuable to predict the fate of P in eroded 

materials entering the stream.  

The goals of the present study were to characterize Pi and Po fractions associated 

with eroded sediments in the Walnut Creek watersheds and to investigate its relationships 

with other sediment properties.  Walnut Creek is in Jasper County, Iowa, drains about 7,951 

ha area, and discharges into the Des Moines River, a tributary of the Mississippi River, at the 

upper end of the Red Rock Reservoir (Schilling et al., 2006b).  It supports a variety of land 

uses, including row crop production, grazing, and riparian buffer zones in the Neil Smith 

National Wildlife Refuge, a large-scale project prairie restoration project in Iowa.  The 

alluvial cross section is composed of a characteristic sequence of sediments with potential to 

contribute differentially to the amounts and forms of P entering the stream.  The 

characterization and differentiation of such sediments is essential for robust modeling 

predictions of the fate of P in Midwestern streams.  

 

Materials and Methods 

Sediment sampling and characterization 

 Twenty-five sediment samples were collected from the corridor and floodplain of 

Walnut Creek (coordinates of sampling site are in Appendix B1).  These samples were 

grouped into three categories: bank, in-stream deposits, and floodplain deposits (Table 3).  
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Samples from the streambanks were based on the major stratigraphic units in Walnut Creek: 

Camp Creek, Roberts Creek, and Gunder are all members of the Holocene De Forest 

Formation, with dates from the last 380 yr, 4000 to 400 yr BP, and 11,000 to 4,000 yr BP, 

respectively.  The fourth material sampled, Pre-Illinois Till, is associated with glaciation that 

occurred between 2,000,000 to 500,000 yr BP (Baker et al., 1996; Schilling et al., 2004).  

Sampled in-stream deposits consisted of materials found in a debris dam, a sand bar, in-

stream slumps, a beaver dam, and stream bottom sediment. Floodplain samples were 

collected at 0-20 cm depth at sites in row crop production (soybean and corn fields), grazing 

(pasture), and riparian buffer zones (forest).  Immediately after transported to the lab, the 

samples were air dried and sieved to pass a 2-mm screen; coarse mineral fragments and 

organic materials were sorted out.  

 

Table 3.  The twenty-five samples collected in the study. Numbers in parentheses following 

sample description represent different sampling site (coordinates of sampling sites are in 

Appendix B1). 

 
Bank In-stream deposit Floodplain 

Code Description Code Description Code Description 

B-2 Camp Creek  (1) I-4 Stream bottom sediment  (1) F-1 Pasture 

B-3 Roberts Creek (1) I-5 Slump,  debris dam F-9 Forest (1) 

B-7 Till (1) I-6 Stream bed sediments, debris dam F-10 Forest (2) 

B-17 Camp Creek  (2) I-8 Sand bar F-14 Corn Field, 

tillage 

B-18 Roberts Creek  (2) I-11 Stream bottom sediment (2) F-15 Soybean 

field 

B-19 Gunder  I-12 Slump (1) F-16 Corn Field, 

no tillage 

B-20 Till, calcareous  (2) I-13 Bar    

B-21 Camp Creek (3) I-23 Slump (2)   

B-22 Roberts Creek (3) I-24 Stream bottom sediment (3)   

  I-25 Beaver dam   

 

 Total carbon and total nitrogen were analyzed using high-temperature dry combustion 

(Nelson and Sommers, 1996), particle size distribution was determined gravimetrically 
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(Kettler et al., 2001), and pH was determined potentiometrically at a soil to water ratio of 

1:1.  Total organic matter was determined using the loss-on-ignition method (Konen et al., 

2002).  The perchloric acid digestion method (Kuo, 1996) was used to extract total P (TP), 

and the P concentration in the digest was determined by using the molybdate blue-ascorbic 

acid method (Watanabe and Olsen, 1965).  The molybdate blue-ascorbic method was also 

used to determine P in Mehlich-3 extracts (Mehlich, 1984) (PM3), while Ca in this extraction 

(CaM3) was determined by using inductively coupled plasma-atomic emission spectrometry 

(ICP-AES). Citrate-bicarbonate-dithionite extractable Fe (FeCBD) was determined by atomic 

absorption spectroscopy (Shang and Zelasny, 2008).  Ammonium oxalate extractable Fe, Al, 

and Mn (Feox, Alox, and Mnox) were determined using ICP-AES, and P (Pox) in this extraction 

was determined using a malachite green method (D’Angelo et al., 2001).  

 

Phosphorus fractionation 

 Inorganic P (Pi) and organic P (Po) were sequentially extracted using different 

extracting solutions following the methods of Zhang and Kovar (2009) (Fig. 4 and Fig. 5). 

For Pi fractionation, 0.5 g of air-dried sediment (<2 mm) was sequentially extracted with 1 M 

NH4Cl, 0.5 M NH4F, 0.1 M NaOH, citrate-bicarbonate-dithionite (CBD), and 0.25 M H2SO4. 

A different scheme was used for Po fractionation: 0.5 g of air-dried sediment (<2mm) was 

sequentially extracted with 0.5 M NaHCO3, 1.0 M HCl and 0.5 M NaOH, after which the 

samples were ignited at 550C and then extracted with 1.0 M H2SO4.  A modification from 

the original method was applied for determining Pt, in which ammonium persulfate was used 

for the digestion in an autoclave instead of potassium persulfate on a hot plate.   Phosphorus 

concentration in the extracts was determined using the molybdate blue-ascorbic acid method 
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(Watanabe and Olsen, 1965); the absorbance was read at  880 nm using a 

spectrophotometer.  Pi and Pt were determined directly from the extracts, whereas Po 

fractions were determined by subtracting Pi from the total P (Pt).  

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Scheme of inorganic P sequential extraction, adapted from Zhang and Kovar 

(2009). 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Scheme of iorganic P sequential extraction, adapted from Zhang and Kovar (2009). 

0.5 g sediment 

Extracted with 1 M NH4Cl 

Extracted with 0.5 M NH4F 

Extracted with 0.1 M  NaOH 

Extracted with 0.3 M  Na3C3H6O7,  1 M NaHCO3, Na2S2O4 

Extracted with 0.25  M H2SO4 

Soluble & loosely bound Pi 

Al bound Pi  

Fe  bound  Pi 

Reductant soluble - Pi 

Ca  bound  Pi 

0.5 g sediment 

Extracted with 0.5 M NaHCO3 

Extracted with 1 M  HCl 

Extracted with 0.5 M  NaOH 

Ignited at 550C and 

dissolved in  1.0 M H2SO4 

Labile Po = Total Labile  P – Labile Pi 

Moderately Labile Po = Total Moderately Labile P – 

Moderately Labile Pi 

Humic acid and Fulvic acid Po = Total P extractable 

with 0.5 M NaOH – Pi extractable  with 0.5 M NaOH 

Nonlabile Po 
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Results and Discussion 

Sediment characteristics 

Table 4 shows that sediment characteristics varied greatly across all 25 samples. The 

ranges of TP, PM3, and Pox  were 386-1,134 , 5-85, and 60-823 mg kg
-1

,  respectively.  Feox, 

Alox, Mnox, and CaM3 ranged from 743-9,903, 235-1,542, 154-9,794, and 1,927-6,750 mg    

kg
-1

, respectively.  Organic matter ranged from 1.51 to 7.53%.  The pH values ranged from 

5.5 to 8.1, indicating a wide range of sediment acidity.  The clay fraction ranged from 15 to 

36%, while sand fraction was from 2 to 52%.  Among the three groups, the in-stream deposit 

had the highest TP, PM3, and Pox (Fig. 6), indicating a potential major contributor to P leaving 

the watershed from bed sediment re-suspension during high-flow events.  Furthermore, the 

in-stream deposit group had the highest average of Feox and Mnox, while floodplain and bank 

deposits had the highest Alox and CaM3, respectively.  

 

 

 

 

 

      

 

 

Figure 6.  Average of TP, Pox, PM3, CaM3, Feox, Alox, and Mnox in the group of bank (n=9), 

in-stream deposit (n=10), and floodplain (n=6) sediments. 

 

 

Pox PM3 CaM3 Feox Alox Mnox 
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Table 4. Selected sediment properties, where OM = organic matter, C= total C, N= total N, TP = total P, Feox/Alox/Mnox/Pox = 

ammonium oxalate extractable Fe/Al/Mn/P, FeCBD = citrate bicarbonate dithionite extractable Fe, CaM3/PM3 = Mehlich 3 extractable 

Ca/P. 

 

Group Sample 
Code Description 

OM  C N Sand Silt Clay pH H2O 
(1:1) 

TP 
mg kg

-1
 -------%------ 

Banks B-2 Camp Creek (1) 4.52 1.54 0.16 6 73 21 5.7 499 

 B-3 Roberts Creek (1) 7.53 3.12 0.25 2 62 36 6.0 847 

 B-7 Till (1) 1.65 0.25 0.06 49 28 23 7.1 370 

 B-17 Camp Creek (2) 3.38 1.32 0.14 11 64 25 6.2 491 

 B-18 Roberts Creek (2) 4.51 1.84 0.14 13 60 27 6.3 588 

 B-19 Gunder (1) 1.51 0.31 0.06 6 72 22 7.4 484 

 B-20 Till, calcareous (2) 1.71 1.06 0.03 49 30 21 8.1 473 

 B-21 Camp Creek (3) 4.38 1.66 0.13 19 59 22 6.0 573 

 B-22 Roberts Creek (3) 4.23 1.54 0.14 6 69 25 5.7 522 

In-stream  I-4 Stream bottom sediment (1) 3.19 0.88 0.15 9 59 32 6.7 666 

deposit I-5 Slump,  debris dam 5.59 2.06 0.16 6 60 34 5.9 386 

 I-6 Stream bed sediments, debris dam 3.64 1.00 0.10 22 53 25 7.2 966 

 I-8 Sand bar 2.98 0.99 0.10 52 33 15 7.2 566 

 I-11 Stream bottom sediment (2) 2.57 0.84 0.10 30 51 19 5.9 974 

 I-12 Slump (1) 3.87 1.49 0.14 34 51 15 6.6 558 

 I-13 Bar  4.25 1.47 0.12 6 63 31 6.5 1,134 

 I-23 Slump (2) 2.33 0.34 0.05 33 37 30 6.3 815 

 I-24 Stream bottom sediment (3) 5.90 2.40 0.19 13 63 24 5.9 566 

 I-25 Beaver dam 4.52 1.71 0.16 27 56 17 7.1 673 

Floodplain F-1 Pasture 5.19 2.23 0.24 1 81 18 5.6 567 

 F-9 Forest  (1) 5.09 1.95 0.20 18 63 19 5.7 556 

 F-10 Forest (2) 6.41 2.52 0.24 4 70 26 6.1 730 

 F-14 Corn Field, tillage 4.21 1.49 0.15 10 67 23 6.3 559 

 F-15 Soybean field 4.38 1.59 0.16 17 61 22 6.5 505 

 F-16 Corn Field, no tillage 4.69 1.91 0.18 22 57 21 6.2 617 

2
8
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Table 4. Continued. 

 

Group Sample Code Description 
Feox Alox Mnox Pox FeCBD CaM3 PM3 

-----mg kg
-1

------ 

Banks B-2 Camp Creek (1) 2,816 1,321 595 127 8,620 2,646 39 

 B-3 Roberts Creek (1) 4,424 1,742 2,182 479 7,274 5,170 55 

 B-7 Till (1) 1,665 496 267 124 11,858 1,927 26 

 B-17 Camp Creek (2) 3,348 1,002 702 158 6,825 1,975 29 

 B-18 Roberts Creek (2) 3,947 1,076 1,263 193 5,862 2,983 41 

 B-19 Gunder (1) 1,967 445 154 137 3,813 2,135 28 

 B-20 Till (2) 743 235 166 106 10,124 6,750 5 

 B-21 Camp Creek (3) 3,925 1,116 801 188 8,745 2,243 35 

 B-22 Roberts Creek (3) 2,654 947 403 129 7,272 1,965 29 

In-stream  I-4 Stream bottom sediment (1) 3,068 837 9,794 499 5,095 3,729 61 

deposit I-5 Slump,  debris dam 1,951 1,542 689 60 4,294 4,038 13 

 I-6 Stream bed sediments, debris dam 9,903 1,058 1,290 655 15,571 2,905 58 

 I-8 Sand bar 3,948 602 919 351 6,888 2,278 76 

 I-11 Stream bottom sediment (2) 4,009 455 532 648 7,404 1,976 85 

 I-12 Slump (1) 3,947 678 740 329 7,338 2,380 84 

 I-13 Bar  6,310 585 147 823 8,426 3,129 67 

 I-23 Slump (2) 4,340 649 872 297 15,948 2,764 45 

 I-24 Stream bottom sediment (3) 6,169 957 423 275 7,562 2,144 27 

 I-25 Beaver dam 3,431 609 672 353 7,401 3,065 71 

Floodplain F-1 Pasture 3,914 1,367 511 160 7,341 2,387 34 

 F-9 Forest  (1) 3,348 1,379 809 170 8,171 2,242 56 

 F-10 Forest (2) 4,228 1,319 618 292 8,615 2,897 55 

 F-14 Corn Field, tillage 3,496 1,451 740 129 8,557 2,417 37 

 F-15 Soybean field 3,644 1,453 852 119 8,876 2,282 30 

 F-16 Corn Field, no tillage 2,751 1,216 471 161 9,195 2,271 72 

2
9
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Simple correlations between sediment properties related to P are summarized in Table 

5, and several details may be inferred.  First, TP was not significantly correlated with clay or 

OM when all data (n = 25) were used.  This observation does not agree with the assumption 

that total P concentrations would be higher in soils with higher clay and OM content due to 

its contribution on Pi retention and Po fractions, respectively (e.g.(Dalal, 1977; Deng and 

Dixon, 2002; Holford, 1997; Kirkby et al., 2011; Quintero et al., 1999). However, TP was 

significantly correlated with clay and OM when the analysis used only the data set from the 

bank and the floodplain deposits (n=15), i.e., excluding the heterogeneous in-stream deposits.  

Second, excluding data set from the in-stream deposits also resulted in significant correlation 

between PM3 and pH as well as between Pox and Feox.  The higher correlation coefficients 

obtained by excluding data from the in-stream deposits indicated that processes of P 

adsorption/desorption, mineral precipitation/dissolution, and mineralization/immobilization 

would be less predictable for the in-stream deposits compared to the other groups.  Regular 

contact with the flowing stream flow may have had an impact on characteristics of the in-

stream deposits compared with the bank sediments and floodplain soils.  

Third, while PM3 was not significantly correlated to CaM3, the fraction of PM3 to TP 

(PM3 / TP) was significantly correlated to CaM3 (n=25 or n=15).  Fourth, TP was not 

significantly correlated with FeCBD, but it was positively correlated with Feox (n=25 or 

n=15). This result is likely due to the different forms of Fe extracted by CBD and ammonium 

oxalate.  While the CBD extraction is targeted to measure total free Fe / Al / Mn oxides, the 

ammonium oxalate extraction is targeted to measure the poorly crystalline (Fe/Al/Mn) 

sesquioxides, which have a high capacity for P binding  (Kleinman and Sharpley, 2002; 

Rotterdam et al., 2012). Last, a slightly higher Pearson’s r was identified when Pox was  
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Table 5. Simple correlation between sediment characteristics related to P. Clay and OM are 

in %, TP, PM3, Pox, FeCBD, Feox, Alox, and Mnox are in mg kg
-1

.  

 

Y X Pearson’s r P value Significance 

Total P  Clay
†
  0.29 0.1669 NS 

 Clay
‡
  0.66 0.0074 ** 

 OM
†
  0.12 0.5530 NS 

 OM
‡
  0.88 <0.0001 * 

 FeCBD
†
  0.33 0.1069 NS 

 FeCBD
‡
 -0.23 0.4138 NS 

 Feox 
†
  0.70 0.0001 ** 

 Feox
‡

    0.70 0.0036 ** 

 Feox + Alox 
†
  0.64 0.0006 ** 

 Feox + Alox 
‡

   0.71 0.0029 ** 

 Feox+Alox+Mnox 
†
  0.52 0.0083 ** 

 Feox+Alox+Mnox 
‡

   0.76 0.0029 ** 

 PM3
†
  0.61 0.0013 ** 

 PM3
‡
  0.66 0.0070 ** 

 Pox 
†
  0.92 <0.0001 ** 

 Pox
‡
 0.90 <0.0001 ** 

PM3  pH
†
  0.04 0.9548 NS 

 pH
‡
  0.60 0.0189 * 

 CaM3
†
 -0.25 0.2366 NS 

 CaM3
‡
 -0.25 0.3684 NS 

Pox Feox
 †

  0.26 0.2114 NS 

 Feox 
‡
  0.52 0.0472 * 

 Feox + Alox
†

   0.59 0.0019 ** 

 Feox + Alox 
‡

   0.60 0.0214 * 

 Feox+Alox+Mnox
†

   0.60 0.0014 ** 

 Feox+Alox+Mnox 
‡
  0.69 0.0048 ** 

PM3/TP CaM3
†
 -0.41 0.0407 * 

 CaM3
‡
 -0.56 0.0295 * 

Pox/TP Feox 
†
 -0.34 0.0978 NS 

 Feox 
‡
  0.37 0.1766 NS 

 Feox + Alox 
†
  0.49 0.0130 * 

 Feox + Alox 
‡
  0.48 0.0693 NS 

 Feox+Alox+Mnox 
†
  0.65 0.0004 ** 

 Feox+Alox+Mnox 
‡
  0.59 0.0219 * 

 

Note = 
†
 using all sediment samples data (n=25),  

‡
 using only data for sediment within bank and floodplain 

group (n=15), * = significant at =0.05, **= significant at =0.01,  NS=not significant. 

 

correlated to the sum of poorly crystalline sesquioxides (Feox+Alox+Mnox) than only to Feox 

or (Feox+Alox), especially when data from the in-stream deposits were excluded (n=15).  
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Phosphorus adsorption by manganese oxides (MnO2) is possible when MnO2 occurs in  

considerable concentrations (Yao and Millero, 1996); however, Gadde and Laitinen (1974) 

suggested that this is less likely to happen at most soil pH values since the PZC (point of zero 

charge) of MnO2 is ~2.8.  

 

Phosphorus fractionation 

Comparison of sum of all fractions (TPsum) and TP 

Figure 7 shows a significant correlation between sum of all individual P fractions 

(TPsum) and total P extracted with perchloric acid and nitric acid (TP).  Thus we conclude that 

the fractionation method used in this study reasonably recovered total P in the individual Pi 

and Po fractions.  However, across all 25 samples, most of TPsum was lower than TP, which 

is possibly related to three factors.  First, the accuracy of sequential extraction in determining 

a specific P fraction could be low due to reorganization of P fractions during a prior 

extraction, to reagents which are nonselective for the target phases, and to residual P that is 

not completely extracted (Wang et al., 2010).  Second, TP was determined in a single step of 

digestion with perchloric acid and nitric acid, suggesting less possible loss of P than in TPsum 

which was determined by sequential extraction.  Third, Po fractions could be underestimated 

due to hydrolysis of Po to Pi, especially with strong extracting solutions (Blake et al., 2003).  

 

Inorganic P fractions 

Following the method of Zhang and Kovar (2009), inorganic fractions of P in this 

study were classified as soluble and loosely bound Pi (SL-Pi), Al-bound Pi (Al-Pi), Fe-

bound Pi (Fe-Pi), reductant-soluble Pi (RS-Pi), and Ca-bound Pi (Ca-Pi), as seen in Fig. 8 .  
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Figure 7. Comparison of total P extracted with nitric acid + perchloric acid (TP) and sum of 

all individual P fractions (TPsum), n=25.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.  Distribution of Pi fractions in all twenty-five sediment samples. Bar chart 

represents all Pi fractions (in mg kg
-1

), line chart represents percentage of Pisum to TPsum.  
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The total of all individual Pi fractions (Pisum) ranged between 125 and 856 mg kg
-1

 or 35 to 

90% of TPsum.   Moreover, SL-Pi ranged from 4 to 11 mg kg
-1

 or 0.7 to 3.5% of Pisum.  

For each group of sediments, SL-Pi averaged 6 mg kg
-1

 in the bank, and it was 7 mg kg
-1

 in  

the floodplain and the in-stream deposits (Table 6).  The small portion of SL-Pi in this study 

agreed with a previous study by Wang et al. (2010) for the surface sediments of a river 

system in China, however the value was much less than the SL-Pi values reported by Kisand 

(2005) for sediment in Lake Verevi, a eutrophic temperate lake in South Estonia. Although 

the SL portion was almost negligible compared to Pisum, SL-Pi is the solid-phase P which 

may be released first when sediments are re-suspended during the high-flow events, therefore 

its impact on causing impairment of water quality may be more straightforward than that of 

other P fractions. 

The Al-Pi and Fe-Pi values ranged from 0 to 99 mg kg
-1

 and from 1 to 571 mg kg
-1

, 

respectively.  Fe-Pi has a potential to elevate soluble P levels in the water column under 

anaerobic condition when Fe
3+

 is reduced to Fe
2+

 and the sorbing Fe oxides are dissolved 

(Pettersson, 1998). Moreover, the lowest value of Al-Pi and Fe-Pi was in B-20, possibly due 

to the characteristics of this sediment: pH (8.1), calcareous, and low Alox. RS-Pi ranged from 

7 mg kg
-1

 (I-5) to 223 mg kg
-1

 (I-6), both the lowest and the highest RS-Pi were in the in-

stream deposit. Of the three groups, the in-stream deposits had the highest average Al-Pi, Fe-

Pi, and RS-Pi. Ca-Pi ranged from 26 mg kg
-1

 (F-16) to 288 mg kg
-1 

(B-19).  Unlike other Pi 

fractions, the highest average of Ca-Pi was in the bank sediments. Moreover, Ca-Pi 

concentration in the bank sediments followed the order: Camp Creek < Roberts Creek < till < 

Gunder, indicating a lower Ca-Pi concentration in the youngest sediments. 



35 

Averaged for the 25 sediments in this study, the inorganic P (Pi) fractions followed 

the order: Fe-Pi > Ca-Pi > RS-Pi > Al-Pi > SL-Pi.  This order was fairly similar to the 

distribution of P phases reported for Washington tidal river sediments which followed the 

order: Fe-P > Ca-P > Al-P (Huanxin et al., 1997).  The composite average order was also 

similar to that in the in-stream deposits (Table 6).  However, it was different from that in the 

floodplain soils and the bank deposits.  The Pi factions followed the order: Fe-Pi > RS-Pi > 

Ca-Pi > Al-Pi > SL-Pi in the floodplain, and the order was Ca-Pi > Fe-Pi > RS-Pi > Al-Pi > 

SL-Pi in the bank.  

Table 6.  Mean of Pi fractions in the bank (n= 9), the in-stream deposit (n=10), and the 

floodplain (n=6). Numbers in parentheses are standard deviation.  

  

Pi fractions 
Bank In-stream deposit Floodplain 

mg kg
-1 % mg kg

-1 % mg kg
-1

 % 

SL-Pi 6   (1.9) 2 7     (2.0) 1 7   (1.4) 3 

Al-Pi 28 (19.0) 9 57   (25.3) 11 37 (16.1) 14 

Fe-Pi 83 (44.3) 27 252 (150.6) 48 109 (20.6) 43 

RS-Pi 57 (15.6) 19 87    (75.0) 17 63 (13.8) 25 

Ca-Pi 133 (91.0) 43 120    (44.3) 23 38 (13.0) 15 

Pisum 307 (61.9) 100 523  (206.3) 100 254 (51.8) 100 

 

 

Organic P fractions 

Organic P (Po) fractions in this study were classified as labile Po (Lab-Po), 

moderately labile Po (MLab-Po), humic acid bound Po (HA-Po), fulvic acid bound Po (FA-

Po), and nonlabile Po (NLab-Po), as presented in Fig. 9.  The Lab-Po ranged from 2 to 47 

mg kg
-1

 or 0.5 to 8.5% of the total of all individual Po fractions (Posum).  Averaged over each 

group, Lab-Po was 20, 14, and 32 mg kg
-1

 in the bank deposits, the in-stream deposits, and 

the floodplain soils, respectively (Table 7).  Especially in the bank sediments, Lab-Po for 

Camp Creek and Roberts Creek were higher than for Gunder and the till. As stated by Xu et 
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al. (2013), the decrease of Lab-Po with increasing depth likely indicates a transformation of 

the labile Po fraction into nonlabile Po pools over time. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.  Distribution of Po fractions in all twenty-five sediment samples. Bar chart 

represents Po fractions (in mg kg
-1

), line chart represents percentage of Posum to TPsum.  

 

In general, Lab-Po was higher than MLab-Po, likely because of differences in the pH 

of the extracting solution for each fraction. As suggested by You et al. (2006), soil organic 

matter (SOM) fractions are more readily extractable from soil/sediment samples with the 

higher pH of the extracting solution.  Lab-Po was fractionated by extraction with 0.5 M 

NaHCO3 at pH 8.5, while MLab-Po was extracted with 1 M HCl at pH -1.  In the sequential 
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extraction method of  Tiessen and Moir (2008), Po extractable with 1 M HCl was not 

determined because it was usually low.  

 

Table 7.  Mean of Po fractions in the bank (n= 9), the in-stream deposit (n=10), and the 

floodplain (n=6). Numbers in parentheses are standard deviation.  

Po fractions 
Bank In-stream deposit Floodplain 

mg kg
-1

 % mg kg
-1

 % mg kg
-1

 % 

Lab-Po 20 (13.9) 11 14 (8.1) 9 32 (11.1) 11 

MLab-Po 4 (2.4) 2 6 (2.6) 4 5 (2.5) 2 

FA-Po 53 (38.4) 28 43 (29.8) 28 85 (8.4) 31 

HA-Po 47 (36.1) 25 28 (19.3) 18 80 (8.7) 29 

NLab-Po 64 (23.7) 34 64 (36.9) 41 75 (11.8) 27 

Posum 188 (104.6) 100 155 (61.7) 100 277 (37.1) 100 

 
 

FA-Po and HA-Po are two fractions which are extractable with alkaline extracting 

solution (0.5 M NaOH) and are associated with humic substances.  Across all 25 sediments, 

the ranges of FA-Po and HA-Po were 8-127 and 2-105 mg kg
-1

, respectively. On average, the 

percentage of FA-Po and HA-Po in the total Posum was 29 and 24%, respectively.  Paing et 

al. (1999) reported FA-Po  and HA-Po values of 58-60 and 19-28%, respectively, for 

sediments in a very different ecological setting, two Mediterranean French coastal lagoons. 

Hong and Yamane (1980) reported that about 60% of FA-Po was inositol hexakisphosphate, 

and the rest was other forms of Po.  However, further fractionation of FA-Po or HA-Po was 

beyond the scope of the present study.  The last Po fraction in this study was NLab-Po, Po 

fractions associated with nonhumic substances.  These values ranged between 27 and 163 mg 

kg
-1

.  Especially for the bank and the in-stream deposit, NLab-Po comprised the greatest 

portion of  Posum. 

In general, the Po fractions followed the order: NLab-Po > FA-Po > HA-Po > Lab-

Po > MLab-Po.  The overall order was similar to that in the bank and the in-stream deposits. 
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Nevertheless, Po fractions in the floodplain soils followed a different order: FA-Po > HA-Po 

> NLab-Po > Lab-Po > MLab-Po.  Interestingly, whether in the bank sediments, the in-

stream deposits, or the floodplain soils, the ratio of (NLab-Po + FA-Po + HA-Po) to (Lab-Po 

+ MLab-Po) was 87:13. This indicates that proportion of (Lab-Po + MLab-Po) to Posum 

remained stable across the groups, although the reason is unclear.  

The sum of all individual Po fractions (Posum) in this study ranged from ~10% to 65% 

of TPsum.  Posum was strongly correlated with organic matter content determined by the LOI 

method (Fig. 10).  The positive correlation suggested that more Po was found in samples 

with higher organic matter concentrations, and it agreed with a previous study by Phiri et al. 

(2001). For samples in the floodplain, it was reasonable that about half of TPsum  would be 

organic P since all samples in this group were collected from the soil surface where organic 

matter generally accumulates.  On the other hand, there was also a vertical discrepancy of 

Posum among the major stratigraphic units in the streambank in Walnut Creek. The OM 

content and the fraction of Posum in the youngest materials, Camp Creek (B-2, B-17, and B-

21) and the Roberts Creek (B-3, B-18, B-22) sediments, in the upper part of the stratigraphic 

column were greater than those in older Gunder (B-19) and till (B-7 and B-20) deposits.  

Figure 11 shows a significant correlation between Posum and total C, and this agrees 

with previous research by Kirkby et al. (2011) for Australian soils and other world soils. 

However, a stronger correlation was obtained when the data from the in-stream deposits were 

excluded. Furthermore, the average C:Posum ratio in the bank sediments and the floodplain 

soils were similar (68:1 and 69:1, respectively), while in the in-stream deposits it was 88:1. 

This indicates that properties of the organic P in the in-stream deposits were likely different 

from those of the other groups.  As noted earlier, characteristics of the group of in-stream 
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Figure 10.  Correlation between organic matter content determined with LOI method and 

sum of all individual Po fractions (Posum), n:25.  

 

 

 

 

 

 

 

 

Figure 11.  Relationship between total C and Posum when data sets from all three groups were 

used (left) and data set from the in-stream deposits was excluded (right). Data from B-20 

were excluded.  
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while organic matter in the in-stream deposits was affected by a continuous process of 

transporting, sorting, and depositing by stream flow.  In addition, microbial communities in 

the soil profile might be different from those in the in-stream deposits, leading to a different 

C:Posum. The C:P ratio of soil microbial biomass can vary greatly (between 23-333, 

according to (Manzoni et al., 2010), however it may be even greater in a freshwater 

ecosystem.  According to Cross et al. (2005), the C:P ratio for fungi and bacteria was 5-370 

and 300-1190, respectively, in a freshwater benthic system. Nevertheless, a Po fractionation 

associated with microorganisms is beyond the scope of this study. 

 

Conclusions 

Sediment characteristics as well as P forms associated with eroded sediments in 

Walnut Creek watershed varied greatly across all twenty-five sediments in this study.  

Among the groups, the highest concentrations of TP, PM3, and Pox were in the in-stream 

deposits, indicating a potential major contributor to P leaving the watershed from bed 

sediment re-suspension during high-flow events.  By using data set from only bank sediments 

and floodplain soils, we found a better correlation between P forms and other sediment 

properties.  Across all 25 sediments, the inorganic P (Pi) fractions followed the order: Fe 

bound Pi > Ca bound Pi > reductant soluble Pi > Al bound Pi > soluble and loosely bound 

Pi. For the organic (Po) fractions, the order was nonlabile Po > fulvic acid bound Po > humic 

acid bound Po > labile Po > moderately labile Po.  
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CHAPTER 4 

PREDICTING P SOURCE-SINK STATUS OF WALNUT CREEK SEDIMENTS IN 

VARYING PHYSICOCHEMICAL CONDITIONS 

 

Introduction 

Eroded sediments entering tributary streams of the Mississippi River often carry a 

considerable amount of P and become a potential source for elevating the level of P in the 

stream water (Fang et al., 2002; Hubbard et al., 2011; Jacobson et al., 2011; Lerch et al., 

2015).  Nevertheless, P mobility from eroded sediments is not simply controlled by the total 

amount of P (Kisand, 2005).  Mobility of P is a complex process involving interrelated 

physical, chemical, and biological factors.  Phosphorus adsorption and desorption are 

important processes that involve both the solid and solution phases (Zhou and Li, 2001).  

Although true equilibrium is difficult to achieve and whole solid-solution system is 

simplified in the adsorption-desorption model (Koski-Vähälä and Hartikainen, 2001), Taylor 

and Kunishi (1971) found that the model was useful to predict P release from sediment to 

ambient water.  

In the adsorption-desorption model, phosphorus buffering capacity (PBC) and 

equilibrium phosphorus concentration (EPC) are two sorption indices frequently used to 

assess P release from sediments (Haggard et al., 2007; Hongthanat et al., 2011; Jarvie et al., 

2005).  The PBC is valuable to assess the capability of sediment to buffer the adsorption-

desorption process.  The EPC is valuable to predict whether sediments are likely to act as a 

sink or a source for P in the water column.  Phosphorus adsorption is favored when the EPC 

is less than the concentration of dissolved P in the stream water. In that circumstance, to 
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maintain chemical equilibrium, the sediment would act as a “sink” by decreasing the P 

concentration in the water that suspends the sediment.  Conversely when EPC is greater than 

the dissolved P concentration, P desorption is favored; that is, the sediment may act as a 

“source” by releasing P to the water until a new equilibrium is reached.  Therefore, both the 

EPC value of the sediment and the dissolved P concentration of the water have an impact on 

the overall mobility of P in stream water.  Since physicochemical properties in a stream 

ecosystem are dynamic, P adsorption-desorption processes likely occur simultaneously.  

Adsorption may be more dominant under some circumstances, while under other conditions 

desorption may be dominant (Hongthanat et al., 2011). 

The present study investigated the P adsorption-desorption behavior of sediments 

collected from the Walnut Creek watershed in Jasper County, Iowa.  The Walnut Creek 

watershed supports various land uses (pasture, row crop production, prairie wildlife 

conservation, and riparian forest), drains 7,951 ha area, and discharges into the Des Moines 

River, a tributary of the Mississippi River, at the upper end of the Red Rock Reservoir 

(Schilling et al., 2006b).  The alluvial cross section is composed of a predictable sequence of 

sediments that potentially have different P adsorption/desorption characteristics.  Moreover, 

physicochemical properties along the creek are likely to be dynamic.  Sediment 

concentrations as well as P levels in the stream water fluctuate throughout the year (Schilling 

et al., 2006b; Schilling et al., 2011).   An increase in P load to the stream may occur 

seasonally, for example during large storm (e.g.(Hubbard et al., 2011; Royer et al., 2006) or 

in response to repeated freezing and thawing (e.g. Bechmann et al.,(2005).  In addition, the 

kinetic energy of flowing water during large storms would differ from that of normal 

discharge events. At several sites along Walnut Creek, flowing water has been blocked by 
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debris and beaver dams, leading to slower water flow, more sediment deposition, and perhaps 

localized anaerobic environments (e.g.(Briggs et al., 2013; Burchsted et al., 2010).  The 

variability of sediment types and possible physicochemical properties in the stream 

ecosystem were considered in this study to investigate the two P sorption indices, PBC and 

EPC, in the sediments of Walnut Creek. 

 

Materials and Methods 

Sediment sampling and characterization 

 Twenty-five sediment samples were collected from corridor and floodplain of Walnut 

Creek in Jasper County, Iowa (Table 8, coordinates of sampling sites are in Appendix B1).   

These samples were classified as bank, in-stream, and floodplain deposits. Sediments 

sampled to represent the bank deposits consisted of major stratigraphic units in the Walnut 

Creek valley. Vertically from the surface, they are the Camp Creek Member, the Roberts 

Creek Member, the Gunder Member, and Pre-Illinoian Till (Schilling et al., 2004). 

According to Schilling et al. (2006b), three alluvial units in the stratigraphy of Walnut Creek 

banks (Camp Creek (samples B-2, B-17, B-21), Roberts Creek (samples B-3, B-18, B-22), 

and Gunder (sample B-19)) are the members of De Forest Formation.  The De Forest 

formation occurs throughout Iowa, and the Pre-Illinoian Till (samples B-7 and B-20) is 

commonly exposed at hill slope locations in southern Iowa. The De Forest formation was 

formed during the Holocene Interglacial over the last 11,000 years BP, while Pre-Illinoian 

Till was deposited between 2,000,000 and 500,000 years BP.  Baker et al. (1996) reported 

that the Gunder Member, the Roberts Creek member, and the Camp Creek Member date 

from 11,000 to 4,000 yr BP, 4000 to 400 yr BP, and the last 380 yr, respectively. 
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Table 8.  The twenty-five samples collected in the study. Numbers in parentheses following 

sample description represent different sampling site (coordinates of sampling sites are in 

Appendix B1). 

 

Bank  In-stream deposit Floodplain 

Code Description Code Description Code Description 

B-2 Camp Creek  (1) I-4 Stream bottom sediment  (1) F-1 Pasture 

B-3 Roberts Creek (1) I-5 Slump,  debris dam F-9 Forest (1) 

B-7 Till (1) I-6 Stream bed sediments, debris dam F-10 Forest (2) 

B-17 Camp Creek  (2) I-8 Sand bar F-14 Corn Field, 

tillage 

B-18 Roberts Creek  (2) I-11 Stream bottom sediment (2) F-15 Soybean field 

B-19 Gunder  I-12 Slump (1) F-16 Corn Field, no 

tillage 

B-20 Till, calcareous  (2) I-13 Bar    

B-21 Camp Creek (3) I-23 Slump (2)   

B-22 Roberts Creek (3) I-24 Stream bottom sediment (3)   

  I-25 Beaver dam   

 

 For the in-stream deposits, samples were differentiated as debris dam, bar, slump, 

beaver dam, and stream bottom sediment. In the floodplain soils group, samples were 

collected at 0-20 cm depth at the sites representing row crop production (soybean and corn 

field), grazing (pasture), and riparian buffer zones (forest).  Most of the samples in the 

floodplain were collected in the soil mapping unit of Ackmore soil series (fine-silty, mixed, 

superactive, nonacid, mesic Mollic Fluvaquent (silt loam, 0-2% slope); only sample F-10 was 

collected from a Lawson-Nodaway-Colo (Aquic Cumulic Hapludoll, Mollic Udifluvent, and 

Cumulic Endoaquoll) complex mapping unit (Soil Survey Staff).  Immediately after transport 

to laboratory, one portion from each sample was subsampled to be stored in a cold room, 

while another portion was air dried and sieved to pass a 2-mm screen.  The samples stored in 

the cold room were prepared for the adsorption study, and the <2mm air dried samples were 
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allocated for sediment characterization.  For most of the sampling sites, intact core samples 

were collected at the same time of sampling to determine bulk density.  

Particle size distribution and bulk density were determined gravimetrically (Kettler et 

al., 2001), while pH was determined at a soil to water ratio of 1:1.  Total carbon and total 

nitrogen were analyzed using high-temperature dry combustion (Nelson and Sommers, 

1996).  Total organic matter was determined using the loss-on-ignition method (Konen et al., 

2002).  The perchloric acid digestion method (Kuo, 1996) was used to determine total P, and 

concentrations were determined in the digest using the molybdate blue-ascorbic acid method 

(Watanabe and Olsen, 1965). Mehlich-3 solution (Mehlich, 1984) was used to extract 

exchangeable cations (CaM3, MgM3, KM3, NaM3), and the concentrations were determined 

using inductively coupled plasma-atomic emission spectrometry (ICP-AES). Mehlich-3 

solution was also used to extract P (PM3) and the concentrations were determined using the 

molybdate blue-ascorbic acid method (Watanabe and Olsen, 1965).  Citrate-bicarbonate-

dithionite-extractable Fe (FeCBD) was determined by atomic absorption spectroscopy (Shang 

and Zelasny, 2008). Ammonium oxalate extractable Fe, Al, and Mn (Feox, Alox, Mnox) were 

determined by ICP-AES, and P (Pox) in this extraction was determined using a malachite 

green method (D’Angelo et al., 2001).  PM3 and CaM3 were used to calculate the degree of P 

saturation (DPS(Ca-M3)) as well as Pox, Feox, and Alox for DPS(Al-ox + Fe-ox).  The formulas to 

calculate DPS are described in equation 1 and 2, units in all variables are mmol kg
-1

 

(Hongthanat et al., 2011; Kleinman and Sharpley, 2002). 
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Isotherm adsorption study 

A batch isotherm adsorption study was conducted to assess amount of phosphate 

adsorbed by stream sediments (solid phase P, abbreviated as Q) as a function of phosphate 

concentration in the solution (liquid phase P, abbreviated as C) at equilibrium at a constant 

temperature.  To serve as a base solution for the experiments, stream water from Walnut 

Creek was filtered through a 0.45-m cellulose-acetate membrane.  Stream water is preferred 

for such experiments to represent the ionic strength and chemical composition of natural 

conditions (Lucci et al., 2010).  Three subsamples of the stream water were characterized by 

pH of 8.0 (0.1), electrical conductivity (EC) of 0.45 (0.04) dS m
-1

, dissolved P of 0.050 

(0.009) mg L
-1

, and K, Ca, Mg, Na of 1.3 (0.40), 56.3 (4.2), 23.0 (2.0), 5.7 (0.2) mg  

L
-1

, respectively (values in the parentheses are standard deviations).  All sediments listed in 

Table 8 were used in this study.  To mimic possible physicochemical aspects during the 

process of sediment erosion in stream water, four physicochemical treatments were designed 

by varying the solid-to-solution ratio, shaking energy, and redox potential, as summarized in 

Table 9.  The physicochemical treatments are referred to oxic environment (OX), anoxic 

environment (AN), high shaking energy (HE), and low solid-to-solution ratio (LS).  
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Table 9.  Physicochemical treatments designed for evaluation of PBC and EPC. 

  

Designated term Symbol 
Solid-to-

solution ratio 

Shaking 

energy 

Anaerobic 

incubation 

Oxic environment OX 1:20 Low Not incubated 

Anoxic environment  AN 1:20 Low Incubated 

High shaking energy HE 1:20 High Not incubated 

Low solid-to-solution ratio LS 1:200 Low Not incubated 

 

The adsorption study used 50-mL centrifuge tubes to obtain an equilibrium state 

between solid and solution.  The volume of base solution added in all treatments was 30 mL 

per tube, spiked with 0, 0.05, 0.10, 0.20, 0.40, and 0.80 mg P L
-1

.  The mass of moist 

sediments were equivalent to the oven-dried mass of 1.5 g (under OX, AN, and HE) and 0.15 

g (under LS) for solid-to-solution ratios of 1:20 and 1:200, respectively.  In the anaerobic 

(AN) incubation, the cap of the centrifuge tube was lined with a rubber septum to allow 

access for nitrogen purging. N2 gas was pumped into individual centrifuge tubes on the first 

day of the incubation and repeated weekly.  After N2 purging, the surface of the rubber 

septum and the bottom part of the cap was rubbed with silicone glue to minimize air 

infiltration. Incubation was carried out for 30 days in a chamber flooded with N2.  

The equilibrium state was achieved by shaking the samples on a reciprocating shaker 

for 24 hours.  A slow shaking speed (200 excursions per minute) was applied under OX, AN, 

and LS, while fast shaking speed (300 excursions per minute) was applied under HE to result 

in high shaking energy.  After the sediments settled, Eh and pH were measured by inserting 

the Eh or pH probe in the tube so that the edge of the probe was about 2 cm above the surface 

of the settled sediment.  In the anaerobic treatment, Eh and pH were measured in a glove box 
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which was flooded with N2.  Afterward, each tube was centrifuged at 4,300 x g for 15 

minutes, followed by filtering the supernatant through Whatman 42 filter paper.  The P 

concentration in the solution at equilibrium was determined using the malachite green 

method (D’Angelo et al., 2001).  Equilibrium phosphorus concentration (EPC) and 

phosphorus buffering capacity (PBC) were determined following the method of  Hongthanat 

et al.  (2011) where P in the liquid phase (C) was plotted against P in the solid phase (Q), and 

a line was fit to the data using simple linear regression. 

To better understand relationship between EPC and sediment properties, a simple 

correlation analysis was performed using SAS 12.0 software.  The same software was used 

for mean comparison of pH, Eh, PBC, and EPC at each of physicochemical properties 

design.  Moreover, two approaches were used for assessing sink-source status of the 

sediments in the different treatments.  First, the EPC values were directly compared to 

average values of dissolved P in Walnut Creek stream water determined in this study.  As 

noted earlier, sediments are predicted to act as sinks when the EPC is less than dissolved P 

concentration and as sources when EPC is greater than the dissolved P concentrations in the 

stream water.  The second approach was to compare the predicted pore water P concentration 

of in situ stream sediments (Cpw) to the dissolved P in infiltrating stream water.  This 

comparison would be relevant in the context where the stream stage rises slowly enough that 

in-stream or bank sediments are not physically eroded or where overbank flooding leads 

stream water to infiltrate floodplain soils.  In situ saturated sediment or soil could be a sink 

when Cpw is less than dissolved P and a source when Cpw is greater than dissolved P in the 

stream water. Cpw was predicted using the following equation: 

 Cpw = (Sa/[(v / b) + PBC] (Equation 3) 
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where Cpw = pore water P concentration (mg L
-1

), Sa = concentration of active P in the 

sediment (mg kg
-1

), we assumed the values were similar to soluble and loosely bound P (SL-

Pi, data in Table 10), v = volumetric water content (L L
-1

), b= bulk density (kg L
-1

), and 

PBC= phosphorus buffering capacity (L kg
-1

).  In these calculations, we assumed that the 

sediments would be water saturated, i.e., v = total porosity. 

 

Results and Discussion 

Characteristics of the sediments 

Characteristics of the twenty-five sediments are summarized in Table 10.  The in-

stream deposits and the floodplain soils had a narrow range of pH values (5.6 to 7.2), while 

the bank sediments had a wider pH range (5.7 to 8.1). The B-20 sample (developed from Pre-

Illinoian Till) had the highest pH value, and it was also calcareous.  Total C ranged from 0.25 

to 3.12%, and organic matter ranged from 1.51 to 7.53%.  The B-20 and B-17 samples had 

relatively similar organic matter contents (1.71 and 1.65 %, respectively), however total C in 

B-20 was about four times that of B-7, indicting the presence of inorganic carbon in sample 

B-20.  Total N in samples from the floodplain soils tended to be higher than in the other 

groups, possibly due to fertilizer application in the row crops (samples F-14, F-15, and F-16), 

accumulation of manure from the pasture rangeland (sample F-1), or accumulation of runoff 

in the riparian buffer from adjacent row crop fields (samples F-9 and F-10).  Samples from 

the floodplain had less variation of Mehlich-3 extractable cations, ammonium oxalate-

extractable metals (Feox, Alox, Mnox), and CBD-extractable Fe  compared to the bank and in-

stream deposits. 
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Table 10.  Selected sediment properties, where OM = organic matter, C= total C, N= total N, TP = total P, Feox/Alox/Mnox/Pox = 

ammonium oxalate extractable Fe/Al/Mn/P, FeCBD = citrate bicarbonate dithionite extractable Fe, SL-Pi= soluble and loosely bound 

inorganic P (1 M NH4Cl extractable P), CaM3/MgM3/KM3/NaM3/PM3 = Mehlich 3 extractable Ca/Mg/K/Na/P, DPS(Al-ox + Fe-ox) = degree 

of phosphorus saturation based on Pox, Alox, and Feox, DPS(Ca-M3) = DPS based on CaM3 and PM3, n.a = not available. 

 

Group 
Sample 

Code 
Description 

pH H2O 

(1:1) 

Sand Silt Clay BD TP Feox Alox Mnox Pox FeCBD SL-Pi 

------- % ------- g cm
-3

 ------- mg kg
-1

 -------  

Banks B-2 Camp Creek (1) 5.7 6 73 21 1.30 499 2,816 1,321 595 127 8,620 5 

 B-3 Roberts Creek (1) 6.0 2 62 36 n.a 847 4,424 1,742 2,182 479 7,274 7 

 B-7 Till (1) 7.1 49 28 23 1.60 370 1,665 496 267 124 11,858 7 

 B-17 Camp Creek (2) 6.2 11 64 25 1.23 491 3,348 1,002 702 158 6,825 6 

 B-18 Roberts Creek (2) 6.3 13 60 27 1.29 588 3,947 1,076 1,263 193 5,862 5 

 B-19 Gunder 7.4 6 72 22 1.57 484 1,967 445 154 137 3,813 5 

 B-20 Till (2) 8.1 49 30 21 1.72 473 743 235 166 106 10,124 6 

 B-21 Camp Creek (3) 6.0 19 59 22 n.a 573 3,925 1,116 801 188 8,745 5 

 B-22 Roberts Creek (3) 5.7 6 69 25 n.a 522 2,654 947 403 129 7,272 11 

In-stream  I-4 Stream bottom sediment (1) 6.7 9 59 32 1.28 666 3,068 837 9,794 499 5,095 11 

deposit I-5 Slump,  debris dam 5.9 6 60 34 0.87 386 1,951 1,542 689 60 4,294 4 

 I-6 Stream bed sediments, debris dam 7.2 22 53 25 n.a 966 9,903 1,058 1,290 655 15,571 5 

 I-8 Sand bar 7.2 52 33 15 1.44 566 3,948 602 919 351 6,888 7 

 I-11 Stream bottom sediment (2) 5.9 30 51 19 1.54 974 4,009 455 532 648 7,404 6 

 I-12 Slump (1) 6.6 34 51 15 1.27 558 3,947 678 740 329 7,338 8 

 I-13 Bar  6.5 6 63 31 1.15 1,134 6,310 585 147 823 8,426 6 

 I-23 Slump (2) 6.3 33 37 30 n.a 815 4,340 649 872 297 15,948 5 

 I-24 Stream bottom sediment (3) 5.9 13 63 24 n.a 566 6,169 957 423 275 7,562 6 

 I-25 Beaver dam 7.1 27 56 17 n.a 673 3,431 609 672 353 7,401 7 

Floodplain F-1 Pasture 5.6 1 81 18 0.95 567 3,914 1,367 511 160 7,341 5 

 F-9 Forest  (1) 5.7 18 63 19 1.01 556 3,348 1,379 809 170 8,171 7 

 F-10 Forest (2) 6.1 4 70 26 0.86 730 4,228 1,319 618 292 8,615 6 

 F-14 Corn Field, tillage 6.3 10 67 23 1.41 559 3,496 1,451 740 129 8,557 7 

 F-15 Soybean field 6.5 17 61 22 1.41 505 3,644 1,453 852 119 8,876 6 

 F-16 Corn Field, no tillage 6.2 22 57 21 1.24 617 2,751 1,216 471 161 9,195 9 

5
0
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Table 10. Continued. 

 

Group 
Sample 

Code 
Description 

OM C N C/N CaM3 MgM3 KM3 NaM3 PM3 
DPS 

(Al-ox + Fe-ox) 

DPS 

(Ca-M3) 

---- % ----  ---------- mg kg
-1

 ----------- ----- % ----- 

Banks B-2 Camp Creek (1) 4.52 1.54 0.16 9.63 2,646 537 142 69 39 4.14 1.90 

 B-3 Roberts Creek (1) 7.53 3.12 0.25 12.48 5,170 1,186 173 104 55 10.75 1.37 

 B-7 Till (1) 1.65 0.25 0.06 4.17 1,927 316 88 60 26 8.30 1.72 

 B-17 Camp Creek (2) 3.38 1.32 0.14 9.43 1,975 463 100 70 29 5.27 1.87 

 B-18 Roberts Creek (2) 4.51 1.84 0.14 13.14 2,983 558 145 89 41 5.64 1.78 

 B-19 Gunder (1) 1.51 0.31 0.06 5.17 2,135 506 117 55 28 8.59 1.68 

 B-20 Till (2) 1.71 1.06 0.03 35.33 6,750 288 103 57 5 15.52 0.10 

 B-21 Camp Creek (3) 4.38 1.66 0.13 12.77 2,243 413 98 68 35 5.44 2.02 

 B-22 Roberts Creek (3) 4.23 1.54 0.14 11.00 1,965 426 83 60 29 5.03 1.92 

In-stream I-4 Stream bottom sediment (1) 3.19 0.88 0.15 5.87 3,729 968 191 87 61 18.76 2.12 

deposit I-5 Slump,  debris dam 5.59 2.06 0.16 12.88 4,038 670 143 85 13 2.11 0.41 

 I-6 Stream bed sediments, debris dam 3.64 1.00 0.10 10.00 2,905 685 113 78 58 9.77 2.60 

 I-8 Sand bar 2.98 0.99 0.10 9.90 2,278 405 112 68 76 12.20 4.33 

 I-11 Stream bottom sediment (2) 2.57 0.84 0.10 8.40 1,976 425 67 57 85 23.61 5.54 

 I-12 Slump (1) 3.87 1.49 0.14 10.64 2,380 454 134 70 84 11.08 4.59 

 I-13 Bar  4.25 1.47 0.12 12.25 3,129 728 118 97 67 19.72 2.76 

 I-23 Slump (3) 2.33 0.34 0.05 6.80 2,764 899 142 107 45 9.41 2.10 

 I-24 Stream bottom sediment (3) 5.90 2.40 0.19 12.63 2,144 429 79 64 27 6.10 1.66 

 I-25 Beaver dam 4.52 1.71 0.16 10.69 3,065 576 117 77 71 13.58 3.00 

Floodplain F-1 Pasture 5.19 2.23 0.24 9.29 2,387 434 146 63 34 4.28 1.85 

 F-9 Forest  (1) 5.09 1.95 0.20 9.75 2,242 352 177 67 56 4.93 3.26 

 F-10 Forest (2) 6.41 2.52 0.24 10.50 2,897 577 171 78 55 7.58 2.48 

 F-14 Corn Field, tillage 4.21 1.49 0.15 9.93 2,417 461 149 59 37 3.57 1.98 

 F-15 Soybean field 4.38 1.59 0.16 9.94 2,282 423 113 53 30 3.23 1.71 

 F-16 Corn Field, no tillage 4.69 1.91 0.18 10.61 2,271 400 189 74 72 5.52 4.09 

5
1
 

 



52 

The ranges of TP and Pox were 386-1,134 and 60-823 mg kg
-1

, respectively.  The clay 

fraction was from 15-36%, while the sand fraction was from 2-52%.  High sand 

concentration in samples B-7 and B-20 was comparable to the characteristics of Pre-Illinoian 

Till reported by Schilling et al. (2004).  Six samples of the in-stream deposits (I-6, I-8, I-11, 

I-34, I-23, and I-25) were coarser than most of the other samples, reflecting differential 

transport of finer material with stream flow (McDowell and Sharpley, 2001a).  The in-stream 

deposits had a wider range of clay concentration than did the bank sediments or the 

floodplain soils, also indicating variation in the deposition and transport of finer materials 

along the creek. 

In general, characteristics of the sediments varied across the samples even within the 

same group.  The variations were driven by the age and source of the deposits, by sediment 

transport and deposition, or by agronomic practices.  Vertical variation in characteristics of 

the bank sediments reflected the sequence of Holocene alluvial events in Walnut Creek. 

Within the in-stream deposits group, the physical and chemical characteristics were related to 

the processes of sedimentation and transport of eroded materials.  In the last group, 

floodplain soils, variations of sediment characteristics may have been associated with both 

recent overbank deposition and land use or agronomic practices at each sampling site. 

 

Soil test P and DPS as indicators of environmental risk 

Soil test P is a simple indicator to assess potential P release.  Values for PM3 in this 

study ranged from 5 to 85 mg kg
-1

 (Table 10). In Ohio, 150 mg Bray-P kg
-1 

is the threshold to 

recommend no additional P application to a soil (Dayton et al., 2014).  Pautler and Sims 

(2000) suggested that Delaware soils with >50 mg Mehlich-1 P kg
-1

 would be excessive in P. 
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In a study of calcareous soils in the Minnesota River Basin, Fang et al. (2002) suggested that 

the critical levels for soil Mehlich-3 P and Olsen P were 65-85 and 40-55 mg kg
-1

, 

respectively.  Other environmental thresholds in the US that employ soil-test P values have 

been summarized by Sharpley et al. (2003).  For Mehlich-3 extractable P, the threshold in 

several states ranges between 130 to 200 mg P kg
-1

.  Since environmental threshold values 

for these parameters have not been defined for soils in Iowa, threshold values from other 

studies were used to assess potential P loss from the samples.  The PM3 levels in all samples 

were below the Mehlich-3 threshold values of 130-200 mg kg
-1

 as suggested by Sharpley et 

al. (2003).  However, if compared to PM3 critical level of 65-85 mg kg
-1

 as suggested by Fang 

et al. (2002), six samples (I-8, I-11, I-12, I-13, I-25, and F-16) could be considered to pose a 

potential risk to water quality impairment. 

Values for DPS(Ca-M3) and DPS(Al-ox+Fe-ox) ranged from 0.10 to 5.54% and from 2.11 to 

23.61%, respectively (Table 10).  The degree of P saturation (DPS) is an assessment of  the 

portion of potential sorption sites that are bound with P to the number of sorption sites 

available for P sorption.  Previous studies have used DPS values for assessing the 

environmental risks of P in soils or sediments.  Some critical DPS values have been 

proposed, varying from 8  to 30% and depending on the method used to calculate DPS, the 

management objective, and kinds of soil under evaluation (Breeuwsma et al., 1995; Casson 

et al., 2006; Hooda et al., 2000; Laboski and Lamb, 2004; Nair et al., 2004; Ohno et al., 

2007; Pautler and Sims, 2000; Sims et al., 1998; Sims et al., 2002).   The range of DPS(Ca-M3) 

in this study is comparable to the range of 0.05 to 8.58% (mean =1.65%) in the study by Ige 

et al.(2005) for calcareous soils in Manitoba.  Unfortunately, so far there is no DPS(Ca-M3)  

value that has been set as a threshold to asses potential risk of P loss from soil or sediment. 
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By comparing the threshold value of 15% for DPS(Al-ox+Fe-ox) as suggested by Ohno et al. 

(2007), it could be predicted that P release to the stream water might be likely from four 

samples (B-20, I-4, I-11, I-13).  Among the four samples with DPS(Al-ox+Fe-ox)  greater than 

15%, the B-20 sample (Pre-Illinoian Till) may need other parameters to fairly assess its 

potential for P loss since this sample also had the lowest PM3.  

 

pH and Eh at equilibrium 

The mean of Eh and pH at equilibrium for each of treatments in this study are 

graphed in Fig. 12.  In comparison with the oxic environment, raising the shaking energy 

from low to high did not result in a significant change in equilibrium pH.  On the other hand, 

anaerobic incubation for 30 days resulted in significant lower Eh and a significantly higher 

pH, presumably associated with H
+ 

consumption under decreasing redox potential, as 

suggested by Ponnamperuma (1972).  A significantly higher pH also occurred when the 

solid-to-solution ratio was lowered from 1:20 to 1:200, reflecting less desorption of H
+
 ions 

from the smaller sediment mass.  

Solution pH is one of the important factors controlling P adsorption and desorption 

(Bar-Yosef et al., 1988).  In general, P adsorption more likely occurs under acid conditions 

due to the dominantly positive charge on the surfaces of iron oxides in soil. In contrast, an 

increase in pH leads to P desorption as the positively charged sites diminish in number and 

ligand competition for the sorption sites by HCO3
-
 increases.  In nonalkaline soils, sites for P 

adsorption are mainly on Fe(III) and Al (hydr)oxides that occur in finer fractions in the 

particle size distribution (Stumm and Morgan, 1970).  Using an experimental and modeling 

approach, Devau et al. (2009) demonstrated that pH can regulate P adsorption where iron  
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Figure 12.  pH (a) and Eh  (b) after equilibrium in the oxic environment (OX), anoxic 

environment (AN), high shaking energy (HE), and low solid-to-solution ratio (LS). Means 

with different letters were significantly different according to t test at  = 0.05, n=25. 

 

oxides, clay minerals, and gibbsite may be dominant at acidic, intermediate, and alkaline 

pHs, respectively.  Redox potential (Eh) is another important factor driving P sorption-

desorption, where low Eh is associated with enhanced dissolution of P as redox-sensitive 

minerals dissolve (Pratt et al., 2007; Vadas and Sims, 1998). 

 

PBC and EPC in varying physicochemical conditions 

The PBC and EPC values of all twenty-five sediments under the four different 

physicochemical treatments are summarized in Table 11.  Because of the variation of 

sediment properties, the PBC and EPC varied widely within a similar physicochemical 

treatment.  A comparison of means showed that the four physicochemical treatments applied 

in this study did not have a significant, consistent effect on PBC (Fig. 13).  The mean  SE of  

(a) 

(b) 
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Table 11.  Summary of two sorption indices, phosphorus buffering capacity (PBC) and 

equilibrium phosphorus concentration (EPC) for four treatments. 

 

 Group Code Description 
PBC (L kg

-1
) EPC (mg L

-1
) 

OX
†
 AN

†
 HE

†
 LS

††
 OX

†
 AN

†
 HE

†
 LS

††
 

Banks B-2 Camp Creek (1) 173 242 172 275 0.040 0.110 0.051 0.028 

 B-3 Roberts Creek (1) 83 98 98 173 0.166 0.330 0.197 0.117 

 B-7 Till (1) 998 306 286 92 0.001 0.027 0.008 0.024 

 B-17 Camp Creek (2) 181 321 194 235 0.035 0.047 0.041 0.049 

 B-18 Roberts Creek (2) 338 570 438 392 0.027 0.041 0.034 0.045 

 B-19 Gunder (1) 134 173 202 127 0.017 0.051 0.035 0.035 

 B-20 Till (2) 1000 223 232 128 0.011 0.015 0.013 0.004 

 B-21 Camp Creek (3) 212 449 243 223 0.057 0.091 0.056 0.076 

 B-22 Roberts Creek (3) 283 456 256 267 0.040 0.075 0.041 0.045 

In-stream 

deposit 

I-4 Stream bottom 

sediment (1) 

153 158 186 143 0.044 0.239 0.097 0.043 

 I-5 Slump,  debris dam 1401 893 525 495 0.007 0.061 0.011 0.004 

 I-6 Stream bed 

sediments, debris 

dam 

261 275 229 251 0.035 0.161 0.068 0.037 

 I-8 Sand bar 166 124 169 296 0.039 0.364 0.087 0.059 

 I-11 Stream bottom 

sediment (2) 

1440 66 367 1819 0.004 0.151 0.018 0.005 

 I-12 Slump (1) 75 96 60 176 0.224 0.514 0.259 0.129 

 I-13 Bar  358 334 297 319 0.108 0.212 0.168 0.210 

 I-23 Slump (3) 117 153 173 76 0.150 0.163 0.120 0.326 

 I-24 Stream bottom 

sediment (3) 

2121 708 2540 2766 0.008 0.041 0.015 0.007 

 I-25 Beaver dam 441 146 476 231 0.055 0.182 0.074 0.107 

Floodplain F-1 Pasture 148 227 140 229 0.033 0.137 0.070 0.021 

 F-9 Forest  (1) 152 327 162 210 0.012 0.089 0.047 0.011 

 F-10 Forest (2) 94 142 81 251 0.124 0.294 0.192 0.065 

 F-14 Corn Field, tillage 267 255 207 197 0.013 0.058 0.044 0.063 

 F-15 Soybean field 380 195 160 172 0.010 0.050 0.039 0.045 

 F-16 Corn Field, no 

tillage 

46 48 63 196 0.075 0.265 0.199 0.161 

 Note :  
† 
0, 0.05, 0.10, 0.20, 0.40, and 0.80 mg L

-1 
spiked P levels were used to determine PBC and EPC. 

††  
0, 0.05, 0.10, and 0.20 L

-1
  spiked P levels were used to determine PBC and EPC, except  for F-16 (0, 0.10, 

0.20 mg L
-1

), B-5 and B-20 (0, 0.05, 0.10 mg L
-1

) 
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Figure 13.  EPC (a) and PBC (b) after equilibrium in the oxic environment (OX), anoxic 

environment (AN), high shaking energy (HE), and low solid-to-solution ratio (LS). Means 

with different letters were significantly different according to t test at  = 0.05, n=25. 

 

PBC values under the oxic environment, anoxic environment, high-energy shaking, and low 

solid-to-solution ratio treatments were 441  106, 279  41, 318  96, and 390  119 L kg
-1

, 

respectively.  In contrast, a significant difference among the treatments was found in the EPC 

values (Fig. 13).  The anoxic environment had the highest EPC mean value (0.15  0.03 mg 

L
-1

), which was significantly different from the EPC mean values in the other treatments.   

Higher EPC values under anoxic conditions is a result comparable to a previous study 

by Pant and Reddy (2001) using sediments samples from the Indian River Lagoon.  In their 

study, Pant and Reddy (2001) had associated the differences in maximum P sorption capacity 

and EPC at varying redox conditions with the dynamics of Fe in the sediments.  Under oxic 

b 

a 

b 
b 

(a) 

(b) 
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environments, more P sorption sites from amorphous and poorly crystalline forms of Fe 

oxides are likely to be available.  Conversely, anoxic environments promote the reduction of 

Fe
3+

 to Fe
2+

 and dissolution of Fe oxides, resulting in fewer sorption sites and the release of 

Fe-bound P. In addition, an increase in the pH at equilibrium under anoxic condition might 

have promoted release of P from binding with Al and Fe oxides.  Moreover, some pH-

sensitive organic P fractions may have contributed to the P measured in the solution phase 

(Koski-Vähälä and Hartikainen, 2001). 

Furthermore, the mean  SE of EPC values in the oxic environment, high-energy 

shaking, and low solid-to-solution ratio were 53  12, 79  14 and 69  15 g L
-1

, 

respectively.  There were no significant differences among the EPC mean values under these 

physicochemical treatments.  This was not in accordance with the previous work by Sui and 

Thompson (2000) who reported that in a biosolids-amended Mollisol the amount of P 

desorbed increased as the solid-to-solution ratio decreased. In addition,  in a study  using 

deionized water as the base solution, Koski-Vähälä and Hartikainen (2001) reported that EPC 

values were 10, 13, and 51 g L
-1

 for the solid concentrations of 1700, 170, and 17 mg L
-1

, 

respectively, indicating an increase of EPC values under decreasing solid-to-solution ratio.  

Moreover, high shaking energy was expected to result in more dispersion of sediment 

aggregates and in turn to increase EPC values due to enhanced release of colloidal P. 

However, the hypothesis was not confirmed in the present study.  The impact of pH as well 

as the type and availability of sorption sites in the 25 sediments probably overrode the 

influence of shaking energy and solid-to-solution ratio on EPC values in the oxic treatment. 
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Predicting P mobility 

Variations in EPC under different physicochemical conditions may be used to predict 

P mobility from sediments to the stream water by comparing EPC values with concentration 

of dissolved P in the stream water.  In the present study, for comparison purposes, the 

dissolved P value in the stream water was assumed to be 0.05 mg P L
-1

, a value that was 

obtained as the average from water sampling in Walnut Creek during spring 2014 (data not 

shown). The results from this approach are presented in Fig. 14.  In this figure, points plotted 

above the dashed line represent samples which could act as “sources” by releasing P to 

stream water.  In contrast, points plotted below the dashed line represent samples that could 

act as “sinks” by adsorbing P to the sorption sites.  Using this approach, it may be predicted 

that in anoxic environments most of sediment samples are likely to act as sources, and only 

five samples (B-7, B-18, B-9, B-20, and I-24) are likely to adsorb P from column water. In 

contrast, in oxic environments most samples could act as sinks, while eight samples (B-3, B-

21, I-12, I-13, I-23, I-25, F-10, and F-16) could release P to the stream water.  The number of 

samples which were likely act as sinks and sources under high-energy shaking is about equal: 

12 and 13, respectively.  At the low solid-to-solution ratio, more sediments could act as sinks 

than as sources: 15 and 10, respectively.  In all four physicochemical treatments of this study, 

the in-stream deposits were more likely to act as sources than were the bank sediments or the 

floodplain soils.  

We also used a second approach to evaluate source-sink risks. In this case, we 

compared a prediction of P concentration in pore water of the sediments (Cpw) to the 

dissolved P concentration in stream water.  In this approach, in situ sediment or water-

saturated soil would be predicted to be a sink when Cpw is less than dissolved P or a source  
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Figure 14.  Sediments act as “sink” (below dashed line) or “source” (above dashed line) 

under physicochemical design of oxic environment (OX), anoxic environment (AN), high 

shaking energy (HE), and low solid to solution ratio (LS). Dashed line represents dissolved P 

concentration in stream water, assumed at 0.05 mg L
-1

.  Letters following the plot symbols 

are sample code, B is sample from the bank (B), I is sample from the in-stream deposit (I), 

and +F is from the floodplain (F). 
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when Cpw is greater than dissolved P in the stream water.  As in the first approach, the 

dissolved P value was assumed to be 0.05 mg P L
-1

.  Due to limited availability of bulk 

density values, only 18 samples were used in this analysis; each group consisted of 6 

samples.  This approach is relevant to mimic conditions at base flow, when there is normally 

little suspended sediment in the stream, yet soluble P may be released to the stream as water 

passes over and through in-channel or near-channel sediments.  Consequently, only the oxic 

environment, anoxic environment, and the low solid-to-solution ratio treatments were used in 

the analysis.  The results from the second approach are presented in Fig. 15.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15.  Predicting P mobility by comparing pore water P in sediment (Cpw) to dissolved 

P (represented by the dashed line, assumed at 0.05 mg L
-1

).  Below the dashed line sediments 

are predicted to be a sink, above the dashed line sediments are predicted to be a source.  B, 

I, and +F are the code for samples from the bank, the in-stream deposit, and the floodplain, 

respectively. OX, AN, and LS are the treatments of oxic environment, anoxic environment, 

and low solid-to-solution ratio, respectively.  

OX AN LS OX AN LS OX AN LS 

Bank In-stream deposit Floodplain  
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Figure 15 shows that for the bank sediments, only one sample (B-7) would be 

predicted to act as a source under the low solid-to-solution ratio, and the other samples would 

act as sinks in any of the treatments. Similarly, most samples in the floodplain could act as 

sinks in any of the treatments; only F-16 in the anoxic environment as well as F-10 and F-16 

in the oxic environment could act as sources. On the other hand, more of the in-stream 

deposits could act as sources.  There were two samples (I-12 and I-4), four samples (I-11, I-

12, I-4, and I-8), and one sample (I-4) among the in-stream deposits that could be predicted 

to be sources under oxic conditions, anoxic conditions, and low solid-to-solution ratio, 

respectively.  

 

Relationship between sediment properties and EPC 

Simple correlation analyses between the sediment properties and EPC are 

summarized in Tables 12 and 13.  All samples (n=25) were used for the correlation analysis 

summarized in Table 12, while only samples from the bank sediments and floodplain soils 

(n=15) were used for the correlation analysis summarized in Table 13.  In general, there are 

more significant correlations between sediment properties and EPC values in the various 

physicochemical treatments for the restricted group of bank and floodplain samples (Table 

13) than when all the samples are lumped (Table 12).  This reflects the heterogeneity of 

characteristics in the recent in-stream deposits compared to the bank sediments and 

floodplain soils.  The physicochemical processes associated with erosion, deposition, and 

stream flow are likely to shape the processes of P sorption/desorption, mineral P 

precipitation/dissolution, and mineralization/immobilization in the in-stream deposits.  Those 

impacts are presumably less important in the bank sediments and floodplain soils.  Therefore, 
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the dynamics of P in the in-stream deposits are likely to have a greater impact on stream P 

concentrations than processes that occur in the bank sediments or the floodplain soils. 

 

Table 12.  Simple correlation between equilibrium phosphorus concentration (EPC, Y) and 

sediment characteristics (X) under physicochemical design of oxic environment (OX), anoxic 

environment (AN), high shaking energy (HE), and low solid-to-solution ratio (LS). All 

samples (n=25) were used in the correlation analysis. Clay, sand, OM, C, and N are in %, TP, 

PM3, Pox, FeCBD, Feox, Alox, and Mnox are in mg kg
-1

.  

 

X 

Y  

EPC under OX EPC under AN EPC under HE EPC under LS 

r
†
 P

‡
 r P 

‡
 r P 

‡
 r P 

‡
 

Clay 0.17 0.4087
 ns

 -0.10 0.6214
ns

 0.10 0.6485 
ns

 0.25 0.2289
 ns

 

Sand -0.03 0.0945
 ns

 0.14 0.5111
 ns

 -0.08 0.7180 
ns

 0.08 0.6865
 ns

 

OM 0.27 0.1876
 ns

 0.23 0.2595
 ns

 0.35 0.0865 
ns

 -0.02 0.9092
 ns

 

Silt -0.05 0.8915
 ns

 -0.12 0.5675
 ns

 0.04 0.8395
 ns

 -0.20 0.3351
 ns

 

C 0.22 0.2905
 ns

 0.19 0.3638
 ns

 0.31 0.1327 
ns

 -0.12 0.5646
 ns

 

N 0.11 0.5941
 ns

 0.18 0.3770
 ns

 0.24 0.2399 
ns

 -0.03 0.8749
 ns

 

pH -0.08 0.6870
 ns

 0.02 0.9203
 ns

 -0.07 0.7294 
ns

 -0.00 0.9835
 ns

 

Feox  0.22 0.3003
 ns

 0.24 0.2496
 ns

 0.23 0.2609 
ns

 0.21 0.3178
 ns

 

Feox + Alox  0.21 0.3074
 ns

 0.22 0.2826
 ns

 0.25 0.2322 
ns

 0.17 0.4196
 ns

 

Feox+Alox+Mnox  0.18 0.3859
 ns

 0.31 0.1339
 ns

 0.25 0.2222 
ns

 0.09 0.6702
 ns

 

CaM3 0.14 0.5160
 ns

 0.04 0.8637
 ns

 0.08 0.6915 
ns

 -0.01 0.9698
 ns

 

TP 0.39 0.0555
 ns

 0.37 0.0666
 ns

 0.42 0.0366 * 0.48 0.0157* 

PM3 0.48 0.0146 * 0.78 <0.0001** 0.62 0.0008** 0.37 0.0727
 ns

 

Pox  0.33 0.1053
 ns

 0.46 0.0204* 0.38 0.0624 
ns

 0.31 0.1279
 ns

 

Note = † Pearson’s r,  ‡ P value, where *=significant at =0.05, **= significant at =0.01,  ns=not significant. 
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Table 13.  Simple correlation between equilibrium phosphorus concentration (EPC) and 

sediment characteristics for the treatments of oxic environment (OX), anoxic environment 

(AN), high shaking energy (HE), and low solid-to-solution ratio (LS). Only samples from the 

streambanks and floodplain soils (n=15) were used in the correlation analysis. Clay, sand, 

OM, C, and N are in %, TP, PM3, Pox, FeCBD, Feox, Alox, and Mnox are in mg kg
-1

. 

 

X 

Y 

EPC under OX EPC under AN EPC under HE EPC under LS 

r
†
 P

‡
 r P  r P  r P  

Clay 0.72 0.0023  * 0.48 0.0670   
ns

 0.46 0.0829  
ns

 0.44 0.1029  
 ns

 

Sand -0.43 0.1057
  ns

 -0.42 0.1239   
ns

 -0.37 0.1779
   ns

 -0.22 0.4306  
 ns

 

Silt 0.24 0.3830
  ns

 0.30 0.2819
    ns

 0.25 0.3599
   ns

 0.11 0.7033
    ns

 

OM 0.76 0.0010** 0.78 0.0006** 0.73 0.0021** 0.48 0.0678  
 ns

 

C 0.76 0.0011** 0.77 0.0009** 0.72 0.0022** 0.46 0.0852  
 ns

 

N 0.57 0.0251  * 0.71 0.0028** 0.66 0.0079** 0.47 0.0739  
 ns

 

pH -0.35 0.2057 
 ns

 -0.41 0.1311  
 ns

 -0.34 0.2132  
 ns

 -0.26 0.3554  
 ns

 

Feox  0.54 0.0376  * 0.51 0.0534   
ns

 0.48 0.0711  
 ns

 0.37 0.1686  
 ns

 

Feox + Alox  0.55 0.0353  * 0.54 0.0365   * 0.51 0.0525    
ns

 0.40 0.1368  
 ns

 

Feox+Alox+Mnox  0.60 0.0179  * 0.56 0.0304   * 0.52 0.0469   * 0.43 0.1091  
 ns

 

CaM3 0.30 0.2811
  ns

 0.17 0.5451   
ns

 0.15 0.5934  
 ns

 -0.03 0.9131  
 ns

 

TP 0.91 0.0001** 0.87 <0.0001** 0.85 <0.0001** 0.62 0.0137   * 

PM3 0.59 0.0204  * 0.77 0.0008** 0.79 0.0004** 0.70 0.0036** 

Pox  0.91 0.0001** 0.79 0.0005** 0.73 0.0019** 0.50 0.0568  
 ns

 

Note = † Pearson’s r,  ‡ P value, where *=significant at =0.05, **= significant at =0.01,  ns=not significant. 

 

When all twenty-five samples in this study were pooled (Table 12), three sediment 

characteristics representing different forms of extractable P (TP, PM3, and Pox) were 

significantly correlated to EPC values in at least one of the treatments.  In more detail, PM3 

was significantly correlated to EPC under the oxic environment, anoxic environment, and 
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high-energy shaking environment. Total phosphorus (TP) was significantly correlated to EPC 

in the high-energy  shaking and low solid-to-solution ratio treatments, while Pox was 

significantly correlated to EPC only under anoxic conditions.  When only data from the bank 

and the floodplain were used in the correlation analysis (n = 15, Table 13), the TP, PM3, and 

Pox were strongly and significantly correlated to EPC values in all the treatments, except for 

Pox which was not significantly correlated to EPC values at low solid-to-solution ratios. 

Feox+Alox was significantly correlated to EPC under the oxic and anoxic environments. Clay 

was significantly correlated with EPC only in oxic environment, while Feox, OM, C, N, and 

Feox+Alox+Mnox were significantly correlated to EPC in the oxic environment, anoxic 

environment, and at high-energy shaking, but not at the low solid-to-solution ratio. 

The significant correlation between PM3 and EPC at all physicochemical treatments 

(except under low solid-to-solution ratio, especially when all sediments were used in the 

analysis) confirms that PM3 values are closely linked to EPC.  PM3 is a soil test which is 

commonly used for both agronomic and environmental assessment, and it expected that PM3 

is related to the pool of P involved in the dynamics of P sorption and desorption. Under 

anoxic condition, there was a significant correlation between Pox and EPC even when all data 

were used in the analysis. The Pox  is believed to represent P that could be bound to poorly 

crystalline Fe/Al oxides; the release of such bound P could be associated with low redox 

potential, which would lead higher EPC values.  

When the data set from the in-stream deposits were excluded from the correlation 

analysis, there was a strong and significant correlation between OM and EPC (as well as C 

and EPC) in the oxic, anoxic, and high shaking-energy environments.  According to Antelo 

et al. (2007), P adsorption to goethite may be prevented in the presence of soil humic acid 
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because the humic acid prevents access of P to sorption sites.  In contrast, Borggaard et al. 

(2005) showed that P adsorption by synthetic aluminum oxide, ferrihydrite, and goethite was 

only slightly affected by the presence of humic substances.  The lack of significant 

correlation between OM and EPC could be related to the low solid-to-solution ratio. The 

amount of soluble OM under the low solid-to-solution ratio might be not comparable to that 

of the other treatments in which the solid-to-solution ratio was 1:20. 

  Interestingly, four sediment characteristics (sand, silt, pH, CaM3) were not 

significantly correlated to EPC under any of the treatments, even when data from the in-

stream deposits were excluded (Table 12 and 13).  This did not confirm the common 

observation that these sediment properties likely control the EPC values.  Low-surface area 

sand particles, usually composed of quartz, are not likely to retain P, therefore it was 

expected that EPC would increase with increment in the sand fraction of the sediments.  

Greater Ca content in the sediment was expected to prevent the dispersion of aggregated 

mineral particles and, consequently, minimize the release of colloid-bound P.  Sediments 

with higher pH were expected to have greater EPC due to  increasing negative charges on the 

surfaces of iron-oxides and ligand competition for adsorption sites between HCO3
-
 and 

orthophosphate ions.  Moreover, the lack of significant correlation between silt and EPC in 

this study did not confirm the results of Haggard et al. (1999) who found a significant and 

positive correlation between EPC and silt.  

The reasons for the lack of significant correlation between EPC and these four 

sediment characteristics (sand, silt, pH, CaM3) are unclear, however, two hypotheses may be 

proposed.  First, we speculate that the range of silt and sand concentrations in the sediment 

samples from Walnut Creek was not comparable to the ranges of other studies.  Secondly, the 
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CaM3 concentration and pH of the sediments may not have had a significant effect on 

adsorption conditions at equilibrium in the present study.  In other words, the impact of the 

base solution properties and physicochemical treatments on equilibrium state should also be 

considered.  As noted earlier, the base solution already contained 56 mg L
-1

 of Ca, perhaps 

minimizing the impact of Ca desorbed from the sediment samples during equilibration. For 

example, Lucci et al. (2010) showed that EPC values were significantly correlated with the 

concentration of Ca in the base solution, while Klotz (1991) found a significant correlation 

between EPC and stream water Ca.  Moreover, the physicochemical treatments clearly 

affected equilibrium pH (Fig. 12).  Still, further study is required to determine the specific 

dynamics of Ca and pH in the sediment-solution system used to determine EPC values.  

 

Conclusions 

The sink-source status for P mobility of twenty-five sediments in Walnut Creek was 

predicted for a variety of physicochemical treatments, where equilibrium phosphorus 

concentration (EPC) and phosphorus buffering capacity (PBC) were main parameters used in 

two approaches to predict P sink-source status.  The physicochemical treatments (including 

variations in solid-to-solution ratio, redox potential, and shaking energy intensity) resulted in 

variation in the values of EPC and PBC. Consequently, predictions of the sink-source status 

of the sediments changed.  In the first approach where the EPC values were compared to a 

standard value of dissolved P in the stream water, it was predicted that most of the twenty-

five sediments would act as sources by releasing P to the stream water especially under an 

anoxic environment.  The same conclusion was reached when the second approach was 

applied, in which calculated pore water P concentration was compared to the standard 
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dissolved P concentration in the stream water.  Under all the treatments and with either the 

first or second approach, it was more likely that the in-stream deposits would act as sources 

than would the bank sediments or the floodplain soils.  This observation was also supported 

by the higher Mehlich-3 extractable P and degree of P saturation in the in-stream deposits 

than that in the bank sediments and the floodplain soils.  Moreover, this study showed that P 

content (total P, Mehlich-3 extractable P, or ammonium oxalate-extractable P) were the main 

sediment characteristics correlated to the EPC values.  
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CHAPTER 5 

EFFECTS OF VARYING REDOX POTENTIAL ON PBC, EPC, AND P RELEASE IN 

WALNUT CREEK BANK SEDIMENTS 

 

Introduction 

Phosphorus (P) is an essential nutrient for plants.  In general, P plays an important 

role in photosynthesis, respiration, and regulation of a number of enzymes (Hawkesford et 

al., 2012). Although total P in soils is usually low, around 50 to 1,500 mg kg
-1

 (Havlin et al., 

1999), eroded soil materials in runoff from agricultural land are considered to be one of the 

factors contributing to elevated P levels in stream waters. Once deposited as sediment in a 

water body, the solid-phase P may function as a source to the overlying water column 

(Pettersson, 1998).   When nitrogen is not limiting for phytoplankton growth in a stream, 

even a small increase in P might trigger eutrophication.  This reflects the small stoichiometric 

ratio for P compare to other major nutrients necessary for algal growth.  The classic example 

is 106C:16N:1P atomic ratio for phytoplankton in marine environments (Redfield, 1958). For 

freshwater stream environments, Stelzer and Lamberti (2001) did not find significant effects 

of N:P ratio (65:1, 17:1, 4:1) on total algal biovolume especially at day 9 of the experiment 

under high total nutrient concentration.  

Besides its function as sources of P, eroded sediments may also act as P sinks when in 

contact with stream water along streambanks, in the stream bottom, or as suspended particles.  

Phosphate ions are readily adsorbed  by Fe or Al oxyhydroxides in many sediments, although 

other adsorption sites associated with Ca and Mg carbonates in calcareous soil materials, 

manganese oxides, layer silicate clay minerals, or organic matter complexes are also possible 
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(Antelo et al., 2007; Bar-Yosef et al., 1988; Yao and Millero, 1996).  Because the oxidation 

state of Fe can vary with redox potential, the stability of Fe oxides varies in aerobic and 

anaerobic environments, influencing P sorption characteristics of sediments (Pant and Reddy, 

2001).  In a freshwater stream, aerobic environments are likely where water flows freely 

without any barrier promoting the dissolution of atmospheric oxygen as the water moves.  On 

the other hand, when water moves slowly or becomes stagnant (e.g. blocked by debris dams 

or beaver dams), dissolved oxygen enters more slowly.  Further, anaerobic environments are 

promoted by the decomposition of sedimentary organic matter as well as aquatic microbial 

biomass (Briggs et al., 2013; Burchsted et al., 2010).  In addition, anaerobic environments 

may develop in the hyporheic zone where anaerobic groundwater is discharged into stream 

sediments (Bianchin et al., 2011).  

This present study employed two experiments to investigate P adsorption by and 

release from bank sediments in Walnut Creek (a second-order stream in Jasper County, Iowa) 

at varying redox potentials.  In the first experiment, an adsorption study was conducted to 

investigate the effects of varying redox potential on the values of phosphorus buffering 

capacity (PBC) and equilibrium phosphorus concentration (EPC), two useful sorption indices 

for evaluating whether sediments act as sinks or sources of P  (Haggard et al., 2007; 

Hongthanat et al., 2011; Jarvie et al., 2005).  The second experiment was conducted to 

simulate P release from sediments to the water column under oxic and anoxic conditions. 

While the adsorption experiment measured sorption characteristics of the sediments under 

equilibrium conditions that might occur when sediment is resuspended during stream flow 

(e.g.(Stutter et al., 2010), the second experiment attempted to simulate P dynamics when 

groundwater enters a stream (e.g.(Hoffmann et al., 2009). 
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Materials and Methods 

Sediment sampling and characterization 

Sediment samples were collected to represent the major alluvial units in the Walnut 

Creek floodplain: the Camp Creek Member, the Roberts Creek Member, the Gunder 

Member, and Pre-Illinoian Till (Schilling et al., 2004).  The coordinates of the sampling site 

are 41° 33.382' N and 93° 15.887' W.  Immediately after transport to the laboratory, a portion 

of each sample was subsampled and stored at 4°C, while another portion was air dried and 

sieved to pass a 2-mm screen.  The samples stored in the cold room were prepared for the 

adsorption and desorption studies, and the <2-mm air-dried samples were used for sediment 

characterization. 

Total nitrogen was determined by high-temperature dry combustion (Nelson and 

Sommers, 1996).  Total organic matter was determined using a loss-on-ignition method 

(Konen et al., 2002).  Particle size distribution was determined gravimetrically (Kettler et al., 

2001), while pH was determined potentiometrically at a soil:water ratio of 1:1.  Perchloric 

acid digestion was used to determine total P (Kuo, 1996), and concentrations were 

determined in the digest using the molybdate blue-ascorbic acid method (Watanabe and 

Olsen, 1965).  Mehlich-3 solution (Mehlich, 1984) was used to extract exchangeable cations 

(CaM3, MgM3, KM3, NaM3), and their concentrations were  determined using inductively 

coupled plasma-atomic emission spectrometry  (ICP-AES). Mehlich-3 solution was also used 

to extract P (PM3) and the concentrations were determined using the ascorbic acid-molybdate 

blue method (Watanabe and Olsen, 1965).  Citrate-bicarbonate-dithionite extractable Fe 

(FeCBD) was determined by atomic absorption spectroscopy (Shang and Zelasny, 2008).  

Ammonium oxalate extractable Fe, Al, and Mn (Feox, Alox, Mnox) were determined by ICP-
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AES, and P (Pox) in this extraction was determined using malachite green method (D’Angelo 

et al., 2001).  

 

Isotherm adsorption experiment 

A batch adsorption experiment was used to assess the amount of phosphate adsorbed 

by the stream sediments (adsorbed solid phase P, abbreviated as Q) as a function of 

phosphate concentration in the solution (liquid phase P, commonly abbreviated as C) after 

equilibrium at a constant temperature.  As a base solution, stream water from Walnut Creek 

was filtered through a 0.45-m filter paper and then spiked with 0, 0.05, 0.10, 0.20, 0.40, and 

0.80 mg P L
-1

.  The stream water had a pH of 8.0 (0.10), electrical conductivity (EC) of 

0.45 (0.040) dS m
-1

, and dissolved P of 0.050 ( 0.0087) mg L
-1

.  

The experiment was set up as a completely randomized design involving three 

treatments (without anaerobic incubation (A), with anaerobic incubation (AN), and with 

anaerobic incubation with addition of glucose (ANG)), each treatment was replicated three 

times.  Incubation treatments were applied to each sediment type before the adsorption study. 

In the AN treatment, 30 mL of P-spiked base solution was added into a 50 mL centrifuge 

tube containing moist sediment which was equivalent to 1.5 g oven dried weight.  The cap in 

the centrifuge tube was lined with a rubber septum to allow purging each sample with 

nitrogen (N2).  N2-purging was conducted in the beginning of the incubation and repeated 

weekly.  To minimize air infiltration, silicone glue was applied to the surface of the rubber 

septum and bottom part of the cap after the nitrogen purge.  The AN samples were incubated 

for 30 days in a chamber filled with N2.  A similar anaerobic incubation process was used for 

the ANG treatment, except that glucose (C6H12O6, Sigma) had been dissolved in the P spiked 
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base solution to attain a concentration of 0.25 g L
-1

.  Treatment A used similar amounts of 

soil sample and P-spiked base solution, however the sediments were not incubated for 30 

days under an anaerobic environment.  

 An equilibrium state was set by shaking the samples at 200 excursions per minute for 

24 hours.  After the sediments settled, Eh and pH were measured by inserting probes into the 

tube so that the edge of probe was about 2 cm above the surface of settled sediment.  Eh and 

pH were measured only for the spiked levels of 0.10 and 0.20 mg P L
-1

.  For A and AN 

treatments, Eh and pH were measured in a glove box which was saturated with N2.  

Afterward, the tube was centrifuged at 4,300 x g for 15 minutes, followed by filtering the 

filtrate through a 0.45-m filter paper.  Equilibrium phosphate concentration in the solution 

(C) was determined using malachite green method (D’Angelo et al., 2001).  The equilibrium 

phosphorus concentration (EPC) and the phosphorus buffering capacity (PBC) were 

determined following the method described by  Hongthanat et al. (2011) where P in the 

liquid phase (C) was plotted against P in the solid phase (Q), and a line was fit to the data 

using simple linear regression.  An example for determining PBC and EPC in this study is 

shown in Fig, 16.  

 

Quantifying P release from the sediments 

While P adsorption was investigated by using batch equilibrium experiments, P 

release was quantified using a reactor which was purposely designed for this study (Fig. 17). 

In general, the main frame of the reactor was a glass canning jar with the lid modified to 

attach a small electric motor, inlet and outlet gas tubing, dialysis bag holder, and an access 

port.  The electric motor was powered by 12 V DC power source, connected to a shaft which  
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Figure 16. The liquid phase P  (C) was plotted against P in the solid phase (Q) to determine 

phosphorus buffering capacity (PBC) and equilibrium phosphorus concentration (EPC) in the 

isotherm adsorption experiment. This figure shows an example for one of the anaerobic 

treatments of Camp Creek sediment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. Schematic design of reactor for quantifying P release from the sediments under 

oxic and anoxic environments. 
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rotated the dialysis tubing holder at 12 rpm for 8 hours a day.  Since a metal may function as 

electron acceptor and promote Fe
3+

 reduction in the sediments  (Martins et al., 2014), the 

shaft and the dialysis tubing holder were designed to not contain any metal.  The dialysis 

tubing had a 3,500 MWCO (Fisher).  An anoxic environment was produced in the reactor by 

continuous nitrogen purging through the inlet tubing, and air from inside the reactor was 

expelled through the outlet tubing.  In another treatment, an oxidizing environment was 

maintained by continuously pumping air through the inlet tubing.   The access port was 

designed to fit a 10-mL pipet, pH probe, Eh probe, and thermometer; it could be opened 

easily and closed tightly after opening.  

The experiment was set up on split-plot design, where sediment types and gas purging 

treatments were assigned as main plot and subplot, respectively.  The experiment employed 

four sediments (Camp Creek, Roberts Creek, Gunder, and Pre Illinoian Till), two gas purging 

treatments (air and nitrogen purging), and three blocks.  Overall, 24 reactors were used in this 

experiment.  To arrange the reactors following split-plot design, a lab bench was divided into 

three blocks.  Each block was divided into four plots, and each plot was randomly assigned to 

one of the four sediment types.  Then each plot was divided into two subplots; one subplot 

was randomly assigned to a reactor purged with air and another subplot was assigned to a 

reactor purged with nitrogen.  

The base solution used in this study was prepared in deionized water containing 1.3 

mM CaCl2, 0.1 mM CaCO3, and 0.4 mM MgCl2•6H2O.  The electrical conductivity of the 

base solution was 0.45 dS/m, pH was 8.0, while dissolved organic C (DOC) and 

orthophosphate concentrations were below analytical detection limits.  The initial volume of 

the base solution in each reactor was 600 mL, and the mass of moist sediment inside the 
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dialysis tubing was equivalent to 30 g of oven-dried mass. Solution samples were collected 

by using a 10-mL volumetric pipette on day 3, 6, 9, 12, and 24.  Dissolved P and DOC were 

determined immediately after samples were collected. The P concentration was determined 

using the malachite green method, and DOC was measured by high-temperature combustion 

using a Shimadzu TOC 5050.  Redox potential (Eh), pH, and temperature were measured at 

each sampling time.  

 

Results and Discussion 

Sediment properties 

Selected chemical and physical properties of sediments used in this study were 

summarized in Table 14.  There was a fairly narrow range of clay contents across the 

sediment, while  the highest sand content was found in the Pre-Illinoian Till. The pH values 

were similar in the Camp Creek and Roberts Creek sediments (6.2 and 6.3, respectively), but 

higher in the Gunder material and in the till (7.4 and 8.1, respectively).  The till was also 

calcareous. The lowest and highest extractable FeCBD was found on Gunder and till units , 

respectively.  In Walnut Creek, the Gunder sediments normally occur below the water table, 

and this perhaps limiting the amount of Fe oxides present because of low redox potentials.  In 

contrast, the high FeCBD in the till is also reflected by yellowish brown color in this sediment. 

Moreover, the younger sediments, Camp Creek and Roberts Creek, had relatively greater 

OM, total N, Feox, and Alox than the Gunder and till sediments.  The range of TP, PM3, and 

Pox was 473 to 588, 5 to 41, and 106 to 193 mg kg
-1

, respectively.  In all of these ranges, the 

lowest and highest values were in the till and Roberts Creek sediments, respectively.  
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Table 14.  Selected sediment properties, where OM = organic matter, N= total N, TP = total 

P, Feox/Alox/Mnox/Pox = ammonium oxalate extractable Fe/Al/Mn/P, FeCBD = citrate 

bicarbonate dithionite extractable Fe, CaM3/MgM3/KM3/NaM3/PM3 = Mehlich-3 extractable 

Ca/Mg/K/Na/P. 

 

Sediment properties Camp Creek Roberts Creek Gunder Till 

pH (H2O, 1:1) 6.2 6.3 7.4 8.1 

Sand (%) 11 13 6 49 

Silt (%) 64 60 72 30 

Clay (%) 25 27 22 21 

OM (%) 3.38 4.51 1.51 1.71 

Total N (%) 0.14 0.14 0.06 0.03 

FeCBD  (mg kg
-1

) 6,825 5,862 3,813 10,124 

Feox  (mg kg
-1

) 3,348 3,947 1,967 743 

Alox  (mg kg
-1

) 1,002 1,076 445 235 

Mnox  (mg kg
-1

) 702 1,263 154 166 

Pox  (mg kg
-1

) 158 193 137 106 

CaM3  (cmol (+) kg
-1

) 9.88 14.92 10.68 33.75 

MgM3 (cmol (+) kg
-1

) 3.86 4.65 4.22 2.40 

KM3 (cmol (+) kg
-1

) 0.26 0.37 0.30 0.26 

NaM3 (cmol (+) kg
-1

) 0.30 0.39 0.24 0.25 

PM3  (mg kg
-1

) 29 41 28 5 

TP (mg kg
-1

) 491 588 484 473 

 

Isotherm adsorption experiment 

Redox potential (Eh) and pH at equilibrium  

Figure 18 shows that anaerobic incubation significantly lowered redox potential at 

equilibrium, and the redox potential even lower when glucose was dissolved in the base 

solution prior to anaerobic incubation.  Across the four sediment samples, the mean Eh 

values under AN (anaerobic incubation) and ANG (anaerobic incubation + glucose) 

treatments ranged from 339 to 360 mV and -17 to 19 mV, respectively.  Three points should  



78 

-50 

150 

350 

550 

E
h
 (

m
V

) 

A AN ANG 

6.0 

7.0 

8.0 

9.0 

Camp Creek Roberts Creek Gunder Till 

p
H

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18.  Effects of the treatments (A= without anaerobic incubation, AN=with anaerobic 

incubation, and ANG=with anaerobic incubation + glucose) on Eh (a) and pH (b)  at 

equilibrium. Means with different letters within the same sediment are significantly different 

according to least significant different (LSD)  test at  = 0.05. 

 

be considered regarding these Eh values. First, the Eh values under anaerobic incubation 

without addition of glucose were fairly close to 300 mV, a commonly recognized boundary 

between oxic and anoxic condition (Denic et al., 2014).  Second, the mean Eh values in the 

ANG treatment were significantly lower than those of the AN treatment, indicating the effect 

of a readily bioavailable carbon source, glucose, in promoting a more anaerobic environment. 

Third, the Eh values we report were measured about 2 cm above the settled sediment.  The 
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Eh values might have been different if the electrode has been closer to the settled sediment or 

inserted into the settled sediment. For example, Hill and Robinson (2012) showed a sharp 

decrease in Eh at the sediment-water interface compared to that of an overlying water 

column.  

The decrease of redox potential under the anaerobic incubation of this study was 

likely the result of three processes.  First, during the early stage of anaerobic incubation, 

oxygen was depleted as aerobic microorganisms in the soil utilized available oxygen as an 

electron acceptor.  Second, in the absence of oxygen, anaerobic microorganisms became 

more competitive due to their ability to use nitrate, Mn4+, and Fe3+ as electron acceptors 

(Schlesinger and Bernhardt, 2013), further decreasing the redox potential.   Finally, oxygen 

depletion was probably accelerated when nitrogen was periodically introduced to the reaction 

vessel.  The first and second mechanisms were likely exaggerated by the abundance of 

glucose as an energy source and electron donor in the ANG treatment, resulting dramatic 

drop in the redox potential.  

The four sediments exhibited different responses to the anaerobic incubation 

treatments with respect to the equilibrium pH (Fig. 18).  For the Camp Creek, Roberts Creek, 

and Gunder sediments, the pH values were significantly higher after anaerobic incubation 

than without anaerobic incubation.  On the other hand, pH of the AN treatment of the till was 

slightly lower than the pH of the till without anaerobic incubation.  For the Camp Creek, 

Gunder, and till sediments, addition of glucose to the anaerobic incubation resulted in 

significantly lower pH than in the AN treatment with no glucose.  In the Roberts Creek 

sediment, the addition of glucose did not change pH of the anaerobic treatments significantly. 

Protons are consumed in reduction processes (e.g. (Essington, 2004)  raising the pH of non-
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alkaline soils.  However, alkaline soils are usually buffered sufficiently to prevent dramatic 

changes in pH as reduction proceeds (Ponnamperuma, 1972). 

 

PBC and EPC 

Means of PBC and EPC values are summarized in Table 15, while plots of liquid 

phase P (C) against solid-phase P (Q) at equilibrium for all treatments are presented in Fig. 

19.  In comparison to treatment A (without anaerobic incubation), treatment AN (anaerobic 

incubation) significantly increased PBC values of the Camp Creek and Gunder sediments, 

while in the Roberts Creek deposit the increase was not statistically significant.  Unlike other 

sediments, PBC values for the till dropped significantly from 970 L kg
-1

 (without anaerobic 

incubation) to 173 L kg
-1

 (with anaerobic incubation).  Only the Gunder sediment showed a 

significant increase in EPC when samples were equilibrated under anaerobic conditions. 

When glucose was added to the anaerobic incubation (treatment ANG), all sediments had 

similar response: the PBC values were significantly lower than those without anaerobic 

incubation.  The lower PBC values in the ANG treatment coincided with significantly higher 

EPC values than those in other treatments.  

An increase in EPC values due to anaerobic incubation had been reported in previous 

studies (Brand-Klibanski et al., 2007; Nair et al., 1999; Pant and Reddy, 2001; Reddy et al., 

1998).  Moreover, Pant and Reddy (2001) showed that anaerobic incubation also resulted in a 

decrease in the adsorption maximum capacity.  In the present study, the increase in EPC and 

decrease in PBC was exhibited by all four sediments when treated with anaerobic incubation 

+ glucose.  It is likely that the deeply anoxic environment created with an abundant energy  
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Table 15.  Effects of varying redox potential on phosphorus buffering capacity (PBC, in L 

kg
-1

) and equilibrium phosphorus concentration (EPC, in mg L
-1

). Treatment A is without 

anaerobic incubation, AN is with anaerobic incubation, ANG is with anaerobic incubation 

and addition of glucose. 

 

Treatments 
Camp Creek Roberts Creek Gunder Till 

PBC EPC PBC EPC PBC EPC PBC EPC 

A 188 b 0.036 b  326 a 0.030 b 132 b  0.029 c 970 a 0.011 b 

AN 387 a 0.063 b 522 a 0.047 b 179 a 0.085 b 173 b 0.011 b 

ANG 35 c 0.835 a 45 b 0.993 a 16 c 1.313 a 200 b 0.018 a 

Note: means with the same letter within the same column are not significantly different according to least 

significant difference test at α=0.05 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19.  Simple linear regression in the isotherm adsorption experiment under different 

treatments (A= without anaerobic incubation ( symbol), AN=with anaerobic incubation ( 

symbol), and ANG=with anaerobic incubation + glucose ( symbol)). Each of C and Q value 

plotted in the graph was the average of three replicates.  
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source was favorable to promote reduction of Fe
3+

 to Fe
2+

 and dissolution of Fe oxides, 

resulting in fewer sorption sites and the release of Fe-bound P.  This was in line with 

significant drop of PBC values, which reflected a decrease in the capability of the solid phase 

to buffer increasing levels of P in the liquid phase. 

As noted earlier, anaerobic incubation (without addition of glucose) led to higher 

PBC values than when no anaerobic incubation was applied, especially for the Camp Creek 

and Gunder sediments.  This result may be comparable to the those of Reddy et al. (1998) 

and Nair et al. (1999), who demonstrated that the maximum P adsorption capacity increased 

with anaerobic incubation. Brand-Klibanski et al. (2007) suggested that the higher adsorption 

capacity of reduced soil could be linked to precipitation of mineral P particularly at higher P 

concentrations. In the present study, precipitation of mineral P under anaerobic conditions 

may have contributed to buffering the elevated level of liquid phase-P, especially at higher 

spiked P levels, reflected by higher PBC values.  Nevertheless, different process must have 

occurred in the till where PBC significantly decreased with anaerobic incubation even 

without addition of glucose.   As seen in Table 14, the till contained less ammonium oxalate-

extractable Fe and Al but higher Mehlich-3 extractable Ca than other sediments.  The 

relatively high PBC values in the till under treatment A (without anaerobic incubation) may 

result from P sorption by Fe/Al oxide as well as from precipitation of Ca-P minerals, 

considering higher redox potential and pH 8.2 at equilibrium state under this treatment. 

When subjected to reductive incubation, there was likely a decrease both in precipitation of 

Ca-P minerals and P sorption by Fe/Al oxide that was reflected by lower PBC values.  
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P release experiment 

Redox potential (Eh)  

Figure 20 shows the changes of redox potential (Eh), pH, dissolved organic carbon 

(DOC), and dissolved P in the solution for each sediment type on days 3, 6, 12, and 24.  The 

differences in these parameter values between the air and nitrogen purge treatments are 

summarized in Table 16.  In all sediment types, the nitrogen purge resulted in significantly 

lower Eh ( 300 mV) compared to the air purge ( 500 mV) during days 3 to 24.  As noted 

earlier, an Eh of 300 mV can be considered  as the boundary between oxic and anoxic 

conditions (Denic et al., 2014).  On that basis, we assumed that an anoxic condition had 

developed in the reactors purged with N2.  On the other hand, oxic conditions were likely 

maintained in the reactors that were continuously purged with air.  

We note that there was a slight decrease of Eh on day 6 in all sediments both under 

nitrogen and air purging.  The decrease may be related to a minor fluctuation of temperature 

that occurred on day 6.  The temperature in the solution on day 6 was 23C, a slight increase 

above the average of temperature of 22C on days 3, 12, and 24.   Since dissolved oxygen is 

in general negatively correlated with temperature   (Helton et al., 2012), we speculate that 

there was a decrease in dissolved oxygen in the reactors that day which in turn led to slightly 

lower Eh values.  

 

pH 

In contrast to Eh, nitrogen purging consistently resulted in significantly higher pH 

values than air purging throughout the incubation period.  This finding was in line with a 

previous study in a controlled experiment by Wang et al. (2008) who found that water
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Figure 20. Dissolved P, dissolved organic carbon (DOC), pH, and redox potential (Eh) under oxic (air purging, --) and anoxic (N2 

purging, --) environment in the solution for each sediment during the 24 days of incubation.  

8
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Table 16.  Differences between oxic conditions (with air purging) and anoxic conditions 

(with nitrogen purging) in redox potential (Eh), pH, dissolved organic carbon (DOC), and 

dissolved P in the solution for each sediment during 24 days of incubation. DOC and P 

concentrations are in mg L-1, and Eh is in mV.  

 

Parameters/ 

sediment types 

Day 3 Day 6 Day 12 Day 24 

Diff. 
†
 p

§
 Diff.

 †
 p

§
 Diff.

 †
 p

§
 Diff. 

†
 p

§
 

Redox potential (Eh) 

Camp Creek 152.8 <0.0001 187.7 <0.0001  201.7 <0.0001 239.5 <0.0001 

Roberts Creek 139.5 <0.0001 178.9 <0.0001  190.1 <0.0001 226.9 <0.0001 

Gunder 138.9 <0.0001 183.9 <0.0001  211.4 <0.0001 208.1 <0.0001 

Till 150.7 <0.0001 189.6 <0.0001  208.9 <0.0001 229.7 <0.0001 

pH 

Camp Creek -1.37 <0.0001 -1.43 <0.0001 -1.23 <0.0001 -0.57 <0.0001 

Roberts Creek -1.32 <0.0001 -1.40 <0.0001 -1.00 <0.0001 -0.33 0.0009 

Gunder -1.42 <0.0001 -1.46 <0.0001 -1.51 <0.0001 -1.20 <0.0001 

Till -1.35 <0.0001 -1.31 <0.0001 -1.36 <0.0001 -1.19 <0.0001 

Dissolved organic carbon (DOC) 

Camp Creek n.a n.a n.a n.a   0.03  0.63 - 0.07 0.53 

Roberts Creek n.a n.a n.a n.a - 0.43 0.0002 - 0.33 0.01 

Gunder n.a n.a n.a n.a - 0.43 0.0002 - 0.33 0.01 

Till n.a n.a n.a n.a - 0.43 0.0002 - 0.47 <0.002 

Dissolved P 

Camp Creek n.a n.a -0.004 0.05 -0.018 <0.0001 -0.016 <0.0001 

Roberts Creek n.a n.a -0.005 <0.02 -0.022 <0.0001 -0.021 <0.0001 

Gunder n.a n.a -0.001 0.47 -0.002 0.06 -0.002 0.39 

Till n.a n.a 0.000 0.85 -0.001 0.18 -0.004 0.13 

Note † = difference of least squares means at α=0.05 (air purging – N2 purging treatments),  §=p- value, n.a = 

not available,  values were not detected. 

 

overlying sediment under anoxic conditions had higher pH values than that under oxic 

conditions.  Interestingly, there was a different pattern of pH changes under oxic and anoxic 

environment among the sediment types.  The pH under oxic conditions remained stable at 

~7.5 in the Gunder reactors and ~7.9 in the till systems, and both increased to ~9.0 under 
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anoxic conditions. In the Camp Creek and Roberts Creek systems, the pH under oxic 

condition slightly decreased, from 7.3 on day 3 to 6.9 on day 24.  Under anoxic conditions, 

the pH values were both ~8.6 on day 3, and then on day 24 the pH notably decreased to 7.4 

and 7.1 in the Camp Creek and Roberts Creek systems, respectively. 

Some variation in the pH of the solutions might be attributed directly to the gas 

purges.  The industrial grade N2 gas used in this study contained about 99.998% N, while the 

air presumably contained ~0.035% CO2.  Dissolution of CO2 in the water of the systems 

purged with air probably increased the concentration of carbonic acid and led to a decrease in 

pH. Moreover, in initially non-alkaline aqueous systems, pH tends to increase as a result of 

reduction reactions, as noted earlier in the discussion of the adsorption experiment.  Sediment 

properties are likely to have played an important role in regulating the pH in the solution.  

For example, the pattern of pH changes under anoxic condition differed in the Camp Creek 

and Roberts Creek systems vs. the Gunder  and till systems, especially on days 12 and 24. 

The Gunder and till sediments were more alkaline than the Camp Creek and Roberts Creek 

sediments (the till was calcareous), leading to a higher pH buffering capacity.  

 

Dissolved Organic Carbon (DOC)  

In all the systems, DOC was detected starting on day 12.  Except for the Camp Creek 

systems, anoxic conditions resulted in significantly higher DOC concentrations than did oxic 

conditions.  However, even the highest mean DOC concentration in this study (1.4 mg L
-1

 for 

Camp Creek purged with nitrogen) was about four times lower than the average DOC 

concentration of 6 mg L
-1

 reported by Schilling and Jacobson (2014) in groundwater at a 

riparian well transect across Walnut Creek. Furthermore, DOC concentrations tended to 
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continue increasing on day 24 for the Camp Creek and Roberts Creek systems, while they 

tended to stabilize for the till and Gunder systems.  This observation may be linked to the 

level of organic matter in the sediment.  Camp Creek and Roberts Creek sediments had 

organic matter contents of 3.38% and 4.51%, respectively; the values were higher than those 

in the Gunder (1.51%) and the till (1.71%) sediments.  With higher organic matter content, 

over a longer period of incubation there was a possibility that Camp Creek and Roberts 

Creek systems might exhibit even higher DOC concentrations as SOM was dissolved and 

microbial activity proceeded.  However, further experimentation  is still needed to test this 

hypothesis.  

 

Dissolved P 

There are four observations related to dissolved P concentration along the incubation 

period that can be noted in Fig. 20 and Table 16.  First, dissolved P was detected in all the 

systems starting on day 6.  The release of P in this study was relatively slow compared to 

other previous lab experiments employing sediment and water column.  For example, P 

release was recorded in the first day of the experiment conducted by Lai and Lam (2008) as 

well as by Kim et al. (2003),  and even during the first 10 minutes in a study by Li et al. 

(2013).  Different sediment types as well as different methods employed in the experiment 

(e.g., solid-to-solution ratio, flow velocity, aerobic/anaerobic treatments) are likely to be the 

reasons for slower release of P in this study compared to other studies.  In addition, the use of 

dialysis tubing in this study separated the sediment and the water, while in the study by Lai 

and Lam (2008), Kim et al. (2003) and Li et al. (2013) there was a direct contact in the 

interface between sediment and column water.   
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Secondly, dissolved P concentrations released from all the sediments both under oxic 

and anoxic condition increased from day 3 to day 12, then they tended to be stable from day 

12 to day 24. Li et al. (2013) suggested that constant P concentrations in the water after a 

period of incubation indicated that an equilibrium state had been achieved.  A similar 

mechanism is likely in the present study, where dissolved P concentrations remained stable 

starting on day 12.  The stable dissolved P concentration varied among sediments and 

between the oxic and anoxic treatments, indicating that equilibrium P concentrations depend 

on factors that affect P sorption and desorption, e.g., EPC, PBC, and the physicochemical 

properties of the sediment and water.  

Third, the highest dissolved P concentrations (~0.030 mg P L
-1

) were found on days 

12 and 24 under anoxic conditions in the Camp Creek and Roberts Creek systems. These 

values were two to three times the dissolved P concentrations under oxic conditions in all 

sediments as well as under anoxic conditions for the Gunder and till sediments.  The 

dissolved P values in this study were comparable to those in a laboratory experiment reported 

by Jiang et al. (2008), but they were much lower than the dissolved P concentrations of 0.1 to 

1.3 mg L
-1

 in groundwater sampled in a riparian well transect across Walnut Creek as 

reported by Schilling and Jacobson (2008a).  

Last, after day 6, significant differences (at the p=0.05 level of significance) in 

dissolved P under oxic and anoxic condition were only found in the Roberts Creek and Camp 

Creek sediment systems.  The negative value of the mean differences in Table 16 indicates 

that dissolved P under anoxic condition was higher than that under oxic condition, which is 

in line with other previous studies by Lai and Lam (2008),  Kim et al. (2003)  and Li et al. 

(2013).  Besides the impact of decreasing Eh on the stability of P-binding Fe, Al, and Mn 
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oxides, higher pH under anoxic conditions might have contributed to the higher dissolved P 

concentrations.  As suggested by Jin et al. (2006), higher pH values would increase the 

negative surface charge of Fe, Mn, and Al oxides, promoting the release of P from 

association with those solids phases.  The potential for DOC to promote dissolution of P by 

anion exchange was unclear in this study.  Under anoxic conditions, significantly higher 

DOC coincided with higher dissolved P in the Roberts Creek systems, but not in the Camp 

Creek systems.  Perhaps there was a difference in the type of soluble organic compounds 

released by the two sediments, but this hypothesis needs to be tested in further experimental 

work.   

 

Conclusions 

The P sorption characteristics, represented by equilibrium phosphorus concentration 

(EPC) and phosphorus buffering capacity (PBC), varied among the Walnut Creek bank 

sediments (Camp Creek, Roberts Creek, Gunder, and Pre-Illinoian Till) that were collected 

from sites in this study.  There was a significant increase in EPC when all sediment samples 

were subjected to decreasing redox potential (Eh), especially when an energy source for 

microbial activity was present. Phosphorus desorption from the samples was favored under 

low Eh.  Oxic and anoxic conditions governed the Eh, pH, dissolved organic carbon, and 

release of P to the aqueous phase from some but all of the sediments. More dissolved P was 

released from the Camp Creek and Roberts Creek samples under anoxic conditions than from 

the other samples, suggesting that these sediments may function as internal P sources to the 

overlying water column in anoxic settings.  
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CHAPTER 6 

PHOSPHORUS TRANSFORMATIONS IN WALNUT CREEK BANK SEDIMENTS AT 

VARYING REDOX POTENTIAL 

 

Introduction 

Phosphorus in stream water has become one of the central issues in the effort to 

prevent eutrophication and maintain the balance of organisms in the aquatic ecosystems. 

Industry, pasture, farming, and urban living are examples of human activities considered to 

be sources of P in the stream water (Alexander et al., 2008; Arias et al., 2013).  One pathway 

for P to enter stream water is through streambank erosion (Palmer et al., 2014; Zaimes et al., 

2008).  In Iowa, streambank erosion is considered to be one of the main sources of suspended 

sediments in stream water  (Schilling and Wolter, 2000).  In Walnut Creek, Iowa, Palmer et 

al. (2014) reported that on average ~5,300 Mg of eroded sediment enter the stream water 

every year. 

Along the creek, both streambanks and eroded sediments may be subjected to varying 

redox potentials.  Flowing stream water in contact with the atmosphere is likely to be 

aerobic.  Conversely, natural dams such as debris dams or beaver dams may block the flow 

of water, creating stagnant pools where eroded organic and inorganic materials may 

accumulate, creating anaerobic environments (Briggs et al., 2013).  In addition, sediments 

could be subjected to low redox potential in the hyporheic zone where anaerobic 

groundwater discharges to stream water (Bianchin et al., 2011).   As suggested by Pettersson 

(1998), redox potential is one factor that controls variations in the release of sedimentary P to 

the overlying water column. Since solid-phase forms of P occur in specific organic and 
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inorganic P fractions (Hedley et al., 1982; Tiessen and Moir, 2008; Zhang and Kovar, 2009), 

variations in redox potential might govern the redistribution of these fractions, which in turn 

would lead to changes in P concentrations in stream water.  

Previous studies have revealed that changes in soil P fractions can be induced by land 

management. Long-term fertilizer application (Varinderpal-Singh et al., 2007), application of 

biosolids (Sui et al., 1999a), and reforestation of farmlands (Schrijver et al., 2012) are 

examples of cultivation practices that changed P fractions. Laboratory incubations have also 

been used to investigate P dynamics.  Redistribution of P among its fractions in incubation 

studies have mostly been related to microbial activities triggered by the addition of energy 

sources to a soil system.  For example, in a 9-month laboratory incubation of a soil treated 

with cellulose + N addition, Hedley et al. (1982) reported that labile Pi decreased due to 

immobilization.  However, less attention has been addressed to changes among P fractions in 

streambank sediments at varying redox potential and their potential impacts on P in stream 

water. This present study was to investigate transformation of P fractions in Walnut Creek 

bank sediments at varying redox potential in a laboratory experiment.  

 

Materials and Methods 

Sediment sampling and characterization 

 Sediment samples were collected from alluvial banks of Walnut Creek in Jasper 

County, Iowa.  The coordinates of the sampling site are 41° 33.382' N and 93° 15.887' W. 

Four sediment types were collected to represent four major stratigraphic units in Walnut 

Creek stream corridor (Schilling et al., 2004).  The first three alluvial units are the Camp 

Creek, Roberts Creek, and Gunder members of the De Forest Formation  (Schilling et al., 
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2006b).  The De Forest Formation formed during the Holocene period over the last 11,000 

years and occurs throughout Iowa. Baker et al. (1996) described in detail that the Gunder 

Member, the Roberts Creek Member, and the Camp Creek Member date from 11,000 to 

4,000 yr BP, 4000 to 400 yr BP, and the last 380 yr, respectively.  The fourth unit in Walnut 

Creek is Pre-Illinoian Till, a glacial deposit that dates to 2,000,000 to 500,000 yr BP.  

Immediately after transport to laboratory, samples were air dried and sieved to pass a 

2-mm screen for sediment characterization and P fractionation analysis.  Total nitrogen was 

determined using high-temperature dry combustion (Nelson and Sommers, 1996).  Total 

organic matter was determined using the loss-on-ignition method (Konen et al., 2002). 

Particle size distribution was determined gravimetrically (Kettler et al., 2001), while pH was 

determined at a soil to water ratio of 1:1.  The perchloric acid digestion method (Kuo, 1996) 

was used to determine total P, and concentrations were determined in the digest by using the 

molybdate blue-ascorbic method (Watanabe and Olsen, 1965).  Mehlich-3 solution (Mehlich, 

1984) was used to extract exchangeable cations (Ca, Mg, K, Na), and the concentrations were  

determined using inductively coupled plasma-atomic emission spectrometry (ICP-AES).  The 

Mehlich-3 solution was also used to extract P, and the P concentrations were determined 

using the molybdate blue-ascorbic method (Watanabe and Olsen, 1965).  Citrate-bicarbonate-

dithionite extractable Fe was determined by atomic absorption spectroscopy (Shang and 

Zelasny, 2008).  Ammonium oxalate extractable Fe, Al, and Mn were determined by ICP-

AES, and P  in this extraction was determined using malachite green method (D’Angelo et 

al., 2001).  
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Experimental setting 

The experiment was set up for each sediment type in a completely randomized design 

using three treatments: without anaerobic incubation (A), anaerobic incubation (AN), and 

anaerobic incubation with addition of glucose (ANG).  Each treatment was replicated three 

times.  The incubation treatments were applied to each of the sediment samples before the 

fractionation analysis.  In the AN treatment, 30 mL of deionized water were added to a 50-

mL centrifuge tube containing 0.5 g air-dried sediment.  The cap in the centrifuge tube was 

lined with a rubber septum to allow for purging by nitrogen (N2). N2 purging was conducted 

in the beginning of the incubation and repeated weekly.  To minimize air infiltration, silicone 

glue was rubbed onto the surface of rubber septum and the bottom part of the cap after N2 

purging.  The samples were incubated for 30 days in a chamber saturated with N2.  A similar 

anaerobic incubation process was applied for the ANG treatment, except that glucose 

(C6H12O6, from Sigma) was dissolved in the water at a concentration of 0.083 g L
-1

.  

Treatment A used similar amount of air dried sediment and deionized water, however the 

sediments were not incubated under an anaerobic environment and glucose was not dissolved 

in the water.  

 

Sediment P fractionation  

Methods of soil P fractionation in this study were generally based on sequential 

extraction by Tiessen and Moir (2008).  The sequential extraction started with extraction with 

water and ended with concentrated H2SO4 (Fig. 21).  Following this scheme, soil P fractions 

were classified into water extractable P (PH2O), labile P (PLab), slowly cycling P (PSlow), stable 

P (PStab), and residue P (PRes) (Schrijver et al., 2012).  The PH2O is the most labile P fraction 
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and can be released from the solid phase with water extraction. PLab is soil P that is 

extractable with 0.5 M NaHCO3.  The PSlow fraction is extractable with 0.1 M NaOH and 1 M 

HCl, and it is thought to be associated with Fe and Al oxides, Ca, and organic compounds 

that are not readily available for plant uptake.  The PStab fraction is more tightly bound to 

mineral and organic compounds than is slowly cycling P; it consists of P that can be 

extracted with concentrated HCl.  Lastly, the PRes is assumed to represent highly recalcitrant 

compounds in the soil; it was extracted in the last step with concentrated H2SO4.  

 

 

 

 

 

 

 

 

 

 

 

Figure 21.  Sequential extraction for P fractionation analysis, adapted from Tiessen and Moir 

(2008). 

 

It should be noted that a modification of the method of Tiessen and Moir (2008) was 

made in this study.  The PH2O fraction was not determined using a resin strip, but it was 

measured directly from the filtrate after measuring Eh and pH.  At the beginning of the 

Extracted with 1 M HCl  

Extracted with 0.5 M NaHCO3  
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Extracted with concentrated HCl  
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(without aerobic incubation, with anaerobic incubation, with anaerobic incubation+glucose) 

Water extractable P (PH2O) 

Labile P (PLab) Pi and Pt determined 

Slowly cycling Fe-P (Fe-PSlow) 

Stable P (PStab) 

Residue  P (PRes) 

Pi and Pt determined 

Pi  determined 

Pi and Pt determined 

Pt determined 
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Slowly cycling Ca-P (Ca-PSlow) 
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sequential extraction, all samples from all treatments were shaken in a reciprocal shaker at 

200 excursions per minute for 16 hours.  After the sediments settled, the Eh and pH of the 

solution were measured. For the AN and ANG treatments, the Eh and pH were measured in 

the N2-filled glove box where the samples were equilibrated. Subsequently, the samples were 

centrifuged at 4,300 x g for 15 minutes and followed by filtering the solution through a 0.45-

m membrane filter.  The filtrate was collected for determination of PH2O, and the sediments 

were prepared for the next step in the sequential extraction.  

Similar shaking and centrifugation steps were conducted for the sequential extractions 

with 0.5 M NaHCO3, 0.1 M NaOH, and 1 M HCl.  In the last steps, extraction with 

concentrated HCl and concentrated H2SO4 were carried out in a water bath at 80C and a 

digestion block at 360C, respectively.  Total P (Pt) in 0.5 M NaHCO3, 0.1 M NaOH, and 

concentrated HCl were determined by digesting with ammonium persulfate in an autoclave at 

121C.  Concentration of total P (Pt) and inorganic P (Pi) were determined using the 

molybdate blue-ascorbic acid method (Watanabe and Olsen, 1965), and organic P was 

calculated by subtracting Pi from Pt.   

 

Results and Discussion 

Sediment characteristics 

Selected chemical and physical properties of the sediments were summarized in Table 

17.  Silt was dominant in the Camp Creek, Roberts Creek and Gunder deposits, while sand 

was dominant in the till. Clay content was somewhat similar in all sediment types.  The till 

was characterized by the highest pH, Mehlich-3 extractable Ca, and citrate-bicarbonate-

dithionite extractable Fe compared to the other sediments; it was also calcareous.  The 



96 

highest values of total phosphorus, ammonium oxalate extractable P, and Mehlich-3 

extractable P occurred in the Roberts Creek deposits. By contrast the lowest values for those 

characteristics were in the till.  Moreover, the younger Camp Creek and Roberts Creek 

deposits had relatively greater organic matter contents, total N, and ammonium oxalate-

extractable Al, Fe, and Mn than the older Gunder and the till deposits.  

 

Table 17.  Selected sediment characteristics. 

 

Characteristics Camp Creek Robert Creeks Gunder Till 

Particle size distribution       

Sand  (%) 11 13 6 49 

Silt (%) 64 60 72 30 

Clay (%) 25 27 22 21 

pH (H2O, 1:1) 6.2 6.3 7.4 8.1 

Organic matter content (%) 3.38 4.51 1.51 1.71 

N total (%) 0.14 0.14 0.06 0.03 

Total P (mg kg
-1

) 491 588 484 473 

CBD extractable Fe (mg kg
-1

) 6,825 5,862 3,813 10,124 

Ammonium oxalate extractable  

Fe (mg kg
-1

) 3,348 3,947 1,967 743 

Al (mg kg
-1

) 1,002 1076 445 235 

Mn (mg kg
-1

) 702 1263 154 166 

P (mg kg
-1

) 158 193 137 106 

Mehlich-3 extractable      

P (mg kg
-1

) 29 41 28 5 

Ca (mg kg
-1

) 1,975 2,983 2,135 6,750 

Mg (mg kg
-1

) 463 558 506 288 

K (mg kg
-1

) 100 145 117 103 

Na (mg kg
-1

) 70 89 55 57 
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Eh and pH  

Figure 22 shows that in all sediment types, redox potential significantly decreased 

when sediments were incubated anaerobically (AN), and it was even lower when glucose was 

added to the anaerobic incubation (ANG).  However, the magnitude of the decrease was not 

similar for each of sediment type.  The Eh declined less in the older and more alkaline 

Gunder and till sediments than in the Camp Creek and the Roberts Creek sediments.  In 

contrast to Eh, except for the till, there was significant increase in solution pH under the AN 

treatment and an even greater increase under the ANG treatment.  In the till, pH remained 

stable at 7.2 either with or without anaerobic incubation.  Then it significantly increased to 

7.5 when glucose was added in the anaerobic incubation.  

The decrease of redox potential due to anaerobic treatment (AN) in this study was 

associated with depletion of oxygen in an environment that was saturated with nitrogen.  In 

the absence of oxygen, anaerobic microorganisms may become more dominant due to their 

ability to use nitrate, oxidized manganese, ferric iron, sulfate, organic compounds, or carbon 

dioxide as electron acceptors (Schlesinger and Bernhardt, 2013) under decreasing redox 

potential.  This mechanism was likely exaggerated by the abundant energy sources from 

glucose as an electron donor in the treatment ANG, resulting in a dramatic drop of redox 

potential.  With decreasing redox potential, protons are consumed in the reduction reaction 

(Essington, 2004), which may cause an increase in pH.  The till, which was calcareous and 

more alkaline than the other sediment types, had a high pH buffering capacity, and therefore 

significant increase in pH was only found when glucose was added in the anaerobic 

incubation.  
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Figure 22.  Effects of the treatments (A = without anaerobic incubation, AN = with 

anaerobic incubation, and ANG = with anaerobic incubation + glucose) on redox potential 

(Eh, (a)) and pH (1:60, (b)). Means with different letters in the same sediment type were 

significantly different according to the least significant difference (LSD) test at  = 0.05.  

 

Phosphorus fractions 

Water extractable P (PH2O) 

The effects of the treatments on PH2O are presented in Fig. 23.  In the Camp Creek 

sediment, there was no significant effect of varying redox potential on PH2O.  In other words, 

changes in physicochemical properties triggered by the treatments were not sufficient to alter 

the equilibrium of P between solid and water for this type of sediment.  By contrast, in the 

other sediment types PH2O significantly increased with anaerobic incubation (AN), but then it 

decreased when glucose was added to the anaerobic incubation (ANG).  Especially in the 

low-OM Gunder and the till sediments, PH2O under ANG treatment was even significantly less 
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than in the A treatment (without anaerobic incubation).  This result was comparable with a 

study by Du et al. (2011) who reported a depletion of PH2O after incubation of sediments 

treated with glucose for 72 hours.  

 

 

 

 

 

 

 

Figure 23.  Effects of the treatments (A = without anaerobic incubation, AN = with 

anaerobic incubation, and ANG = with anaerobic incubation + glucose) on water extractable 

P (PH2O). Means with different letters in the same sediment type were significantly different 

according to least significant difference (LSD) test at  = 0.05.  

 

The release of PH2O from sediments as redox potential declines has been reported in 

previous studies (Kim et al., 2003; Lai and Lam, 2008; Li et al., 2013).  Besides the 

decreasing Eh, increasing pH might promote the release of P from the oxide sorption sites 

(Jin et al., 2006), which in turn contributed on the higher PH2O under AN treatment, especially 

in the Roberts Creek and Gunder sediments.  However, a further increase in pH under the 

ANG treatment might have stimulated Ca-P precipitation, especially in the Roberts Creek, 

Gunder, and till sediments.  Moreover, a further decrease in Eh with the abundant energy 

source of glucose might have nourished the growth of anaerobic microorganisms that 

immobilized some portion of PH2O.  The precipitated Ca-P mineral and immobilized P might 

be counted as other P fractions or might have been lost during the filtration through the 0.45-
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m filter.  Further study is needed to quantify precipitated and immobilized P that could be 

related to this process. 

 

Labile P (PLab) 

Figure 24 shows organic and inorganic labile P (PLab) under the different treatments 

applied in this study.  Except for the Gunder sediments, anaerobic incubation (AN) did not 

significantly change the concentration of inorganic PLab.  However, a significant increase in 

inorganic PLab was found in all sediment types when glucose was added in the anaerobic 

incubation (ANG). A similar pattern was found for organic PLab, especially for the youngest 

and most organic matter-rich sediments, Camp Creek and Roberts Creek.  Inorganic and 

organic PLab are held by weak chemical interactions at sorption sites and in organic 

compounds, however they were not extractable with water in the preceding extraction.  When 

glucose was added to the anaerobic incubation (ANG), lowest Eh and highest pH values were 

the result, perhaps because more strongly bound P was transformed to weakly bound P, 

which was then extractable with 0.5 M NaHCO3 and in turn increasing PLab.   

As seen in Fig. 24, organic and inorganic PLab in the Camp Creek and the Roberts 

Creek sediments were higher than those in the Gunder and till sediments, indicating a greater 

potential of the Camp Creek and the Roberts Creek to contribute to inorganic PLab to the 

column water if the sediments are eroded to the Walnut Creek stream and subjected to 

decreasing redox potential.  In contrast, organic PLab was not detected in the till and the 

Gunder sediments under all treatments.  Relatively low organic matter contents in the Gunder 

(1.51%) and the till (1.71%) materials might generate a minimum amount of organic 

compounds extractable with 0.5 M NaHCO3.  In addition, Xu et al. (2013) suggested that the 



101 

0 

15 

30 

45 

60 
O

rg
an

ic
 P

L
ab

  
(m

g
 k

g
-1

) 
A AN ANG 

0 

15 

30 

45 

60 

Camp Creek Roberts Creek Gunder Till 

In
o
rg

an
ic

 P
L

ab
 (

m
g
 k

g
-1

) 

decrease of organic PLab with increasing depth of sediments indicated a transformation of 

organic PLab fractions into nonlabile organic P pools during diagenesis.  It is likely that a 

similar mechanism occurred in the Gunder and the till sediments which were older than the 

Camp Creek and the Roberts Creek sediments.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24.   Effects of the treatments (A = without anaerobic incubation, AN = with 

anaerobic incubation, and ANG = with anaerobic incubation + glucose) on organic (a) and 

inorganic labile P (PLab, (b)). Means with different letters in the same sediment type were 

significantly different according to least significant difference (LSD) test at  = 0.05.  

 

Slowly cycling P (PSlow) 

Figure 25 shows that except for the till, inorganic slowly cycling P that was 

associated with Fe (Fe-Pslow) significantly decreased when glucose was added in the 

anaerobic incubation (ANG treatment).  In the Roberts Creek and the Gunder sediments, a 

significant decrease in Fe-Pslow also occurred in the AN treatment (anaerobic incubation 
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without glucose).  As noted above, concentration of inorganic PLab increased at decreasing 

redox potential and increasing pH under the ANG treatment.  Considering the decrease in Fe-

Pslow under the same treatment, it could be speculated that some portion of Fe-PSlow was 

transformed to inorganic PLab..  This hypothesis is based on the study by Pettersson (1998), 

who suggested that P would be bound to Fe oxides more weakly under anaerobic conditions 

when Fe
+3

 has been reduced to Fe
2+

. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25.  Effects of the treatments (A = without anaerobic incubation, AN = with 

anaerobic incubation, and ANG = with anaerobic incubation + glucose) on inorganic labile P 

associated with Fe (Fe-PSlow, (a)) and organic PSlow (b). Means with different letters in the 

same sediment type were significantly different according to least significant difference 

(LSD) test at  = 0.05.  

 

As seen in Fig. 25, there were no significant effects of varying redox potential on 

organic PSlow in the Camp Creek and till sediments.  However, a different response was 
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exhibited by the Roberts Creek and the Gunder deposits. Under anaerobic incubation with 

addition of glucose (ANG), the concentration of organic PSlow significantly decreased in the 

Roberts Creek sediments but it significantly increased in the Gunder sediments.  In Roberts 

Creek, the significant decrease in organic PSlow could be linked to the significant increase in 

organic PLab, where some portions of the organic PSlow fraction could have been transformed 

to the organic PLab under the ANG treatment. Nevertheless, factors associated with 

significant increase in organic PSlow under decreasing redox potential in the Gunder 

sediments were unclear since there were no significant changes in other organic P fractions.  

Figure 25 also shows that the Gunder and till sediments had less Fe-PSlow and organic 

PSlow than the Camp Creek and the Roberts Creek sediments.  The concentration of Fe-PSlow 

might be associated with the availability of adsorption sites on poorly crystalline Fe-oxides, 

as reflected by the ammonium oxalate-extractable Fe values (Kleinman and Sharpley, 2002; 

Rotterdam et al., 2012), as well as the pH of the sediment.  The concentrations of Fe-PSlow 

values and ammonium oxalate-extractable Fe values were ranked similarly: Roberts Creek > 

Camp Creek > Gunder> till. The lower Fe-PSlow values in the Gunder and till sediments is 

likely due to fewer poorly crystalline, Fe-oxide adsorption sites on these two sediments. On 

the other hand, the higher ammonium oxalate-extractable Fe values and lower pH values of 

the Roberts Creek and Camp Creek sediments may have led to their higher Fe-PSlow values.  

For organic PSlow, it should be pointed out that the extracting solution in this step (0.1 

M NaOH) was alkaline and probably extracted a large portion of organic P associated with 

humic materials (Paing et al., 1999).  Consequently, it could be expected that higher organic 

matter contents would lead to higher organic PSlow values.  This hypothesis is consistent with 
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the similar rankings of organic PSlow and organic matter in treatment A (without anaerobic 

incubation): Roberts Creek > Camp Creek > till > Gunder.  

While Fe-PSlow decreased under ANG treatment, variations in redox potential did not 

significantly affect the values of inorganic PSlow associated with Ca (Ca-PSlow) across all 

sediment types (Fig. 26).  This indicated that physicochemical changes due to anaerobic 

incubation, with or without addition of glucose, were not sufficient to alter the concentration 

of Ca-PSlow. While increasing pH associated with decreasing Eh might promote precipitation 

of Ca-P minerals or adsorption of P on the adsorption sites of Ca carbonates, thus potentially 

increasing Ca-PSlow, there was no evidence of this process in the present study.  Since 

inorganic Ca-PSlow remained stable at varying redox potential, we infer that inorganic Ca-

PSlow is not likely to contribute to the more labile P fractions at decreasing redox potential.   

 

 

 

 

 

 

 

Figure 26. Effects of the treatments (A = without anaerobic incubation, AN = with anaerobic 

incubation, and ANG = with anaerobic incubation + glucose) on inorganic slowly cycling P 

associated with Ca (Ca-PSlow). No significant differences among the means in the same 

sediment type were identified according to least significant difference (LSD) test at  = 0.05.  

 

Stable P (PStab) and Residue P (PRes) 

Similar to inorganic Ca-PSlow, there were no significant effects of varying redox 

potential on organic stable P (PStab), inorganic PStab, or residue P (PRes), as seen in Fig. 27 and  
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Figure 27.  Effects of the treatments (A = without anaerobic incubation, AN = with 

anaerobic incubation, and ANG = with anaerobic incubation + glucose) on organic (a) and 

inorganic stable P (PStab, (b)). No significant differences among the means in the same 

sediment type were identified by least significant difference (LSD) test at  = 0.05.  

 

 

 

 

 

 

 

Figure 28.  Effects of the treatments (A = without anaerobic incubation, AN = with 

anaerobic incubation, and ANG=with anaerobic incubation + glucose) on residue P (PRes). No 

significant differences among the means in the same sediment type were identified by the 

least significant difference (LSD) test at  = 0.05.  
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Fig. 28. In other words, concentrations of organic PStab, inorganic PStab, and PRes in the 

sediments remained stable and were not affected by any physicochemical changes induced by 

the applied treatments. 

Furthermore, organic PStab in the till and Gunder sediments ranged from 1-3 mg kg
-1

, 

i.e., much lower than in the Camp Creek and Roberts Creek sediments which ranged from 22 

to 32 mg kg
-1

.  The difference is likely to be related to the relatively low organic matter 

content of the Gunder (1.5%) and till (1.7%) sediments compared to the Camp Creek (3.4%) 

and Roberts Creek (4.5%) sediments.  On the other hand, the inorganic PStab in the till was 

about 112 mg kg
-1

, i.e., higher than that in the other sediment types, which ranged from 58 to 

88 mg kg
-1

.  The predominant inorganic PStab in the till reflects the characteristics of this 

sediment: low organic matter, calcareous, and high CBD-extractable Fe (10,124 mg kg
-1

). 

The PRes  values of the sediment types varied in a narrow range between 30 to 54 mg kg
-1

, 

and it tended to decrease with increasing depth in the stratigraphy.  

 

Sum of all individual P fractions (TPSum) 

As shown in Fig. 29, variations in redox potential did not significantly affect the sum of 

all individual P fractions (TPsum) in the sediments.  The result supported our previous 

hypothesis that an increase inorganic PLab under the ANG treatment was related to a decrease 

in Fe-PSlow, such that TPsum remained stable.  We note that the TPsum values were somewhat 

lower than the total P extracted with perchloric acid and nitric acid (TP). Several factors may 

be linked to this discrepancy.  First, the sequential extraction may not accurately assess a 

specific P fraction because prior extractions in the sequence were incomplete (Wang et al., 

2010).  Second, TP was determined in a single digestion step with perchloric acid and nitric 
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acid, so P was less likely to be lost during multiple steps of the sequential extraction.  Third, 

organic P fractions might have been underestimated due to hydrolysis of organic P to 

inorganic P, especially with strong extractants (Blake et al., 2003).  

 

 

 

 

 

 

 

Figure 29.  Effects of the treatments (A = without anaerobic incubation, AN = with 

anaerobic incubation, and ANG = with anaerobic incubation + glucose) on sum of all 

individual P fractions (TPsum). No significant differences among the means in the same 

sediment type were identified by the least significant difference (LSD) test at  = 0.05. 

Symbol X represents total P (TP) from the perchloric + nitric acid digestion in each of 

sediment type.   
 

Conclusions 

This study demonstrated that anaerobic incubation decreased redox potential (as 

assessed by Eh measurements) and increased pH in a sediment-solution system, especially 

when a readily bioavailable carbon source was present.  Concomitantly, there was evidence 

that the forms of P in four bank sediments of Walnut Creek were redistributed.  When the 

sediments were subjected to low redox potential, there was an increase in the concentration 

of inorganic labile P which was coincided with a decrease in slowly cycling P associated 

with Fe.  Varying redox potential did not significantly change slowly cycling P associated 

with Ca, stable P, and residue P.  Among the four bank sediments of Walnut Creek that were 
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collected from sites in this study, the younger sediments with more organic matter, i.e., the 

Camp Creek and Roberts Creek sediments, had greater labile and slowly cycling P associated 

with Fe, reflecting a greater potential to contribute to elevated levels of P in the stream water, 

especially if subjected to low redox potential in the stream.  



109 

CHAPTER 7 

MALACHITE GREEN METHOD FOR DETERMINING P CONCENTRATION IN 

DIVERSE MATRICES 

 

Introduction 

Solid phase phosphorus (P) is distributed among different organic and inorganic pools 

in soils and sediments. The solid phase P can be classified into water extractable P (PH2O), 

labile P (PLab), slowly cycling P (PSlow), stable P (PStab), and residue P (PRes) using sequential 

extraction (Schrijver et al., 2012; Tiessen and Moir, 2008).  In terms of P dynamics in stream 

water and sediment systems, characterizing these fractions is an important step in 

recognizing the potential P load to the water column.  The general approach for soil P 

fractionation is sequential extraction using specific extracting solutions.  Soil is initially 

extracted with a “weak” extracting solution in the first step followed by “stronger” extracting 

solutions in subsequent steps.  In the method developed by Tiessen and Moir (2008), PH2O , 

PLab , PSlow , PStab , and PRes are sequentially extracted with water, 0.5 M NaHCO3, 0.1 M 

NaOH and 1 M HCl,  concentrated HCl, and  concentrated H2SO4, respectively.  Inorganic P 

(Pi) and total P (Pt) are determined directly from the extracts, and organic P (Po) is then 

determined by subtracting Pi from Pt.  

As in many laboratory P determinations, colorimetric analysis via ascorbic acid  

reduction (Watanabe and Olsen, 1965) is a very common method for determining P 

concentration in each extract during the sequential extraction.  The molybdate blue-ascorbic 

acid (AA) method is based on the complexation of phosphate and molybdate ions to form a 

colored complex, and ascorbic acid is added as reducing agent to develop blue color.  The 
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method is simple and very popular;  however,  it is time consuming, laborious (Huerta-Diaz 

et al., 2005), generates significant chemical waste, and the reagents are not stable at room 

temperature for more than 24 hours.  Another problem with the AA method is that the blue 

color develops very weakly to determine acidified ammonium oxalate extractable P  (Pox), a 

fraction of P associated with poorly crystalline sesquioxide minerals.  In many studies (e.g., 

Bell et al. (2005), Dayton and Basta (2005), Yoo et al. (2006)), Pox is commonly determined 

using inductively coupled plasma-atomic emission spectrometry (ICP-AES).  The method is 

automated, and allows for either simultaneous or sequential analysis of multiple elements  

(Jarvis and Jarvis, 1992; Olesik, 1991; Rommers and Boumans, 1996).  However, as in other 

automated techniques, expensive equipment (Huerta-Diaz et al., 2005) and skilled technical 

expertise are required for reliable ICP-AES determinations.   

An alternative colorimetric method for determining P concentration in an extract is 

the malachite green (MG)  method (Ohno and Zibilske, 1991; Subba Rao et al., 1997).  It is 

based on the complexation of malachite green with phosphate and molybdate ions (Ohno and 

Zibilske, 1991; Subba Rao et al., 1997).  Absorbance in the MG method can be measured 

with a 96-well micro plate reader (D’Angelo et al., 2001), making this method faster and less 

labor intensive.  In addition, less chemical waste is generated than with the AA method 

(Jeannotte et al., 2004).  Moreover, MG method had been used by Pizzeghelloa et al. (2011) 

for measuring Pox concentration in soils;  therefore, it could be an alternative to ICP-AES 

determination.  The purpose of this study was to compare the MG method to the AA method 

for determining P concentrations in extracts from a fractionation analysis and to the ICP-AES 

method for determining P concentrations in ammonium oxalate extracts.  
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Materials and Methods 

Sediment sampling and characterization 

Two experiments were conducted in this study.  The first experiment compared the 

MG method to the AA method to determine P concentrations, while the second compared the 

colorimetric MG method to ICP-AES determinations of ammonium oxalate-extractable P 

(Pox).  Four sediments, representing major alluvial units in Walnut Creek, Iowa, (Camp 

Creek, Roberts Creek, Gunder, and Pre-Illinoian Till) were used in the first experiment.  For 

the second experiment, thirty-one sediment samples (including twelve samples that were 

duplicates) from streambanks, in-stream deposits, and floodplain soils of Walnut Creek 

watershed were used.   Sediment sampling and characterization were as described in Chapter 

3.     

 

Phosphorus fractionation 

Methods of soil P fractionation in this study were based on sequential extraction by 

Tiessen and Moir (2008) as presented in Fig. 30.   Following the scheme, 0.5 g of air-dried 

sediment were weighed into a 50-mL centrifuge tube.  The sequential extraction started with 

water and ended with concentrated H2SO4 to extract PH2O , PLab , PSlow , PStab , and PRes.  A 

modification from the reference fractionation method was made in this study for extracting 

PH2O.  Instead of using an exchange resin strip, PH2O was determined directly in the extract after 

shaking in a reciprocal shaker at 200 oscillations per minute for 16 hours, centrifuging at 

4,300 x g for 15 minutes, and filtering the solution through a 0.45- membrane filter.  

Similar shaking and centrifuging were conducted for sequential extraction with 0.5 M 

NaHCO3, 0.1 M NaOH, and 1 M HCl.  In the last steps, extraction with concentrated HCl and 
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concentrated H2SO4 were carried out in a water bath at 80C and a digestion block at 360C, 

respectively.  Total P (Pt) concentrations in 0.5 M NaHCO3, 0.1 M NaOH, and concentrated 

HCl were determined after the extracts were digested with ammonium persulfate in an 

autoclave at 121C.  

 

 

 

 

 

 

 

 

 

 

 

Figure 30. Sequential extractions for P fractionation analysis, adapted from Tiessen and 

Moir (2008). 

 

Molybdate blue-ascorbic acid (AA) method 

Two reagents were prepared for the AA method, A and B (Watanabe and Olsen, 

1965).  One liter of reagent A contained 6 g of ammonium molybdate, 0.1454 g of antimony 

potassium tartrate, and 70 mL of concentrated H2SO4.  At the time samples were to be 

analyzed, reagent B was prepared by dissolving 0.528 g of ascorbic acid per 100 mL of 

reagent A.  To determine P concentration in an extract, an aliquot of supernatant was 

transferred into a 25 mL volumetric flask, and 4 mL of deionized water and one drop of para-
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nitrophenol were added.  The pH was adjusted by adding a few drops of either NaOH or HCl 

until yellow color appeared.  To develop the blue color, 4 mL of reagent B was added and 

volume was made by adding deionized water.  After 30 minutes, absorbance was read at a 

wavelength () of 880 nm, using a spectrophotometer (Spectronic 601, Milton Ray Inc.).  

 

Malachite green (MG) method 

Two reagents were prepared for the MG method  (D’Angelo et al., 2001).  Reagent 1 

was 14.2 mmol L
-1

 ammonium molybdate in 3.1 M H2SO4.  Reagent 2 was 3.5 g L
-1

 aqueous 

polyvinyl alcohol (PVA) and 0.35 g L
-1

 malachite green.  Polyvinyl alcohol was used in 

Reagent 2 to stabilize the phosphomolybdate complex  and to make the reagents stable at 

room temperature (Van Veldhoven and Mannaerts, 1987).  To determine P concentration in 

an extract, an aliquot of supernatant was transferred into a 25 mL volumetric flask, pH was 

adjusted by adding the same amount of NaOH/HCl as used in the AA method (without the 

para-nitrophenol indicator), and then volume was made by adding deionized water. 

Therefore, the pH and dilution factor of the solution for both methods were similar.   

To read absorbance, 200 L of diluted supernatant were transferred with a single-

channel electronic pipette (Rainin E4 XLS) into a designated well in a 96-well standard 

micro-plate. Then, 40 L of reagent 1 were added with a multichannel pipette (Transferpette-

8, BrandTech Scientific Inc.), followed by shaking for 30 minutes.  Afterward, 40 L of 

reagent 2 were added, followed by shaking for 60 minutes. Shaking was carried out at fixed 

speed of 100 rpm on Fisher Scientific Clinical Rotator Model 341.  Absorbance was read 

using universal micro plate reader Model ELX 800 (BioTek Instruments, Inc.) at = 630 nm.   
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Ammonium oxalate extraction 

Extracting solution (pH 3.0) was prepared by dissolving 24.9 g ammonium oxalate 

and 12.6 g oxalic acid in one liter of deionized water.  To extract a sample, 1.00 g of air-dried 

sediment was weighed into a 50-mL centrifuge tube that had been wrapped in a foil.  Then, 

35 mL of the extracting solution were added.  Samples were shaken on a reciprocal shaker 

(200 oscillations per minute) for 4 hours in the dark.  After shaking, sediments were allowed 

to settle.  Then, the supernatant was filtered through Whatman 40 filter paper into a 100 mL 

plastic bottle.  Subsequently, 2 mL of the supernatant were transferred with a volumetric 

pipette into  a 50 mL volumetric flask, and volume was made by adding deionized water 

(dilution factor was 25).  The diluted extracts were submitted to the Soil and Plant Analysis 

Lab (SPAL), Department of Agronomy, Iowa State University for determination of Pox 

concentration using inductively coupled plasma-atomic emission spectrometry (ICP-AES, 

Spectro Ciros EOP CCD) at =177.49 nm.  For the MG method, only 1 mL of the extract 

was diluted to 50 mL because color did not develop at the higher concentration of extractant.  

The procedures to determine Pox concentration with the MG method were similar to those in 

the P fractionation analysis; however, the pH of the diluted supernatant was not adjusted.  

 

Experimental design and data analysis 

In the first experiment, twenty-four samples (four sediment types, six sub samples per 

sediment type) were sequentially extracted following the scheme shown in Fig. 30.  As a 

result, 24 sample supernatant solutions were collected from each extracting step.  Using the 

AA method described earlier, absorbance from each extracting step was read once.  For the 

MG method, 6 blocks (representing six sub-samples) were assigned to a 96-well standard 
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microplate, with each block containing four wells.  Supernatant from a sub-sample of each 

sediment type was randomly assigned to one of the wells in the block.  Therefore, each block 

accommodated four sediment types.  Three 96-well standard microplates were utilized, and 

mean values from these three microplates were used to calculate P concentration.  In 

addition, absorbance was read at 0, 0.5, 2, 6, 12, and 24 h after shaking  to test the variation 

among measurement times.   

For the second experiment, twenty-five sediment samples from the Walnut Creek 

watershed were used.  Duplicate samples were designated for 6 samples (I-5a/b, B-17a/b, B-

18a/b, B-19a/b, B-20a/b, and F-24a/b); therefore, in total there were 31 supernatant samples 

for analysis.  For the MG method, mean values from two 98-well standard microplates were 

used to calculate concentration of ammonium oxalate-extractable P (Pox).  Then, the Pox 

values determined by MG method were compared to those determined by ICP-AES. 

Statistical software package SAS 12.0 was used to perform statistical analysis for comparing 

MG to ICP-AES methods as well as MG to AA methods in the first experiment.  The 

statistical analysis included simple regression analyses, paired t-test, and ANOVA. 

 

Results and Discussion 

Comparison of MG and AA methods during sequential extraction 

The malachite green (MG) and molybdate blue- ascorbic acid (AA) colorimetric 

methods provided relatively similar P concentrations in most extracts (Fig. 31 to Fig. 34). 

However, a paired t test showed that the AA method resulted in higher P concentrations in 

the extracts of concentrated HCl Pi from Roberts Creek and Gunder sediments, as well as for 

0.5 M NaHCO3 Pi, 0.5 M NaHCO3 Pt, and  0.1 M NaOH Pi for Till sediments (Table 18). 

The reasons for these differences are difficult to explain, since the differences were relatively  
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Figure 31.  Phosphorus concentrations determined by the molybdate blue-ascorbic acid (AA) 

and malachite green (MG) colorimetric methods in the sequential extraction for Camp Creek. 

Pi and Pt are inorganic and total P, respectively. There were no significant differences 

between means within the same extract according to paired t-test at α=0.05. 

 

 

 

 

 

 

 

 

 

 

 

Figure 32.  Phosphorus concentrations determined by the molybdate blue-ascorbic acid (AA) 

and malachite green (MG) colorimetric methods in the sequential extraction for Roberts 

Creek. Pi and Pt are inorganic and total P, respectively. Means with different letters in the 

same extract are significantly different according to paired t-test at α=0.05. 
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Figure 33.  Phosphorus concentrations determined by the molybdate blue-ascorbic acid (AA) 

and malachite green (MG) colorimetric methods in the sequential extraction for Gunder. Pi 

and Pt are inorganic and total P, respectively. Means with different letters in the same extract 

are significantly different according to paired t-test at α=0.05. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 34.  Phosphorus concentrations determined by the molybdate blue-ascorbic acid (AA) 

and malachite green (MG) colorimetric methods in the sequential extraction for Till. Pi and 

Pt are inorganic and total P, respectively. Means with different letters in the same extract are 

significantly different according to paired t-test at α=0.05. 
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Table 18.  Paired t test for mean separation of P concentrations (mg kg
-1

) in each extract 

from a sequential extraction as determined by molybdate blue-ascorbic acid (AA) and 

malachite green (MG) colorimetric methods. Four sediment materials were included.  

 

Extracts Different
†
 t value     p 

Camp Creek    

Water -0.167 -0.20 0.8455 

0.5 M NaHCO3,  Pi 0.833 0.43 0.6729 

0.5 M NaHCO3,  Pt -0.500 -0.20 0.8458 

0.1 M NaOH,  Pi 0.333 0.14 0.8910 

0.1 M NaOH,  Pt 1.833 0.64 0.5366 

1 M  HCl 1.333 0.65 0.5294 

Concentrated HCl,  Pi 2.500 1.52 0.1603 

Concentrated HCl,  Pt -1.000 -0.76 0.4637 

Concentrated H2SO4 0.667 0.75 0.4702 

Roberts Creek    

Water -0.167 -0.19 0.8501 

0.5 M NaHCO3,  Pi 0.333 0.33 0.7471 

0.5 M NaHCO3,  Pt -2.333 -1.69 0.1223 

0.1 M NaOH,  Pi 0.667 0.28 0.7868 

0.1 M NaOH,  Pt -1.333 -0.30 0.7712 

1 M  HCl -0.167 -0.07 0.9418 

Concentrated HCl,  Pi 7.000 6.01 0.0001** 

Concentrated HCl,  Pt 0.000 0.00 1.0000 

Concentrated H2SO4 0.333 0.33 0.7471 

Gunder    

Water    

0.5 M NaHCO3,  Pi -0.167 -0.19 0.8501 

0.5 M NaHCO3,  Pt 1.333 2.39 0.0379 

0.1 M NaOH,  Pi 2.000 3.04 0.0125 

0.1 M NaOH,  Pt -0.667 -1.04 0.3229 

1 M  HCl 0.000 0.00 1.0000 

Concentrated HCl,  Pi 3.167 2.97 0.0141** 

Concentrated HCl,  Pt -1.667 -1.93 0.0822 

Concentrated H2SO4 0.167 0.22 0.8284 

Till    

Water -0.333 -0.43 0.6732 

0.5 M NaHCO3,  Pi 2.167 5.40 0.0003** 

0.5 M NaHCO3,  Pt 1.667 2.50 0.0314* 

0.1 M NaOH,  Pi 1.667 5.00 0.0005** 

0.1 M NaOH,  Pt -0.333 -0.48 0.6400 

1 M  HCl 0.000 0.00 1.0000 

Concentrated HCl,  Pi 2.000 1.15 0.2767 

Concentrated HCl,  Pt -0.833 -0.42 0.6843 

Concentrated H2SO4 -0.167 -0.16 0.8727 
†
 P concentration determined by AA method – P concentration determined by MG method 

*   =  significant at =0.05 ,  **= significant at =0.01 
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small and did not consistently occur in all sediment types. However, the differences might be 

associated with matrix interference and the relatively low concentrations of P in the extracts.  

For the first factor, D’Angelo et al. (2001) suggested that matrix interference might 

result in less accuracy with the MG method when HCl concentration is greater than 0.1 M 

and NaOH concentration exceeds 0.4 M.  As noted earlier, in this study the dilution factor 

and pH adjustment of the concentrated HCl and 0.1 M NaOH extracts were similar for the 

MG and AA methods.  For the concentrated HCl Pi extracts, the dilution might not be 

sufficient to prevent matrix interference in the MG method, causing lower values than those 

determined by the AA method, especially with Roberts Creek and Gunder sediments.  Low P 

concentrations in the inorganic/total PLab and inorganic Fe-PSlow  extracts from the till 

sediments likely led to differences between the two methods.  At low concentration of P in 

these extracts, a small change in the absorbance reading for the AA method might lead to a 

significant difference in the calculated concentration of P in the sediment.  However, further 

research is needed to investigate these factors, using a wider concentration range of P from 

the various pools. 

When data from the four sediment types were combined, P concentrations in all 

extracts determined by the MG method were strongly correlated (p<0.0001) with those 

determined by AA method (Fig. 35).  This indicated a strong relationship between Pox values 

determined by the AA and MG methods.  Furthermore, agreement between the two methods 

was also investigated.  Using simple linear regression, two methods x and y would agree if 

the equation for a fitted line is y= x  (slope=1 and intercept=0).  As seen in Fig. 35, the 

intercepts in the graphs ranged from -0.83 to 6.80 mg kg
-1

. The t test (Table 19) indicated that 

the intercepts were equal to 0 (=0.01) for the extracts of water, 0.1 M NaOH Pt, 1 M HCl,  
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Figure 35.  Simple regression between P in sediment (mg kg
-1

) determined by malachite 

green method (MG, x axis) and molybdate blue-ascorbic acid method (AA, y axis) in the 

sequential extraction of P fractionation analysis.  Pi and Pt are inorganic and total P, 

respectively. Dashed line represents equality line, straight line represents best fitted line. 

Data were combined for all sediment types (n=24). 
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Table 19. Simple linear regression between P in sediment (mg kg
-1

) determined by 

molybdate blue-ascorbic acid (AA) and malachite green (MG) colorimetric methods. The AA 

and MG methods are dependent and independent variable, respectively. Pi and Pt are 

inorganic and total P, respectively. Data were combined for all sediment types (n=24). 

 

Extracts 
Intercept Slope 

Estimate t
†
 Pr>|t|

†
 Estimate t 

‡
 Pr>|t|

‡
 

Water 0.24 0.30   0.7670 0.96 -0.41 0.6836 

0.5 M NaHCO3,  Pi 2.36 4.57   0.0002** 0.96 -2.72 0.0124* 

0.5 M NaHCO3,  Pt 2.90 4.03   0.0006** 0.93 -4.51 0.0002** 

0.1 M NaOH,  Pi 1.82 4.98 <0.0001** 0.98 -2.53 0.0189* 

0.1 M NaOH,  Pt 0.18 0.10   0.9187 1.00 -0.22 0.8264 

1 M  HCl 1.06 1.20   0.2444 1.00 -0.96 0.3485 

Concentrated HCl,  

Pi 

6.8 3.39   0.0026** 0.96 -1.65 0.1133 

Concentrated HCl,  

Pt 

-1.63 -0.74   0.4691 1.01 0.35 0.7275 

Concentrated H2SO4 -0.83 -0.81   0.4245 1.03 1.09 0.2890 
† 

t and Pr>|t|
 
for H0 =  intercept is equal to 0  

‡ 
t and Pr>|t|

 
for H0 =  slope is equal to 1 

*=significant at =0.05  

 **= significant at =0.01 

 

concentrated HCl Pt, and concentrated H2SO4.  Moreover, the slopes ranged from 0.93 to 

1.03. The t test in Table 19 indicated that the slopes were equal to 1 (=0.01)  for the extracts 

of water, 0.1 M NaOH Pt, 1 M HCl, concentrated HCl Pi, concentrated HCl Pt, and 

concentrated H2SO4.   The slopes were not equal to 1 for 0.5 M NaHCO3 Pi and 0.1 M NaOH 

Pi at =0.05 and for 0.5 M NaHCO3 Pt at =0.01. 

In all sediment types, both methodological comparison using a paired t test and 

simple linear regression revealed the agreement between the MG and AA methods for the 

extracts of water, 0.1 M NaOH Pt, 1 M HCl, concentrated HCl Pt, and concentrated H2SO4. 

In contrast, a discrepancy between two methods occurred for the extracts of 0.5 M NaHCO3 

Pi, 0.5 M NaHCO3 Pt, 0.1 M NaOH Pi, and concentrated HCl Pi.  However, the discrepancy 

depended on sediment type.  A paired t test indicated that  most of the discrepancies were 
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found with till sediments, whereas there was no discrepancy between the two methods with 

Camp Creek sediments.  In addition, it could be argued that the magnitude of the 

discrepancies was low and probably in the range of errors for practical analysis in the lab. 

Previous studies using a microplate reader or other systems showed the MG method 

as a satisfactory technique to determine P in matrices similar to those used in this study.  The 

microplate system-MG method was used for determining P concentrations in water and 0.1 

M NaOH  by D’Angelo et al. (2001),  while Jeannotte et al. (2004) used the system for 0.5 M 

NaHCO3 extracts.  Using a flow injection analysis system, the MG method has been 

proposed for determining P in river water (Motomizu and Oshima, 1987) and sea water 

(Susanto et al., 1995).  Pizzeghelloa et al. (2011) used a double beam UV–vis 

spectrophotometer for the MG method to determine P in water, concentrated HCl, and 0.5 M 

NaHCO3 extracts.  Ohno and Zibilske (1991) used a double-beam spectrophotometer and 

semimicro quartz cells for determining water-extractable P with the MG method.  Subba Rao 

et al. (1997) also used a spectrophotometer to measure P in water and 0.5 M NaHCO3 

extracts with the MG method, where 25-mL volumetric flasks were employed to develop 

green color.  

Furthermore, the MG and AA methods for determining P concentrations in water and 

0.5 M NaHCO3 extracts have been compared in previous studies.  Using ten Indian soils with 

a wide range of properties, Subba Rao et al. (1997) suggested that the MG method had better 

precision and accuracy than the AA method for determining P in water and 0.5 M NaHCO3 

extracts.  Greater sensitivity of the MG than AA methods for determining water-extractable P 

was also reported by Ohno and Zibilske (1991) for seven soils with varied organic matter 

content and pH.  In 0.5 M NaHCO3 extracts, Jeannotte et al. (2004) suggested that Pi 
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concentrations determined by the MG and AA methods were significantly correlated 

(r=0.998, p<0.05).  

In comparison to previous studies, the correlation between the AA and MG methods 

for water-extractable P in this study agreed with the results of Subba Rao et al. (1997) and 

Ohno and Zibilske (1991).  On the other hand, though strong correlation between P 

concentrations in 0.5 M NaHCO3 determined by the MG and AA methods in this study 

agreed with Jeannotte et al. (2004) and Subba Rao et al. (1997), a slight discrepancy 

occurred with till sediments, which were calcareous, alkaline, and low in  organic matter 

content.   Unfortunately, few studies have compared the MG and AA methods for other 

matrices in the P fractionation analysis.  The MG method was used for sequential extraction 

of P in  river sediments by Wang et al. (2010); however, the authors used different  methods 

for the sequential extraction and the MG method was not compared to AA method.  Though 

slight differences  may occur with some extracts, this study provided evidence that the MG 

method could be used as an alternative to the AA method for determining P concentration 

during sequential extraction of P.   In addition, with the large number of extractions required 

for P fractionation, the microplate system in the MG method will generate less chemical 

waste, decrease labor, and provide rapid turnaround for measuring P concentration in each 

extract.  

 

Effects of time on measured P concentration in MG method  

Phosphorus concentration determined by the MG method in each extract varied with 

the length of time before measurement (t) and the sediment types (S) (Table 20).  The effect 

of time before measurement was significant (=0.01) for the extracts of concentrated acids  
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Table 20. ANOVA for investigating the effects of time before measurement on P 

concentration (mg L
-1

) determined by the MG method in P fractionation analysis. Pi and Pt 

are inorganic and total P, respectively. 

 
Source df Sum of Square Mean Square F Value Pr>F 

Water extractable P 

Sediment types (S)
 §
 3 0.04273006 0.01424335 29.38 <.0001 

Measurement times (t)
 †
 5 0.00142300 0.00028460 0.59 0.7099 

S x t 15 0.00001961 0.00000131 0.00 1.0000 

Replicate 
‡
 5 0.03900992 0.00780198 16.09 <.0001 

NaHCO3 , Pi      

Sediment types (S)
 §
 3 0.32945431 0.10981810 4323.32 <.0001 

Measurement times (t)
 †
 5 0.00012431 0.00002486 1.00 0.4203 

S x t 15 0.00002369 0.00000158 0.06 1.0000 

Replicate 
‡
 5 0.00066322 0.00013264 5.34 0.0002 

NaHCO3 , Pt      

Sediment types (S)
 §
 3 1.10276806 0.36758935 3578.89 <.0001 

Measurement times (t)
 †
 5 0.00015722 0.00003144 0.31 0.9084 

S x t 15 0.00000361 0.00000024 0.00 1.0000 

Replicate 
‡
 5 0.00485631 0.00097126 9.46 <.0001 

0.1 M NaOH, Pi      

Sediment types (S)
 §
 3 3.07861402 1.02620467 9605.82 <.0001 

Measurement times (t)
 †
 5 0.00052512 0.00010502 0.98 0.4313 

S x t 15 0.00037135 0.00002476 0.23 0.9987 

Replicate 
‡
 5 0.00895553 0.00179111 16.77 <.0001 

0.1 M NaOH, Pt      

Sediment types (S)
 §
 3 3.10370063 1.03456688 4158.30 <.0001 

Measurement times (t)
 †
 5 3.10370063 0.00003136 0.13 0.9863 

S x t 15 0.00077649 0.00005177 0.21 0.9993 

Replicate 
‡
 5 0.00970698 0.00194140 7.80 <.0001 

1 M HCl      

Sediment types (S)
 §
 3 0.55706322 0.1868774 7410.04 <0.0001 

Measurement times (t)
 †
 5 0.00008139 0.00001628 0.65 0.6624 

S x t 15 0.00004361 0.00000291 0.12 1.0000 

Replicate 
‡
 5 0.00158456 0.00031691 12.65 <0.0001 

Concentrated HCl, Pi      

Sediment types (S)
 §
 3 0.05615161 0.01871720 3842.95 <.0001 

Measurement times (t)
 †
 5 0.00023956 0.00004791 9.84 <.0001 

S x t 15 0.00002039 0.00000136 0.28 0.9964 

Replicate 
‡
 5 0.00028156 0.00005631 11.56 <.0001 

Concentrated  HCl, Pt
‡
      

Sediment types (S)
 §
 3 0.08655208 0.02885069 6641.66 <.0001 

Measurement times (t)
 †
 5 0.00007312 0.00001462 3.37 0.0071 

S x t 15 0.00000280 0.00000019 0.04 1.0000 

Replicate 
‡
 5 0.00041228 0.00008246 18.98 <.0001 

Concentrated H2SO4      

Sediment types (S)
 §
 3 0.02834785 0.00944928 4000.52 <.0001 

Measurement times (t)
 †
 5 0.00016153 0.00003231 13.68 <.0001 

S x t 15 0.00001177 0.00000078 0.33 0.9908 

Replicate 
‡
 5 0.00043087 0.00008617 36.48 <.0001 

§
Sediment types (S) were Camp Creek, Roberts Creek, Gunder and Till 

† Measurement times (t) were 0, 0.5, 2, 6, 12, and 24 hours after microplate shaking in a clinical rotator. 
‡Six replicates in each sediment type 
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(HCl Pi, HCl Pt, and H2SO4).  In the other extracts, there were no significant difference 

among the P concentrations when they were measured at t=0 h to t=24 h after shaking in the 

clinical rotator.  Since the interaction between main factors (S x t) in all extracts was not 

significant, mean P concentrations averaged over S were employed for mean comparison at 

t=0 h to t=24 h (Table 21).  The mean comparison provided evidence that a significant 

increase in concentrated HCl-extractable Pi and Pt started at t=6 h and t=12 h, respectively.  

For the concentrated H2SO4 extracts, there was a significant decrease in measured P 

concentration at t=2 h.  The reasons for the decrease were unclear, since measured values at 

the other times remained stable. Considering these discrepancies, it is recommended to read 

the absorbance no longer than 30 minutes after shaking.  

 

Table 21.  Concentration of P in each extract at different measurement times, averaged over 

sediment types. Means followed by different letters in the same row are significantly 

different at α=0.05. Pi is inorganic P, Pt is total P. 

 

Extracts 
P concentration (mg L

-1
) at t (hour) measurement time§ 

t=0.0 t=0.5 t=2.0 t=6.0 t=12.0 t=24.0 

Water 0.149   0.150 0.152 0.155 0.156 0.158 

0.5 M NaHCO3,  Pi 0.079 0.079 0.079 0.080 0.080 0.081 

0.5 M NaHCO3,  Pt 0.130 0.130 0.130 0.130 0.130 0.133 

0.1 M NaOH,  Pi 0.192 0.191 0.191 0.193 0.194 0.196 

0.1 M NaOH,  Pt 0.185 0.185 0.186 0.186 0.186 0.183 

1 M  HCl 0.135 0.135 0.135 0.136 0.136 0.137 

Concentrated HCl,  Pi 0.066 b 0.066 b 0.067 b 0.069 a 0.069 a 0.069 a 

Concentrated HCl,  Pt 0.088 b 0.087 b 0.087 b 0.088 ab 0.089 a 0.089 a 

Concentrated H2SO4 0.061 a 0.061 a 0.058 b 0.061 a 0.061 a 0.061 a 

§Measurement time after shaking on Fisher Scientific Clinical Rotator. 
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MG and ICP-AES methods for determining ammonium oxalate extractable P (Pox) 

Three aspects could be inferred from comparisons of the MG and ICP-AES methods 

in determining concentrations of Pox  (Table 22).  First, Pox could be determined by the MG 

method in all samples, while ICP-AES method did not detect Pox in twelve samples. 

Secondly, Pox values ranged from 60 to 823 mg kg
-1  

for the MG method.   In comparison, the 

range of Pox values from the ICP-AES determination was from 54 to 680 kg
-1

, excluding 

samples that were below detection limit.  Third, the MG method consistently resulted in 

higher Pox values than the ICP-AES method in all samples.  Considering only the detectable 

Pox values for two methods (n=19),  mean difference between the MG and ICP-AES methods 

was 127 mg kg
-1

 (SE=62.0, p = 0.0485). 

The Pox values measured by ICP-AES were plotted against those obtained by MG 

method (Fig. 36).  As with the t test to estimate mean differences, the twelve samples that 

were below detection limit under ICP-AES method were excluded.  Results indicated that Pox 

values determined by the ICP-AES method were strongly correlated with those determined 

by the MG method.  The linear regression model was [ICP-AES] = -(102 ± 21.3) + (0.93 ± 

0.05) [MG], and it was significant at =0.01.   The negative intercept indicates a better 

capability of the MG method for measuring Pox at a low concentration than the ICP-AES 

method.  Moreover, the relatively large intercept indicates a large discrepancy between two 

methods.  The slope (0.93± 0.05) was equal to 1 at =0.01.  Therefore, it could be predicted 

that the discrepancy would exist in either low or high Pox concentration.   

The systematic differences between the two methods in this study were likely linked 

to dilution factor and detection limit of the methods.  The dilution factor for the MG and ICP-

AES methods was 50 and 25, respectively.  It was difficult to get similar dilution factor for  



127 

Table 22.  Ammonium oxalate extractable P (Pox) concentration (mg kg
-1

) determined by 

inductively coupled plasma (ICP) spectroscopy and the malachite green colorimetric method 

(MG) in soil and sediment samples from the Walnut Creek watershed in central Iowa.  

 

Group 
Sample 

Code 
Description 

Pox (mg kg
-1

)  

ICP-AES MG Difference
‡
 

Banks B-2 Camp Creek (1) BDL 
†
 127 n.a 

 B-3 Roberts Creek (1) 467 479 -12 

 B-7 Till (1) BDL 
†
 124 n.a 

 B-17a Camp Creek (2) BDL 
†
 160 n.a 

 B-17b Camp Creek (2) BDL 
†
 157 n.a 

 B-18a Roberts Creek (2) 54 191 -137 

 B-18b Roberts Creek (2) 86 194 -108 

 B-19a Gunder (1) BDL 
†
 145 n.a 

 B-19b Gunder (1) BDL 
†
 130 n.a 

 B-20a Till (2) BDL 
†
 100 n.a 

 B-20b Till (2) BDL 
†
 111 n.a 

 B-21 Camp Creek (3) 67 188 -121 

 B-22 Roberts Creek (3) BDL 
†
 129 n.a 

In-stream  I-4 Stream bottom sediment (1) 315 499 -184 

deposit I-5a Slump,  debris dam BDL 
†
 55 n.a 

 I-5b Slump,  debris dam BDL 
†
 65 n.a 

 I-6 Stream bed sediments, debris dam 510 655 -145 

 I-8 Sand bar 196 351 -155 

 I-11 Stream bottom sediment (2) 482 648 -166 

 I-12 Slump (1) 167 329 -162 

 I-13 Bar  680 823 -143 

 I-23 Slump (2) 102 297 -195 

 I-24a Stream bottom sediment (3) 127 281 -154 

 I-24b Stream bottom sediment (3) 112 270 -158 

 I-25 Beaver dam 206 353 -147 

Floodplain F-1 Pasture 83 160 -77 

 F-9 Forest  (1) 83 170 -87 

 F-10 Forest (2) 196 292 -96 

 F-14 Corn Field, tillage 75 129 -54 

 F-15 Soybean field BDL 
†
 119 n.a 

 F-16 Corn Field, no tillage 54 161 -107 
 

† 
Below detection limit. 

‡
 P concentration determined by ICP-AES method – P concentration determined by MG method 

 

n.a = not available, Pox values was undetected with ICP-AES 
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ICP = 0.93MG - 102 

R² = 0.94, p<0.0001 
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Figure 36.   Comparison of inductively coupled plasma-atomic emission spectrometry (ICP-

AES, y axis) and ICP-AES and the malachite green colorimetric method (MG, x axis) in 

determining Pox concentrations (mg kg
-1

). Dashed line represents equality line,  straight line 

represents best fit line. Data are only for Pox values detectable with both methods (n=19). 

 

the two methods in this study.  The dilution factor could not be greater than 25 for ICP-AES 

method, since P concentrations in 12 samples were already below the detection limit. On the 

other hand, the dilution factor could not be less than 50 for MG method, because the green 

color would not develop.  The difference in the dilution factor might have caused both a 

discrepancy in calculating Pox concentration and matrix interference.   For the detection limit 

of the methods, D’Angelo et al. (2001) suggested 0.006 mg P L
-1

 for the MG method in 

various matrices (water, 1 M KCl, 0.1 M NaOH, 0.01 M CaCl2, and 0.1 M HCl).  This value 

is lower than the detection limit for ICP-AES method at   178 nm, reported as 0.018 mg P 

L
-1

 (Tyler, 1992) and 0.050 mg P L
-1

 (Nakahara, 1985). In another study, Wennrich et al. 

(1995) suggested detection limits of 0.015, 0.080, and 0.150 mg P L
-1  

in water, 25% 

methanol, and 25% ethanol, respectively.  According to Marina and López (2001), poor 

sensitivity in the ICP-AES method makes it difficult to attain a low detection limit.  With a 
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lower detection limit, the MG method had better sensitivity and accuracy in measuring P at 

low concentrations.  

Comparisons of P determination by ICP-AES and colorimetric methods (i.e. ascorbic 

acid-molybdate blue) have been reported in previous studies.  Sikora et al. (2005) reported 

that Mehlich-3 extractable P (PM3) concentrations determined by ICP-AES method were 

similar to those by colorimetric methods for 1,118 soils in Kentucky.  In other studies, 

however, the ICP-AES method has been commonly reported to produce in higher values for 

P concentration than the colorimetric method.   For example, Pittman et al. (2005), using 

6,400 soil samples, found that PM3 concentration obtained by the ICP-AES method was 9.1 

mg kg
-1

 greater than those determined by colorimetric method. Higher PM3 concentrations 

with the ICP-AES method were also reported by Mallarino (2003) for 59 Iowan soils, with 

concentrations 12 mg kg
-1

 greater than those determined by the colorimetric method.  Using 

10 selected samples of Quebec soils, Sen Tran et al. (1990) suggested that PM3 concentrations 

determined with ICP-AES were, on average, 5.7 mg kg
-1

 greater than those determined with 

the colorimetric method.  Though the differences between the ICP-AES and  colorimetric 

methods generally depend on soil properties, the range of P concentrations, and the type of 

soil test extractants (Ivanov et al., 2012), a study by Hart and Cornish (2009) revealed that 

the ICP-AES method also resulted in significantly higher concentrations of 0.5 M NaHCO3  

(pH=8.5) extractable P than the colorimetric method in 714 soil samples from New South 

Wales, Australia. According to Ivanov et al. (2012), higher P concentrations from ICP-AES 

determinations compared to a colorimetric method was due to the organic P (Po) in the 

extract. The colorimetric method measures inorganic orthophosphate, while the ICP-AES 

method measures both Po and orthophosphate. This is so because the plasma in an ICP 
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atomizes both Po and orthophosphate and hence P atoms from both sources contribute the 

emission intensity. 

The lower values of Pox determined with the ICP-AES method compared to the 

colorimetric MG method in this study contradict the previous studies.  The disagreement 

suggests that there was an analytical problem that might be related to three factors in the ICP-

AES method used in this study.  Potential analytical issues include: (1) matrix interference, 

(2) selection of the analytical wavelength, and (3) differential viscosity or density between 

the standards and the samples.  Matrix interference could come from the oxalate itself. It is 

possible that the relatively high concentration of oxalate ions in the extract could cool the 

plasma and reduce emission intensity of the analyte.  Alternatively, matrix interference could 

have occurred in the form of molecular compound formation, ionization, or solute 

vaporization, potentially suppressing the signal of the analyte.  Second, the Pox values 

determined by ICP-AES might be higher if the wavelength selected had been set in the more 

sensitive near ultra-violet region, for example at  = 213.62 nm. Third, standards and 

samples might not have been perfectly matched since there were some small amounts of 

nitric acid in the stock solutions of P, Fe, and Al. This might lead to a difference of viscosity 

and density between the sample solutions and the standards that could, in turn, influence the 

efficiency of the transport of fluid to the nebulizer.  A more complete and deliberate 

calibration of the ICP-AES method used in this study is needed to explore the possible 

analytical problems above; however, this was beyond the scope of the present study. 

Though in this study the MG method generated greater Pox values than the ICP-AES 

method, the MG method could be useful for determining Pox.  First, the MG method is 

relatively simple and inexpensive compared to ICP-AES method.  Second, the MG method is 
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more sensitive at low Pox concentration.  The accuracy in measuring Pox concentration is 

essential for calculating degree of P saturation (DPS), one of the indicators to predict P loss 

from sediments/soils (Hooda et al., 2000; Kleinman and Sharpley, 2002; Ohno et al., 2007). 

Low precision of ICP-AES method (Huerta-Diaz et al., 2005)  might lead to an 

underestimate of DPS values that in turn produce inaccuracy in predicting environmental 

risks associated with P loss from soils/sediments.  However, further research is required to 

investigate the use of the MG method for quantifying Pox in soils and sediments with a wider 

range of properties.  

 

Conclusions 

The two experiments in this study suggest that the MG method is a reliable technique 

for measuring P concentrations in diverse matrices.  For assessing the sequential extraction of 

P during fractionation analysis, the MG and AA methods resulted in similar P concentration 

in water, 0.1 M NaOH Pt, 1 M HCl, concentrated HCl Pt, and concentrated H2SO4 extracts.  

A slight discrepancy between the MG and AA methods occurred for 0.5 M NaHCO3 (Pi and 

Pt), 0.1 M NaOH (Pi), and concentrated HCl (Pi) extracts, and the discrepancy depended on 

sediment type.  For determining concentrations of ammonium oxalate extractable P (Pox), the 

MG method resulted in significantly higher values than those obtained by inductively 

coupled plasma-atomic emission spectrometry (ICP-AES) method.  Despite the discrepancy 

for some extracts in the sequential extraction and greater Pox values, the microplate system-

MG method could be valuable  because of its simplicity, sensitivity, and rapidity compared to 

the AA or ICP-AES methods.  
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CHAPTER 8 

GENERAL CONCLUSIONS 

 

Phosphorus (P) is a major non-point source pollutant of surface waters.  Elevated 

levels of P in streams can cause eutrophication and, in turn, create imbalance in the aquatic 

ecosystem. High P levels in stream water are often associated with P movement through 

erosion and surface run off from agricultural land and pastures.  This study explored P 

dynamics in Walnut Creek, Jasper County, Iowa.  The alluvial cross section of the Walnut 

Creek watershed is composed of a sequence of sediments that contribute differentially to the 

amounts and forms of P entering the stream.  Experiments focused on the distribution and 

transformations of solid phase P in the sediments, P sink/source status of the sediments under 

varying physicochemical conditions, P release from the sediments to the column water under 

varying redox potential, and comparison of methods for determining P concentration in 

diverse matrices.   

This study has demonstrated that P forms vary greatly among  sediments from the 

bank, in-stream deposits, and the floodplain of Walnut Creek watershed.  Results verified the 

hypothesis that sediments may contribute differentially to the amounts and forms of P if the 

sediments are eroded and enter the stream.  The inorganic P (Pi) bound to Fe was the 

dominant Pi fraction in most of the sediments, reflecting its potential for contributing to 

dissolved P in the stream water, especially under anaerobic conditions due to the possible 

disruption of the bond when insoluble Fe(III) is reduced to soluble Fe(II).  Organic P (Po) 

comprised about half of the total P in the floodplain sediments, indicating greater potential 

for the floodplain sediments to contribute Po to the stream.  
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Interestingly, the in-stream deposits had the highest concentrations of total P, 

Mehlich-3 extractable P, and ammonium oxalate-extractable P, reflecting a potential major 

contributor to P leaving the watershed from bed sediment re-suspension during high-flow 

events.  This was supported by the output from a model to predict P sink/source status of the 

sediments, using input data of equilibrium phosphorus concentration (EPC) and phosphorus 

buffering capacity (PBC).  The model predicted that under all physicochemical treatments 

(by varying redox potential, shaking energy intensity, and solid-to-solution ratio), it was 

more likely that the in-stream deposits would act as P sources than would the bank sediments 

or the floodplain soils.  In addition, better correlation between P forms and other sediment 

properties were found when data from the in-stream deposits were excluded from the 

analysis.  This indicates a unique character of the in-stream deposits that was different from 

that of the bank and the floodplain; likely, it was due to the processes of P 

adsorption/desorption, P mineralization/immobilization, and P precipitation/dissolution 

during transport, mixing, and deposition of the sediments along the creek.  

The EPC values of sediments varied widely in the Walnut Creek watershed, and the 

values increased under low redox potential, reflecting the potential of sediments to be sources 

of P for the stream water when subjected to an anaerobic environment.   The increase of EPC 

values under an anaerobic environment was likely associated with the decrease of Eh and 

increase of pH due to anoxic conditions created by the anaerobic incubation treatment. In 

another experiment with samples only from the four major alluvial units of Walnut Creek 

banks (the Camp Creek, the Roberts Creek, the Gunder, and the Pre-Illinoian Till), the anoxic 

environment and its effects on Eh/pH were exaggerated with addition of bioavailable carbon 

in the anaerobic incubation.  As a consequence,  PBC values decreased significantly, 
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indicating less ability of the bank sediments to buffer the effects of increasing P in the stream 

water.  

There was also evidence that anaerobic conditions and addition of bioavailable 

carbon resulted in a redistribution of  the forms of P in the bank sediments.  The 

redistribution was especially evident for labile Pi and slowly cycling Fe-bound Pi. When the 

bank sediments were subjected to low redox potential, there was an increase in the 

concentration of labile Pi which coincided with a decrease in slowly cycling Fe-bound Pi. 

Among the four bank sediments of Walnut Creek, the younger sediments with more organic 

matter, i.e., the Camp Creek and Roberts Creek sediments, had greater labile and slowly 

cycling P associated with Fe, suggesting a greater potential to contribute to elevated levels of 

P in the stream water, especially if subjected to low redox potential in the stream.  This was 

supported with the results from the experiment to investigate P release under oxic-anoxic 

conditions.  Under anoxic conditions, Camp Creek and Roberts Creek sediments exhibited 

the highest dissolved P concentrations in the overlying water column. 

In a separate laboratory study, the malachite green (MG) and molybdate blue-ascorbic 

acid (AA) colorimetric methods produced similar results when P concentrations were 

determined in matrices of water, 0.1 M NaOH (total P, abbreviated as Pt),  1 M HCl,  

concentrated HCl (Pt), and concentrated H2SO4. However, a slight discrepancy between the 

MG and AA methods occurred for 0.5 M NaHCO3 (Pi and Pt), 0.1 M NaOH (Pi), and 

concentrated HCl (Pi) extracts; it should be noted that the discrepancy depended on sediment 

type.  In addition, P concentrations in ammonium oxalate extracts determined by the MG 

were significantly higher than those determined by inductively coupled plasma-atomic 

emission spectrometry (ICP-AES).  
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In general, this study provided information about the dynamics of P in the Walnut 

Creek watershed, especially as related to P forms and their transformation at varying redox 

potential, P sink/source status of the sediments at varying physicochemical conditions, and P 

release from the sediments to the overlying column water under oxic/anoxic conditions.  The 

findings will be useful for robust modeling predictions of the fate of P in Walnut Creek, as 

well as other Midwestern streams.  This study also demonstrated that despite some 

discrepancies with the AA and ICP-AES methods, the MG colorimetric method is a reliable 

technique for determining P concentrations in diverse matrices of P fractionation analysis, as 

well as in ammonium oxalate extracts. 
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APPENDIX A 

NOMENCLATURE 

 

A Treatment without anaerobic incubation  

AA Molybdate blue-ascorbic acid method 

Alox Ammonium oxalate extractable Al  

Al-Pi Al bound inorganic P 

AN Treatment with anaerobic incubation 

ANG Treatment with anaerobic incubation + glucose 

BDL Below Detection Limit 

C Liquid-phase P 

CaM3 Mehlich-3 extractable Ca 

Ca-Pi Ca bound inorganic P  

Cpw Pore water P concentration 

DOC Dissolved Organic Carbon 

DPS Degree of Phosphorus Saturation 

EPC Equilibrium Phosphorus Concentration 

FeCBD Citrate-bicarbonate-dithionite extractable Fe 

Feox Ammonium oxalate extractable Fe 

Fe-Pi Fe bound inorganic P  

HA-Po Organic P associated with humic acid 

ICP-AES Inductively Coupled Plasma-Atomic Emission Spectrometry 

KM3 Mehlich-3 extractable K 
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Lab-Po Labile organic P 

LS Treatment of low solid-to-solution ratio 

HE Treatment of high shaking energy 

MG Malachite green method 

MgM3 Mehlich-3 extractable Mg 

MLab-Po Moderately labile organic P  

Mnox Ammonium oxalate extractable Mn 

NaM3 Mehlich-3 extractable Na 

NLab-Po Nonlabile organic P 

OM Organic matter 

OX Treatment of oxic environment 

PBC Phosphorus Buffering Capacity 

PH2O Water extractable P 

Pi Inorganic P 

Pisum Sum of all individual inorganic P fractions 

PLab Labile P 

PM3 Mehlich-3 extractable P 

Po Organic P 

Posum Sum of all individual organic P fractions 

Pox Ammonium oxalate extractable P 

PRes Residue P 

PSD Particle size distribution 

PSlow Slowly cycling P 
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PStab Stable P 

Pt Total P in a P fraction 

Q Solid-phase P 

RS-Pi Reductant soluble inorganic P 

SL-Pi Soluble and loosely bound inorganic P 

TP Total P determined by perchloric+nitric acid digestion 

TPsum Sum of all individual P fractions 
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APPENDIX B 

SUPPORTING MATERIALS  

 

Appendix B1.  Coordinates of the sampling sites. 

 

Group Code Description Coordinate position 

Banks B-2 Camp Creek (1) 41 36.355’ N, 93 18.372’ W 

 B-3 Roberts Creek (1) 41 36.355’ N, 93 18.372’ W 

 B-7 Till (1) 41 35.705’ N, 93 17.389’ W 

 B-17 Camp Creek (2) 41° 33.382' N, 93° 15.887' W 

 B-18 Roberts Creek (2) 41° 33.382' N, 93° 15.887' W 

 B-19 Gunder (1) 41° 33.382' N, 93° 15.887' W 

 B-20 Till (2) 41° 33.382' N, 93° 15.887' W 

 B-21 Camp Creek (3) 41 32.763’ N, 93 15.578’ W 

 B-22 Roberts Creek (3) 41 32.763’ N, 93 15.578’ W 

In-stream I-4 Stream bottom sediment (1) 41 36.355’ N, 93 18.372’ W 

deposit I-5 Slump,  debris dam 41 35.807’ N, 93 17.522’ W 

 I-6 Stream bed sediments, debris dam 41 35.807’ N, 93 17.522’ W 

 I-8 Sand bar 41 35.705’ N, 93 17.389’ W 

 I-11 Stream bottom sediment (2) 41 32.519’ N, 93 15.481’ W 

 I-12 Slump (1) 41 32.519’ N, 93 15.481’ W 

 I-13 Bar 41 32.519’ N, 93 15.481’ W 

 I-23 Slump (2) 41 32.763’ N, 93 15.578’ W 

 I-24 Stream bottom sediment (3) 41 32.763’ N, 93 15.578’ W 

 I-25 Beaver dam 41 35.732’ N, 93 17.436’ W 

Floodplain F-1 Pasture 41 36.355’ N, 93 18.372’ W 

 F-9 Forest  (1) 41 35.705’ N, 93 17.389’ W 

 F-10 Forest (2) 41 32.519’ N, 93 15.481’ W 

 F-14 Corn Field, tillage 41 35.705’ N, 93 17.389’ W 

 F-15 Soybean field 41 32.519’ N, 93 15.481’ W 

 F-16 Corn Field, no tillage 41 36.525’ N, 93 17.464’ W 
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B-17 

1 

B-19 
B-20 

Appendix B2.   Stratigraphy of Walnut Creek bank for the sampling sites of B-17, B-18, B-19, and B-20. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B-17.  Camp Creek Member 

B-18.  Roberts Creek Member 

B-19.  Gunder Member 

B.20.  Pre-Illinoian Till  

B-18 

Slump Slump 
Stream Water 
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Appendix B3.  Inorganic P fractions  (data for Fig. 8). Nomenclatures (SL-Pi, Al-Pi, Fe-Pi, RS-Pi, Ca-Pi, Pisum, Psum)  refer to 

Appendix A. 

 

Group Code Description 
SL- Pi Al-Pi Fe- Pi RS-Pi Ca-Pi Pisum % Pisum to 

Psum ----------------------- mg kg
-1

---------------------- 

Banks B-2 Camp Creek (1) 5 29 88 47 36 205 42.9 

 B-3 Roberts Creek (1) 7 65 121 72 142 407 52.1 

 B-7 Till (1) 7 29 55 58 159 308 75.3 

 B-17 Camp Creek (2) 6 16 102 48 66 238 55.7 

 B-18 Roberts Creek (2) 5 24 140 53 84 306 60.6 

 B-19 Gunder (1) 5 11 37 26 288 367 89.7 

 B-20 Till (2) 6 0 1 69 269 345 83.1 

 B-21 Camp Creek (3) 5 44 114 73 70 306 59.2 

 B-22 Roberts Creek (3) 11 33 90 70 81 285 55.2 

In-stream I-4 Stream bottom sediment (1) 11 68 151 95 198 523 86.6 

deposit I-5 Slump,  debris dam 4 4 31 7 79 125 35.0 

 I-6 Stream bed sediments, debris dam 5 47 278 223 184 737 75.9 

 I-8 Sand bar 7 56 257 85 75 480 79.7 

 I-11 Stream bottom sediment (2) 6 80 571 48 151 856 90.3 

 I-12 Slump (1) 8 65 167 62 75 377 68.4 

 I-13 Bar  6 99 422 32 115 674 85.9 

 I-23 Slump (3) 5 54 180 218 118 575 84.3 

 I-24 Stream bottom sediment (3) 6 38 217 34 100 395 62.4 

 I-25 Beaver dam 7 54 243 65 101 470 76.2 

Floodplain F-1 Pasture 5 19 97 58 37 216 41.9 

 F-9 Forest  (1) 7 49 99 47 39 241 43.5 

 F-10 Forest (2) 6 55 148 83 62 354 52.7 

 F-14 Corn Field, tillage 7 25 104 52 39 227 49.0 

 F-15 Soybean field 6 22 91 75 27 221 47.2 

 F-16 Corn Field, no tillage 9 49 112 61 26 257 50.8 

1
6
0
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Appendix B4.  Organic P fractions (data for Fig. 9). Nomenclatures (Lab-Po, MLab-Po, FA-Po, HA-Po, NLab-Po, Posum, Psum)  refer 

to Appendix A. 

 

Group Code Description 
Lab-Po MLab-Po FA-Po HA-Po NLab-Po Posum % Posum to 

Psum ----------------------- mg kg
-1

---------------------- 

Banks B-2 Camp Creek (1) 37 2 78 73 83 273 57.1 

 B-3 Roberts Creek (1) 33 4 127 105 106 375 47.9 

 B-7 Till (1) 6 6 14 2 73 101 24.7 

 B-17 Camp Creek (2) 18 5 63 54 49 189 44.3 

 B-18 Roberts Creek (2) 17 3 64 71 44 199 39.4 

 B-19 Gunder (1) 2 0 8 5 27 42 10.3 

 B-20 Till (2) 2 2 9 5 52 70 16.9 

 B-21 Camp Creek (3) 30 5 55 49 72 211 40.8 

 B-22 Roberts Creek (3) 31 8 57 62 73 231 44.8 

In-stream I-4 Stream bottom sediment (1) 4 5 18 7 47 81 13.4 

deposit I-5 Slump,  debris dam 27 8 58 71 68 232 65.0 

 I-6 Stream bed sediments, debris dam 12 4 35 20 163 234 24.1 

 I-8 Sand bar 13 3 33 27 46 122 20.3 

 I-11 Stream bottom sediment (2) 8 7 22 14 41 92 9.7 

 I-12 Slump (1) 22 5 45 43 59 174 31.6 

 I-13 Bar  8 4 27 27 45 111 14.1 

 I-23 Slump (3) 9 7 17 25 49 107 15.7 

 I-24 Stream bottom sediment (3) 25 12 117 7 77 238 37.6 

 I-25 Beaver dam 8 5 54 39 41 147 23.8 

Floodplain F-1 Pasture 38 2 90 84 86 300 58.1 

 F-9 Forest  (1) 47 9 87 85 85 313 56.5 

 F-10 Forest (2) 38 5 96 92 87 318 47.3 

 F-14 Corn Field, tillage 19 6 71 74 66 236 51.0 

 F-15 Soybean field 22 6 85 68 66 247 52.8 

 F-16 Corn Field, no tillage 25 3 82 77 62 249 49.2 

1
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7
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Appendix B5.  pH and Eh at equilibrium in the adsorption study (data for Fig. 12). Nomenclatures of the treatments (OX, AN, HE, 

LS) refer to Appendix A. 

 

Group Code Description 
pH Eh (mV) 

OX AN HE LS OX AN HE LS 

Banks B-2 Camp Creek (1) 6.9 7.4 6.9 7.8 553 411 528 491 

 B-3 Roberts Creek (1) 6.9 7.4 6.9 7.7 549 401 531 489 

 B-7 Till (1) 7.7 8.1 7.7 8.2 506 382 554 570 

 B-17 Camp Creek (2) 7.0 7.9 7.0 7.7 556 378 567 486 

 B-18 Roberts Creek (2) 6.9 7.8 6.9 7.6 555 381 570 488 

 B-19 Gunder (1) 7.8 8.1 7.9 8.2 472 355 487 464 

 B-20 Till (2) 7.9 8.1 7.9 8.3 479 347 496 467 

 B-21 Camp Creek (3) 7.0 7.9 7.1 7.8 509 363 530 481 

 B-22 Roberts Creek (3) 6.9 7.8 6.9 7.7 518 364 535 483 

In-stream I-4 Stream bottom sediment (1) 7.3 7.7 7.4 8.0 524 395 551 489 

deposit I-5 Slump,  debris dam 6.5 6.8 6.4 7.5 567 430 491 478 

 I-6 Stream bed sediments, debris dam 7.6 7.8 7.7 8.1 502 387 510 485 

 I-8 Sand bar 7.4 8.1 7.5 8.0 503 381 539 564 

 I-11 Stream bottom sediment (2) 7.1 7.9 7.2 7.8 509 384 538 560 

 I-12 Slump (1) 7.2 8.0 7.3 8.0 503 383 537 559 

 I-13 Bar  7.2 8.0 7.2 7.8 558 378 579 517 

 I-23 Slump (3) 7.3 8.0 7.3 8.0 502 344 525 474 

 I-24 Stream bottom sediment (3) 6.3 7.3 6.4 7.5 321 130 301 463 

 I-25 Beaver dam 7.8 8.0 7.6 8.1 368 -132 597 558 

Floodplain F-1 Pasture 6.9 7.5 6.8 7.7 559 397 544 495 

 F-9 Forest  (1) 6.9 7.9 6.8 7.7 537 390 538 563 

 F-10 Forest (2) 6.8 7.9 7.0 7.7 530 386 555 564 

 F-14 Corn Field, tillage 7.1 8.0 7.0 7.7 561 383 578 500 

 F-15 Soybean field 7.1 8.0 7.1 7.8 558 376 572 494 

 F-16 Corn Field, no tillage 6.9 7.9 7.0 7.7 563 374 573 491 
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Appendix B6.  Liquid-phase P (C, in mg L
-1

) and solid-phase P (Q, in mg kg
-1

) in the isotherm adsorption study under the treatment 

of OX (data for  Table 11). Nomenclatures of the treatment (OX)  refer to Appendix A, sample codes refer to 

Appendix B1. 

 

Spiked P  

Level (mg L
-1

) 

B-2 B-3 B-7 B-17 B-18 B-19 B-20 

C Q C Q C Q C Q C Q C Q C Q 

0.00 0.043 -0.526 0.146 -2.576 0.002 0.269 0.041 0.548 0.032 0.725 0.037 0.612 0.013 1.100 

0.05 0.048 0.445 0.142 -1.424 0.003 0.450 0.046 1.762 0.036 1.962 0.041 1.859 0.015 2.381 

0.10 0.051 1.598 0.158 -0.543 0.004 1.794 0.048 2.880 0.037 3.088 0.046 2.923 0.016 3.532 

0.20 0.059 3.632 0.182 1.170 0.005 3.967 0.063 5.021 0.040 5.497 0.038 5.541 0.016 5.980 

0.40 0.074 8.064 0.222 5.096 0.007 8.131 0.082 9.270 0.053 9.857 0.073 9.429 0.019 10.555 

0.80 0.134 15.376 0.312 11.797 0.019 17.105 0.125 16.014 0.079 16.900 0.139 15.705 0.030 17.904 

Spiked P  

Level (mg L
-1

) 

B-21 B-22 I-4 I-5 I-6 I-8 I-11 

C Q C Q C Q C Q C Q C Q C Q 

0.00 0.059 0.170 0.042 0.494 0.041 -0.371 0.007 0.169 0.032 -0.190 0.039 -0.327 0.003 0.382 

0.05 0.067 1.144 0.048 1.528 0.048 0.496 0.008 0.338 0.038 0.691 0.045 0.530 0.005 1.347 

0.10 0.068 2.084 0.048 2.486 0.054 1.698 0.008 1.703 0.044 1.892 0.053 1.629 0.006 2.648 

0.20 0.074 4.237 0.057 4.587 0.076 3.458 0.010 3.835 0.054 3.903 0.059 3.642 0.009 4.804 

0.40 0.092 8.287 0.068 8.763 0.086 7.640 0.015 7.926 0.066 7.943 0.074 7.425 0.009 9.093 

0.80 0.135 16.068 0.101 16.755 0.143 15.051 0.018 17.007 0.095 15.831 0.130 14.500 0.016 17.505 

Spiked P  

Level (mg L
-1

) 

I-12 I-13 I-23 I-24 I-25 F-1 F-9 

C Q C Q C Q C Q C Q C Q C Q 

0.00 0.172 -3.017 0.104 -0.661 0.142 -1.503 0.007 1.199 0.049 -0.105 0.038 -0.425 0.038 -0.425 

0.05 0.202 -2.623 0.104 0.667 0.160 -0.700 0.010 2.286 0.061 1.305 0.044 0.524 0.044 0.524 

0.10 0.205 -1.356 0.120 1.413 0.162 0.206 0.010 3.238 0.064 2.570 0.047 1.680 0.047 1.680 

0.20 0.225 0.475 0.127 3.536 0.144 2.852 0.012 5.488 0.072 4.411 0.052 3.772 0.052 3.772 

0.40 0.287 3.547 0.127 7.921 0.209 5.953 0.012 9.906 0.076 8.634 0.073 8.089 0.073 8.089 

0.80 0.357 10.745 0.146 15.855 0.258 13.638 0.016 18.489 0.083 15.739 0.142 15.253 0.142 15.253 

Spiked P  

Level (mg L
-1

) 

F-10 F-14 F-15 F-16    

C Q C Q C Q C Q       

0.00 0.108 -1.235 0.014 1.152 0.012 1.187 0.052 0.393       

0.05 0.116 -0.625 0.025 2.247 0.017 2.403 0.096 0.822       

0.10 0.121 0.250 0.039 3.037 0.019 3.432 0.142 0.971       

0.20 0.152 1.375 0.026 5.545 0.024 5.587 0.149 3.079       

0.40 0.174 4.141 0.048 9.509 0.041 9.609 0.201 6.419       

0.80 0.218 9.603 0.074 17.263 0.053 17.656 0.327 12.197       

1
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Appendix B7.  Liquid-phase P (C, in mg L
-1

) and solid-phase P (Q, in mg kg
-1

) in the isotherm adsorption study under the treatment 

of AN (data for Table 11). Nomenclatures of the treatment (AN)  refer to Appendix A, sample codes refer to 

Appendix B1. 

 

Spiked P  

Level (mg L
-1

) 

B-2 B-3 B-7 B-17 B-18 B-19 B-20 

C Q C Q C Q C Q C Q C Q C Q 

0.00 0.103 -1.843 0.287 -5.626 0.027 0.245 0.047 -0.105 0.038 0.085 0.055 -0.050 0.026 0.546 

0.05 0.108 -1.013 0.257 -4.043 0.038 1.605 0.050 1.143 0.044 1.274 0.055 1.143 0.026 1.726 

0.10 0.119 -0.064 0.311 -3.927 0.038 2.916 0.050 2.199 0.050 2.205 0.065 1.976 0.028 2.721 

0.20 0.126 2.213 0.335 -1.953 0.050 5.116 0.064 4.322 0.051 4.588 0.082 3.897 0.033 4.871 

0.40 0.121 7.013 0.347 2.508 0.047 9.415 0.077 8.363 0.054 8.845 0.081 8.113 0.044 8.884 

0.80 0.168 13.850 0.406 9.113 0.083 16.993 0.095 16.456 0.069 16.979 0.139 14.910 0.090 15.889 

Spiked P  

Level (mg L
-1

) 

B-21 B-22 I-4 I-5 I-6 I-8 I-11 

C Q C Q C Q C Q C Q C Q C Q 

0.00 0.091 -0.763 0.074 -0.426 0.091 -0.763 0.074 -0.426 0.091 -0.763 0.301 -5.242 0.137 -1.958 

0.05 0.095 0.335 0.080 0.637 0.095 0.335 0.080 0.637 0.095 0.335 0.343 -4.492 0.113 0.094 

0.10 0.099 1.294 0.083 1.624 0.099 1.294 0.083 1.624 0.099 1.294 0.350 -3.328 0.162 0.436 

0.20 0.096 3.610 0.081 3.931 0.096 3.610 0.081 3.931 0.096 3.610 0.359 -1.060 0.215 1.821 

0.40 0.100 7.720 0.086 8.014 0.100 7.720 0.086 8.014 0.100 7.720 0.389 2.566 0.246 5.441 

0.80 0.126 15.139 0.110 15.504 0.126 15.139 0.110 15.504 0.126 15.139 0.432 10.012 0.311 12.447 

Spiked P  

Level (mg L
-1

) 

I-12 I-13 I-23 I-24 I-25 F-1 F-9 

C Q C Q C Q C Q C Q C Q C Q 

0.00 0.418 -7.598 0.200 -3.160 0.157 -2.093 0.042 0.224 0.153 -2.184 0.122 -2.234 0.095 -1.115 

0.05 0.467 -6.990 0.214 -2.127 0.172 -1.187 0.044 1.352 0.175 -0.991 0.135 -1.549 0.091 0.545 

0.10 0.460 -5.527 0.203 -0.869 0.149 0.306 0.047 2.337 0.194 -0.045 0.137 -0.425 0.091 1.870 

0.20 0.483 -3.543 0.218 1.234 0.172 2.102 0.048 4.581 0.210 1.642 0.143 1.872 0.098 4.148 

0.40 0.504 0.285 0.228 5.337 0.202 5.681 0.051 8.716 0.219 5.748 0.166 6.110 0.114 8.082 

0.80 0.584 6.998 0.249 13.330 0.242 12.831 0.065 16.354 0.253 12.349 0.193 13.318 0.138 15.916 

Spiked P  

Level (mg L
-1

) 

F-10 F-14 F-15 F-16    

C Q C Q C Q C Q       

0.00 0.270 -4.631 0.050 -0.155 0.055 -0.271 0.186 -2.878       

0.05 0.265 -2.951 0.063 0.890 0.052 1.098 0.213 -2.109       

0.10 0.277 -1.864 0.073 1.728 0.059 2.018 0.235 -1.502       

0.20 0.298 0.150 0.078 4.034 0.076 4.089 0.296 -0.315       

0.40 0.324 3.894 0.101 7.886 0.086 8.194 0.343 3.027       

0.80 0.372 11.270 0.107 16.191 0.133 15.731 0.440 9.532       

1
6
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Appendix B8.  Liquid-phase P (C, in mg L
-1

) and solid-phase P (Q, in mg kg
-1

) in the isotherm adsorption study under the treatment 

of HE (data for Table 11). Nomenclatures of the treatment (HE)  refer to Appendix A, sample codes refer to Appendix 

B1. 

 

Spiked P  

Level (mg L
-1

) 

B-2 B-3 B-7 B-17 B-18 B-19 B-20 

C Q C Q C Q C Q C Q C Q C Q 

0.00 0.048 -0.747 0.167 -3.115 0.010 0.025 0.047 0.488 0.035 0.725 0.038 0.460 0.014 0.547 

0.05 0.052 -0.125 0.172 -2.514 0.010 0.716 0.060 1.528 0.038 1.973 0.050 1.322 0.020 1.770 

0.10 0.057 0.612 0.178 -1.793 0.011 1.545 0.054 2.862 0.049 2.962 0.043 2.353 0.023 3.127 

0.20 0.062 2.754 0.191 0.164 0.019 3.602 0.059 5.055 0.048 5.257 0.056 4.471 0.035 4.480 

0.40 0.089 6.512 0.238 3.500 0.044 7.418 0.082 8.931 0.051 9.491 0.070 7.726 0.061 8.165 

0.80 0.134 14.136 0.304 10.653 0.056 15.663 0.129 16.648 0.074 17.652 0.112 15.383 0.070 15.946 

Spiked P  

Level (mg L
-1

) 

B-21 B-22 I-4 I-5 I-6 I-8 I-11 

C Q C Q C Q C Q C Q C Q C Q 

0.00 0.057 0.075 0.040 0.413 0.091 -1.541 0.010 0.015 0.066 -1.049 0.071 -1.136 0.012 0.040 

0.05 0.065 1.026 0.047 1.389 0.094 -1.263 0.014 0.642 0.066 -0.706 0.086 -1.098 0.018 0.265 

0.10 0.065 1.913 0.050 2.205 0.098 -0.035 0.014 1.479 0.070 0.525 0.097 -0.010 0.030 1.333 

0.20 0.069 4.190 0.060 4.376 0.103 2.165 0.017 3.628 0.080 2.615 0.104 2.122 0.035 3.517 

0.40 0.084 7.418 0.069 7.707 0.128 6.049 0.026 7.731 0.089 6.830 0.113 6.353 0.041 7.811 

0.80 0.120 15.248 0.101 15.639 0.174 14.031 0.041 15.906 0.135 14.833 0.170 14.117 0.056 16.469 

Spiked P  

Level (mg L
-1

) 

I-12 I-13 I-23 I-24 I-25 F-1 F-9 

C Q C Q C Q C Q C Q C Q C Q 

0.00 0.186 -3.425 0.161 -1.796 0.110 -0.990 0.014 0.885 0.071 -0.578 0.060 -0.977 0.043 -0.646 

0.05 0.213 -3.625 0.165 -0.573 0.122 -0.131 0.016 1.908 0.075 0.694 0.067 -0.420 0.048 -0.030 

0.10 0.214 -2.359 0.171 0.497 0.138 0.443 0.017 2.713 0.078 2.039 0.079 0.170 0.051 0.741 

0.20 0.253 -0.833 0.176 2.672 0.127 3.023 0.017 4.867 0.085 3.493 0.080 2.378 0.060 2.783 

0.40 0.310 2.407 0.192 6.648 0.155 5.954 0.018 8.189 0.096 7.469 0.115 5.994 0.107 6.145 

0.80 0.406 9.402 0.217 14.718 0.196 13.723 0.021 16.115 0.098 15.381 0.165 13.503 0.119 14.409 

Spiked P  

Level (mg L
-1

) 

F-10 F-14 F-15 F-16    

C Q C Q C Q C Q       

0.00 0.156 -2.845 0.045 0.522 0.047 0.474 0.155 -1.697       

0.05 0.164 -2.663 0.048 1.744 0.054 1.626 0.170 -0.684       

0.10 0.173 -1.541 0.062 2.671 0.060 2.727 0.229 -0.648       

0.20 0.194 0.334 0.069 4.816 0.068 4.844 0.228 1.669       

0.40 0.235 3.913 0.089 8.691 0.078 8.922 0.307 4.399       

0.80 0.330 10.939 0.122 16.642 0.145 16.169 0.351 12.163       
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Appendix B9.  Liquid-phase P (C, in mg L
-1

) and solid-phase P (Q, in mg kg
-1

) in the isotherm adsorption study under the treatment 

of LS (data for Table 11). Nomenclatures of the treatment (LS)  refer to Appendix A, sample codes refer to Appendix 

B1. 

 

Spiked P  

Level (mg L
-1

) 

B-2 B-3 B-7 B-17 B-18 B-19 B-20 

C Q C Q C Q C Q C Q C Q C Q 

0.00 0.031 -1.399 0.070 -8.978 0.036 1.463 0.041 -1.769 0.042 -1.898 0.051 1.488 0.026 3.508 

0.05 0.045 5.983 0.093 -3.603 0.097 5.659 0.073 5.104 0.065 6.876 0.078 5.759 0.085 8.274 

0.10 0.066 11.506 0.119 0.616 0.137 10.772 0.095 11.036 0.076 14.944 0.112 10.186 0.114 15.377 

0.20 0.117 23.506 0.179 10.325 0.207 16.751 0.147 23.042 0.120 28.771 0.184 18.605 0.237 10.731 

0.40 0.248 38.603 0.309 26.071 0.369 26.688 0.291 37.981 0.212 54.460 0.353 28.841 0.412 18.705 

0.80 0.565 55.362 0.617 44.540 0.737 26.324 0.632 61.421 0.469 94.441 0.683 42.940 0.786 16.524 

Spiked P  

Level (mg L
-1

) 

B-21 B-22 I-4 I-5 I-6 I-8 I-11 

C Q C Q C Q C Q C Q C Q C Q 

0.00 0.067 -1.660 0.050 1.752 0.022 -0.357 0.015 5.690 0.027 -1.375 0.044 -4.742 0.007 2.675 

0.05 0.089 3.438 0.073 6.768 0.052 -2.491 0.040 17.419 0.045 -1.110 0.056 -3.150 0.010 5.999 

0.10 0.122 8.343 0.097 13.329 0.087 6.308 0.058 27.132 0.068 10.048 0.077 8.427 0.015 21.053 

0.20 0.171 21.817 0.144 26.470 0.137 14.177 0.096 39.821 0.114 18.593 0.121 17.127 0.026 36.369 

0.40 0.297 40.601 0.257 48.276 0.254 31.840 0.197 62.442 0.207 41.719 0.235 35.592 0.069 69.258 

0.80 0.614 56.503 0.549 68.358 0.579 54.687 0.446 87.802 0.492 70.350 0.526 64.070 0.258 118.878 

Spiked P  

Level (mg L
-1

) 

I-12 I-13 I-23 I-24 I-25 F-1 F-9 

C Q C Q C Q C Q C Q C Q C Q 

0.00 0.069 -9.521 0.136 -20.823 0.120 -12.282 0.011 9.524 0.072 -5.669 0.026 -0.503 0.023 0.083 

0.05 0.083 -8.553 0.188 -17.416 0.185 -15.983 0.012 18.707 0.127 -0.188 0.049 5.143 0.042 6.465 

0.10 0.128 -1.712 0.182 -5.891 0.211 -9.640 0.019 28.346 0.146 9.381 0.059 12.570 0.056 13.172 

0.20 0.168 7.918 0.221 8.352 0.283 -0.703 0.024 50.653 0.188 20.789 0.121 21.780 0.121 21.888 

0.40 0.315 20.144 0.321 32.484 0.427 14.948 0.056 88.276 0.291 43.244 0.249 37.952 0.245 38.692 

0.80 0.659 39.027 0.539 78.030 0.778 24.569 0.068 161.820 0.479 77.559 0.550 58.190 0.515 64.438 

Spiked P  

Level (mg L
-1

) 

F-10 F-14 F-15 F-16    

C Q C Q C Q C Q       

0.00 0.040 -3.879 0.059 -5.218 0.040 -1.601 0.103 -13.981       

0.05 0.067 -5.328 0.094 1.070 0.075 4.853 0.197 -19.393       

0.10 0.081 7.470 0.083 13.789 0.097 10.780 0.146 1.113       

0.20 0.127 15.960 0.164 19.399 0.164 19.668 0.216 9.238       

0.40 0.260 30.874 0.298 36.913 0.281 40.058 0.417 13.410       

0.80 0.588 51.994 0.641 59.481 0.643 58.941 0.702 47.113       
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Appendix B10.  Pore water P concentration (Cpw), data for Fig. 14.   Nomenclature of the 

treatments (OX, AN, LS)  refer to Appendix A. 

 

Group Code Description 
Cpw (mg L

-1
) 

OX AN LS 

Bank B-2 Camp Creek (1) 0.029 0.021 0.018 

 B-7 Till (1) 0.007 0.023 0.076 

 B-17 Camp Creek (2) 0.033 0.019 0.025 

 B-18 Roberts Creek (2) 0.015 0.009 0.013 

 B-19 Gunder (1) 0.037 0.029 0.039 

 B-20 Till (2) 0.006 0.027 0.047 

In-stream I-4 Stream bottom sediment (1) 0.072 0.069 0.077 

deposit I-5 Slump,  debris dam 0.003 0.004 0.008 

 I-8 Sand bar 0.042 0.056 0.024 

 I-11 Stream bottom sediment (2) 0.004 0.090 0.003 

 I-12 Slump (1) 0.106 0.083 0.045 

 I-13 Bar  0.017 0.018 0.019 

Floodplain F-1 Pasture 0.034 0.022 0.022 

 F-9 Forest  (1) 0.046 0.021 0.033 

 F-10 Forest (2) 0.063 0.042 0.024 

 F-14 Corn Field, tillage 0.026 0.027 0.035 

 F-15 Soybean field 0.016 0.031 0.035 

 F-16 Corn Field, no tillage 0.193 0.185 0.046 
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Appendix B11.  Data of pH, Eh, PBC, and EPC for Table 15 and Fig.18. Nomenclatures refer to Appendix A. 

Sediment type/ 

Replicate 

 

pH Eh (mV) PBC (L kg
-1

) EPC (mg L
-1

) 

A AN ANG A AN ANG A AN ANG A AN ANG 

Camp Creek 

           1 7.0 7.9 7.8 509.1 341.9 -21.3 178 377 38 0.035 0.069 0.775 

2 6.9 7.8 7.6 499.5 330.8 -15.0 192 407 37 0.036 0.059 0.870 

3 6.9 7.8 7.6 496.9 344.9 -13.4 194 378 31 0.036 0.062 0.859 

Roberts Creek 

           1 6.9 7.6 7.6 493.1 357.0 -2.7 298 711 35 0.029 0.048 1.000 

2 6.9 7.7 7.5 479.4 355.7 15.5 347 521 51 0.033 0.046 0.972 

3 6.9 7.6 7.6 463.6 367.6 7.2 334 334 50 0.027 0.048 1.006 

Gunder 

            1 7.9 8.2 7.8 463.6 346.4 16.2 150 187 18 0.029 0.085 1.279 

2 8.0 8.2 7.7 473.3 334.5 1.7 127 161 14 0.011 0.087 1.347 

3 8.0 8.2 7.8 467.0 340.6 7.5 120 188 16 0.048 0.083 1.314 

Till 

            1 8.2 8.1 7.9 427.6 333.7 20.4 990 170 205 0.011 0.011 0.019 

2 8.2 8.1 7.9 415.8 350.2 25.8 1040 180 209 0.011 0.010 0.018 

3 8.2 8.1 7.9 428.8 351.9 9.8 881 168 187 0.011 0.013 0.017 
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Appendix B12.  Data of liquid-phase P (C, in mg L
-1

) and solid-phase P (Q, in L kg
-1

) for Fig. 19.  Nomenclatures refer to Appendix 

A. 

Replicate / 

Spike P level 

(mg L
-1

) 

 

Camp Creek Roberts Creek 

A AN ANG A AN ANG 

C Q C Q C Q C Q C Q C Q 

Replicate 1             

0.00 0.041 0.632 0.069 -0.020 0.482 -8.230 0.032 0.823 0.050 0.361 0.607 -10.768 

0.05 0.046 1.772 0.074 1.196 0.559 -8.479 0.033 2.014 0.051 1.667 0.705 -11.440 

0.10 0.048 2.807 0.076 2.324 0.632 -8.839 0.043 2.895 0.053 2.787 0.752 -11.280 

0.20 0.063 4.764 0.081 4.661 0.655 -6.948 0.042 5.186 0.054 5.224 0.763 -9.122 

0.40 0.082 8.790 0.091 9.027 0.694 -3.208 0.068 9.066 0.060 9.731 0.844 -6.226 

0.80 0.125 15.873 0.113 16.145 0.764 3.120 0.078 16.763 0.073 17.013 0.923 -0.053 

Replicate 2 

 

           

0.00 0.046 0.531 0.063 0.109 0.545 -9.473 0.035 0.743 0.051 0.350 0.676 -12.162 

0.05 0.045 1.776 0.063 1.425 0.612 -9.550 0.035 1.975 0.052 1.650 0.783 -12.992 

0.10 0.047 2.823 0.066 2.516 0.675 -9.694 0.048 2.797 0.052 2.807 0.789 -12.007 

0.20 0.060 4.823 0.071 4.866 0.708 -7.990 0.047 5.079 0.054 5.241 0.796 -9.771 

0.40 0.079 8.843 0.076 9.341 0.750 -4.337 0.055 9.322 0.061 9.664 0.821 -5.773 

0.80 0.121 15.904 0.101 16.325 0.849 1.408 0.081 16.696 0.081 16.880 0.932 -0.241 

Replicate 3 

 

           

0.00 0.045 0.545 0.060 0.169 0.516 -8.893 0.032 0.808 0.049 0.380 0.724 -13.093 

0.05 0.039 1.897 0.069 1.292 0.552 -8.330 0.036 1.972 0.053 1.633 0.748 -12.274 

0.10 0.049 2.789 0.071 2.416 0.653 -9.244 0.037 3.015 0.057 2.701 0.781 -11.874 

0.20 0.065 4.755 0.073 4.832 0.668 -7.171 0.040 5.240 0.063 5.049 0.833 -10.529 

0.40 0.084 8.766 0.089 9.071 0.736 -4.058 0.053 9.377 0.083 9.256 0.865 -6.658 

0.80 0.117 16.052 0.103 16.305 0.845 1.493 0.079 16.760 0.094 16.568 0.970 -1.010 
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Appendix B12.  Continued. 

Replicate / 

Spike P level 

(mg L
-1

) 

 

Gunder Till 

A AN ANG A AN ANG 

C Q C Q C Q C Q C Q C Q 

Replicate 1             

0.00 0.045 0.542 0.090 -0.441 0.569 -9.995 0.013 1.183 0.024 0.862 0.024 0.914 

0.05 0.048 1.723 0.095 0.792 0.680 -10.924 0.015 2.391 0.034 1.965 0.025 2.172 

0.10 0.054 2.689 0.100 1.856 0.762 -11.438 0.016 3.458 0.021 3.384 0.058 2.642 

0.20 0.045 5.137 0.102 4.276 0.857 -10.960 0.016 5.723 0.033 5.562 0.041 5.331 

0.40 0.076 8.890 0.114 8.656 0.876 -6.869 0.019 10.073 0.068 9.416 0.054 9.542 

0.80 0.136 15.619 0.171 15.114 1.003 -1.665 0.030 17.764 0.104 16.073 0.093 16.522 

Replicate 2 

 

           

0.00 0.027 0.896 0.085 -0.341 0.528 -9.158 0.013 1.188 0.024 0.872 0.025 0.893 

0.05 0.033 2.033 0.086 0.970 0.630 -9.921 0.015 2.393 0.029 2.070 0.037 1.937 

0.10 0.023 3.295 0.106 1.720 0.744 -11.108 0.016 3.449 0.033 3.138 0.023 3.333 

0.20 0.050 5.033 0.110 4.128 0.811 -10.038 0.015 5.746 0.035 5.531 0.059 4.969 

0.40 0.082 8.776 0.152 7.893 0.896 -7.257 0.020 10.040 0.045 9.857 0.052 9.597 

0.80 0.133 15.658 0.167 15.167 1.001 -1.609 0.029 17.830 0.105 16.143 0.092 16.540 

Replicate 3 

 

           

0.00 0.047 0.496 0.080 -0.231 0.538 -9.358 0.013 1.183 0.023 0.894 0.025 0.906 

0.05 0.067 1.339 0.080 1.080 0.673 -10.814 0.015 2.391 0.027 2.102 0.036 1.959 

0.10 0.063 2.488 0.098 1.887 0.749 -11.169 0.016 3.458 0.032 3.136 0.047 2.851 

0.20 0.081 4.415 0.122 3.883 0.806 -9.938 0.017 5.703 0.037 5.487 0.025 5.660 

0.40 0.130 7.828 0.135 8.220 0.906 -7.440 0.019 10.073 0.070 9.386 0.076 9.135 

0.80 0.162 15.114 0.148 15.530 1.004 -1.681 0.032 17.724 0.109 15.999 0.091 16.525 
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Appendix B13.  Data of pH and Eh for Fig.22.  Nomenclatures refer to Appendix A. 

Sediment type/ 

Replicate 

pH Eh (mV) 

Day 3 Day 6 Day 12 Day 24 Day 3 Day 6 Day 12 Day 24 

OX AN OX AN OX AN OX AN OX AN OX AN OX AN OX AN 

Camp Creek  

           

    

1 7.26 8.58 7.07 8.43 6.85 8.03 6.85 7.26 568.4 377.1 526.8 322.1 578.3 349.6 560.6 295.1 

2 7.26 8.51 7.06 8.49 6.98 8.12 6.85 7.50 511.8 363.2 511.4 314.7 557.1 348.7 539.2 298.3 

3 7.32 8.85 7.11 8.61 6.92 8.29 6.86 7.50 466.3 347.7 466.4 304.8 514.9 346.8 504.8 292.7 

Roberts Creek 

           

    

1 7.28 8.53 7.06 8.44 6.85 7.92 6.73 7.16 558.7 386.2 530.2 337.2 577.2 363.6 571.7 313.4 

2 7.35 8.65 7.18 8.48 7.03 7.80 6.90 7.04 491.1 364.3 496.8 320.8 547.4 365.3 529.3 316.3 

3 7.33 8.73 7.14 8.65 6.94 8.10 6.81 7.22 468.5 349.3 471.0 303.2 524.1 349.6 513.1 303.6 

Gunder 

            

    

1 7.49 8.93 7.46 9.01 7.42 9.01 7.52 8.79 536.3 375.9 515.3 321.2 558.2 342.2 536.4 325.0 

2 7.49 8.87 7.45 8.89 7.42 8.92 7.56 8.70 495.1 366.1 498.1 309.6 549.7 333.1 530.0 312.9 

3 7.53 8.96 7.49 8.88 7.53 8.98 7.54 8.74 464.2 336.9 469.7 300.7 524.8 323.1 504.3 308.4 

Till 

            

    

1 7.76 9.08 7.84 9.13 7.91 9.22 8.04 9.21 546.7 357.6 532.8 302.7 579.2 327.1 569.2 286.1 

2 7.73 9.13 7.81 9.11 7.90 9.27 8.04 9.24 466.8 338.1 472.6 288.8 520.3 322.1 498.8 279.3 

3 7.79 9.11 7.84 9.18 7.90 9.29 8.07 9.28 454.7 320.5 439.8 284.8 490.8 314.5 474.5 288.1 
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Appendix B14.  Data of dissolved P and DOC for Fig.20.  Nomenclatures refer to Appendix A. 

Sediment type/ 

Replicate 

Dissolved P (mg L
-1

) DOC (mg L
-1

) 

Day 3 Day 6 Day 12 Day 24 Day 3 Day 6 Day 12 Day 24 

OX AN OX AN OX AN OX AN OX AN OX AN OX AN OX AN 

Camp Creek  

           

    

1 0.000 0.000 0.003 0.005 0.013 0.030 0.015 0.030 0.0 0.0 0.0 0.0 0.8 0.6 1.1 1.1 

2 0.000 0.000 0.005 0.008 0.012 0.028 0.017 0.027 0.0 0.0 0.0 0.0 0.7 0.8 0.8 1.0 

3 0.000 0.000 0.005 0.012 0.010 0.030 0.011 0.034 0.0 0.0 0.0 0.0 1.2 1.2 1.4 1.4 

Roberts Creek 

           

    

1 0.000 0.000 0.006 0.015 0.010 0.033 0.011 0.035 0.0 0.0 0.0 0.0 0.8 1.1 1.3 1.3 

2 0.000 0.000 0.003 0.007 0.011 0.032 0.013 0.030 0.0 0.0 0.0 0.0 0.8 1.3 1.1 1.7 

3 0.000 0.000 0.004 0.007 0.010 0.031 0.011 0.032 0.0 0.0 0.0 0.0 0.7 1.2 0.8 1.2 

Gunder 

            

    

1 0.000 0.000 0.006 0.006 0.009 0.012 0.011 0.013 0.0 0.0 0.0 0.0 0.9 1.4 1.0 1.4 

2 0.000 0.000 0.004 0.009 0.010 0.013 0.010 0.012 0.0 0.0 0.0 0.0 0.7 1.1 0.8 1.1 

3 0.000 0.000 0.007 0.006 0.011 0.011 0.010 0.012 0.0 0.0 0.0 0.0 0.8 1.2 0.9 1.2 

Till 

            

    

1 0.000 0.000 0.008 0.005 0.011 0.011 0.012 0.014 0.0 0.0 0.0 0.0 0.7 1.2 0.7 1.1 

2 0.000 0.000 0.004 0.007 0.012 0.014 0.010 0.015 0.0 0.0 0.0 0.0 0.7 1.2 0.7 1.1 

3 0.000 0.000 0.005 0.004 0.011 0.013 0.012 0.016 0.0 0.0 0.0 0.0 1.0 1.3 0.9 1.5 
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Appendix B15.  Data of pH, Eh, and P fractionation for Fig.22- Fig.29.  Nomenclatures refer to Appendix A. 

 

Sediment 

type/ 

treatments 

 

Repli-

cate 
pH 

Eh 

(mV) 

P fractionation (mg kg-1) 

PH2O 
Pi Po 

PRes Psum 
PLab Fe-Pslow Ca-Pslow Pstab PLab Pslow Pstab 

Camp Creek 

A 1 5.6 636 9 42 73 105 87 11 65 21 53 466 

A 2 5.7 590 8 37 70 103 86 12 70 22 57 465 

A 3 5.9 579 7 37 71 103 88 15 66 24 52 463 

AN 1 6.3 423 10 37 71 105 90 8 66 24 56 467 

AN 2 6.2 419 9 35 68 105 87 11 65 25 57 462 

AN 3 6.0 409 9 36 72 105 88 11 65 26 50 462 

ANG 1 7.2 113 9 51 65 105 85 14 62 25 57 473 

ANG 2 6.9 108 10 52 60 96 87 17 72 21 49 464 

ANG 3 7.0 136 8 49 67 100 86 17 64 22 55 468 

Roberts Creek 

A 1 5.6 636 9 42 73 105 87 11 65 21 53 466 

A 2 5.7 590 8 37 70 103 86 12 70 22 57 465 

A 3 5.9 579 7 37 71 103 88 15 66 24 52 463 

AN 1 6.3 423 10 37 71 105 90 8 66 24 56 467 

AN 2 6.2 419 9 35 68 105 87 11 65 25 57 462 

AN 3 6.0 409 9 36 72 105 88 11 65 26 50 462 

ANG 1 7.2 113 9 51 65 105 85 14 62 25 57 473 

ANG 2 6.9 108 10 52 60 96 87 17 72 21 49 464 

ANG 3 7.0 136 8 49 67 100 86 17 64 22 55 468 
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Appendix B15.  Continued. 

 

Sediment 

type/ 

treatments 

 

Repli-

cate 
pH 

Eh 

(mV) 

P fractionation (mg kg-1) 

PH2O 
Pi Po 

PRes Psum 
PLab Fe-Pslow Ca-Pslow Pstab PLab Pslow Pstab 

Gunder 

A 1 6.2 575 7 22 25 322 58 0 3 1 40 478 

A 2 6.2 540 7 21 24 329 58 1 3 2 38 483 

A 3 6.2 531 8 22 26 329 59 0 1 4 37 486 

AN 1 6.4 369 9 20 23 322 58 0 9 0 39 480 

AN 2 6.5 354 10 20 23 323 58 0 7 1 38 480 

AN 3 6.6 354 10 20 22 322 59 1 10 2 39 485 

ANG 1 6.9 171 5 23 21 326 62 1 14 1 39 492 

ANG 2 6.6 191 4 24 23 318 58 0 9 2 41 479 

ANG 3 6.7 215 4 24 21 314 61 0 9 1 40 474 

TIll 

A 1 7.2 493 6 7 9 269 110 0 4 4 31 440 

A 2 7.2 444 7 6 11 284 116 0 3 3 30 460 

A 3 7.3 423 9 6 9 265 110 1 4 3 31 438 

AN 1 7.2 274 9 6 9 265 102 0 3 3 29 426 

AN 2 7.3 282 9 7 9 272 113 0 2 2 28 442 

AN 3 7.2 278 10 6 10 267 118 0 2 3 33 449 

ANG 1 7.5 172 4 8 8 254 108 0 3 3 28 416 

ANG 2 7.5 177 4 7 9 284 116 0 2 3 32 457 

ANG 3 7.4 169 5 8 8 252 118 1 4 2 29 427 
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Appendix B16.  P concentration (mg kg
-1

) in each extracting solution, data  for Fig.31 (Camp Creek).  Nomenclatures refer to 

Appendix A. 

Methods/ 

Replicate 
Water 

Pi Pt 
Conc. 

H2SO4 0.5 M 

NaHCO3 

0.1 M 

NaOH 

1 M 

HCl 

Conc. 

HCl 

0.5 M 

NaHCO3 

0.1 M 

NaOH 

Conc. 

HCl 

Molybdate blue-ascorbic acid method (AA) 

1 8 38 67 96 75 54 115 108 47 

2 7 37 67 100 74 53 115 106 47 

3 10 45 73 102 73 61 120 104 46 

4 10 40 74 101 78 57 124 108 50 

5 9 37 65 96 77 53 123 106 50 

6 7 41 72 106 79 57 127 105 47 

Malachite green method (MG) 

1 7 35 66 96 72 55 120 106 46 

2 7 35 65 100 73 53 117 107 48 

3 10 44 73 99 71 64 113 104 46 

4 10 41 74 102 73 57 121 111 49 

5 10 38 65 94 72 49 115 105 48 

6 8 40 73 102 80 60 127 110 46 

 

1
7
5
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Appendix B17.  P concentration (mg kg
-1

) in each extracting solution, data  for Fig.32 (Roberts Creek).  Nomenclatures refer to 

Appendix A. 

Methods/ 

Replicate 
Water 

Pi Pt 
Conc. 

H2SO4 0.5 M 

NaHCO3 

0.1 M 

NaOH 

1 M 

HCl 

Conc. 

HCl 

0.5 M 

NaHCO3 

0.1 M 

NaOH 

Conc. 

HCl 

Molybdate blue-ascorbic acid method (AA) 

1 7 52 87 121 66 69 165 95 47 

2 7 53 88 125 69 74 162 102 45 

3 10 51 93 121 71 68 154 100 48 

4 6 53 96 125 70 70 158 102 49 

5 7 51 88 123 69 69 154 98 47 

6 9 49 96 128 67 68 159 98 43 

Malachite green method (MG) 

1 8 51 87 117 59 71 152 93 45 

2 7 52 88 125 61 75 170 98 45 

3 10 49 91 123 65 75 150 101 48 

4 6 54 94 130 63 69 166 101 47 

5 7 49 87 121 60 72 151 98 46 

6 9 52 97 128 62 70 171 104 46 

 

 

1
7
6
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Appendix B18.  P concentration (mg kg
-1

) in each extracting solution, data  for Fig.33 (Gunder).  Nomenclatures refer to Appendix A. 

 

Methods/ 

Replicate 
Water 

Pi Pt 
Conc. 

H2SO4 0.5 M 

NaHCO3 

0.1 M 

NaOH 

1 M 

HCl 

Conc. 

HCl 

0.5 M 

NaHCO3 

0.1 M 

NaOH 

Conc. 

HCl 

Molybdate blue-ascorbic acid method (AA) 

1 7 21 22 322 44 24 25 52 33 

2 7 23 21 329 43 25 25 54 35 

3 10 22 18 320 44 25 23 51 33 

4 6 22 20 321 43 24 25 52 35 

5 7 22 19 327 46 24 26 54 33 

6 9 22 19 325 46 25 25 54 33 

Malachite green method (MG) 

1 8 19 18 322 42 20 25 53 32 

2 7 21 19 329 40 24 25 54 34 

3 10 20 16 320 38 23 25 54 33 

4 6 20 18 321 40 24 24 53 36 

5 7 22 19 327 43 22 27 57 34 

6 9 22 19 325 44 22 27 56 32 

 

1
7
7
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Appendix B19.  P concentration (mg kg
-1

) in each extracting solution, data  for Fig.34 (Till).  Nomenclatures refer to Appendix A. 

 

Methods/ 

Replicate 
Water 

Pi Pt 
Conc. 

H2SO4 0.5 M 

NaHCO3 

0.1 M 

NaOH 

1 M 

HCl 

Conc. 

HCl 

0.5 M 

NaHCO3 

0.1 M 

NaOH 

Conc. 

HCl 

Molybdate blue-ascorbic acid method (AA) 

1 8 7 6 267 107 8 12 114 24 

2 6 6 8 266 108 8 10 117 26 

3 9 7 7 236 105 8 12 113 28 

4 7 5 7 263 107 8 10 115 28 

5 10 6 7 242 107 7 14 122 24 

6 7 6 7 264 110 7 11 121 25 

Malachite green method (MG) 

1 7 5 5 267 102 7 12 112 24 

2 7 4 6 266 110 5 11 119 26 

3 9 3 5 236 110 8 13 119 28 

4 8 4 5 263 102 5 12 117 28 

5 10 4 5 242 102 7 12 119 25 

6 8 4 6 264 106 4 11 121 25 

 

 

1
7
8
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Appendix B20.  P concentration (mg L
-1

) in water at different measurement time of malachite 

green method, data for Table 21. 

 

Sediment type/ 

Replicate 

Measurement time (hours) 

t=0 t=0.5 t=2 t=6 t=12 t=24 

Camp Creek 

1 0.122 0.122 0.124 0.127 0.127 0.130 

2 0.122 0.123 0.125 0.129 0.130 0.133 

3 0.171 0.172 0.174 0.177 0.175 0.178 

4 0.167 0.168 0.172 0.174 0.175 0.179 

5 0.182 0.183 0.185 0.187 0.188 0.191 

6 0.132 0.133 0.133 0.137 0.137 0.139 

Roberts Creek 

1 0.173 0.175 0.178 0.182 0.182 0.187 

2 0.208 0.210 0.211 0.214 0.214 0.218 

3 0.218 0.220 0.221 0.224 0.223 0.227 

4 0.146 0.146 0.147 0.150 0.149 0.151 

5 0.176 0.175 0.177 0.181 0.180 0.182 

6 0.141 0.141 0.144 0.148 0.146 0.149 

Gunder 

1 0.141 0.143 0.147 0.151 0.149 0.153 

2 0.110 0.111 0.114 0.117 0.115 0.118 

3 0.169 0.171 0.173 0.176 0.176 0.179 

4 0.091 0.092 0.095 0.098 0.099 0.100 

5 0.119 0.121 0.124 0.127 0.128 0.129 

6 0.147 0.148 0.151 0.154 0.154 0.157 

Till 

1 0.124 0.125 0.128 0.131 0.130 0.134 

2 0.114 0.114 0.118 0.121 0.119 0.124 

3 0.157 0.158 0.160 0.163 0.161 0.165 

4 0.128 0.128 0.130 0.133 0.132 0.135 

5 0.182 0.182 0.184 0.186 0.185 0.188 

6 0.141 0.141 0.144 0.148 0.146 0.149 
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Appendix B21.  Pi concentration (mg L
-1

) in 0.5 M NaHCO3 at different measurement time 

of malachite green method, data for Table 21. 

 

Sediment type/ 

Replicate 

Measurement time (hours) 

t=0 t=0.5 t=2 t=6 t=12 t=24 

Camp Creek 

1 0.096 0.096 0.096 0.096 0.097 0.098 

2 0.096 0.096 0.097 0.097 0.098 0.099 

3 0.117 0.116 0.117 0.118 0.119 0.120 

4 0.110 0.111 0.112 0.113 0.114 0.115 

5 0.104 0.104 0.105 0.105 0.106 0.107 

6 0.108 0.108 0.108 0.109 0.110 0.111 

Roberts Creek 

1 0.138 0.137 0.137 0.137 0.138 0.140 

2 0.141 0.142 0.142 0.143 0.144 0.146 

3 0.133 0.133 0.134 0.135 0.136 0.138 

4 0.148 0.148 0.149 0.149 0.149 0.151 

5 0.136 0.132 0.133 0.134 0.136 0.137 

6 0.139 0.139 0.140 0.140 0.141 0.142 

Gunder 

1 0.056 0.052 0.053 0.054 0.055 0.055 

2 0.058 0.058 0.059 0.059 0.060 0.060 

3 0.055 0.055 0.056 0.056 0.056 0.057 

4 0.057 0.057 0.056 0.057 0.057 0.057 

5 0.063 0.064 0.064 0.064 0.064 0.064 

6 0.060 0.061 0.061 0.061 0.062 0.062 

Till 

1 0.014 0.014 0.015 0.016 0.016 0.016 

2 0.013 0.013 0.013 0.014 0.015 0.015 

3 0.013 0.012 0.013 0.014 0.014 0.014 

4 0.010 0.011 0.012 0.013 0.013 0.013 

5 0.011 0.012 0.013 0.014 0.015 0.014 

6 0.013 0.013 0.014 0.015 0.016 0.015 
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Appendix B22.  Pt concentration (mg L
-1

) in 0.5 M NaHCO3 at different measurement time 

of malachite green method, data for Table 21. 

 

Sediment type/ 

Replicate 

Measurement time (hours) 

t=0 t=0.5 t=2 t=6 t=12 t=24 

Camp Creek 

1 0.184 0.185 0.184 0.185 0.184 0.186 

2 0.176 0.176 0.177 0.176 0.176 0.179 

3 0.212 0.212 0.212 0.212 0.212 0.216 

4 0.191 0.191 0.191 0.190 0.190 0.195 

5 0.153 0.153 0.153 0.153 0.154 0.155 

6 0.200 0.201 0.201 0.201 0.200 0.202 

Roberts Creek 

1 0.239 0.238 0.239 0.239 0.239 0.241 

2 0.252 0.252 0.252 0.252 0.251 0.254 

3 0.250 0.249 0.249 0.249 0.249 0.254 

4 0.231 0.232 0.231 0.232 0.231 0.236 

5 0.240 0.240 0.240 0.240 0.239 0.242 

6 0.234 0.234 0.234 0.234 0.234 0.235 

Gunder 

1 0.066 0.066 0.067 0.067 0.066 0.071 

2 0.079 0.080 0.079 0.080 0.080 0.082 

3 0.075 0.075 0.075 0.075 0.075 0.077 

4 0.082 0.082 0.082 0.082 0.083 0.085 

5 0.069 0.069 0.070 0.070 0.070 0.072 

6 0.069 0.069 0.070 0.070 0.069 0.072 

Till 

1 0.022 0.023 0.022 0.023 0.021 0.026 

2 0.018 0.019 0.020 0.018 0.019 0.022 

3 0.027 0.027 0.028 0.027 0.027 0.032 

4 0.017 0.017 0.018 0.018 0.018 0.019 

5 0.024 0.023 0.024 0.023 0.025 0.025 

6 0.012 0.012 0.013 0.013 0.012 0.015 
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Appendix B23.  Pi concentration (mg L
-1

) in 0.1 M NaOH at different measurement time  of 

malachite green method, data for Table 21. 

 

Sediment type/ 

Replicate 

Measurement time (hours) 

t=0 t=0.5 t=2 t=6 t=12 t=24 

Camp Creek 

1 0.276 0.270 0.274 0.274 0.276 0.280 

2 0.274 0.271 0.273 0.276 0.278 0.283 

3 0.304 0.300 0.302 0.303 0.305 0.308 

4 0.314 0.309 0.311 0.313 0.316 0.319 

5 0.272 0.267 0.270 0.271 0.272 0.275 

6 0.303 0.297 0.302 0.303 0.306 0.312 

Roberts Creek 

1 0.364 0.356 0.361 0.361 0.361 0.366 

2 0.367 0.361 0.362 0.364 0.365 0.371 

3 0.380 0.375 0.379 0.378 0.379 0.385 

4 0.395 0.386 0.393 0.392 0.395 0.399 

5 0.364 0.355 0.362 0.362 0.364 0.366 

6 0.407 0.398 0.403 0.405 0.406 0.411 

Gunder 

1 0.076 0.078 0.078 0.080 0.079 0.080 

2 0.081 0.084 0.083 0.085 0.085 0.085 

3 0.066 0.069 0.069 0.070 0.071 0.070 

4 0.075 0.078 0.077 0.079 0.078 0.079 

5 0.079 0.082 0.081 0.083 0.083 0.082 

6 0.079 0.083 0.081 0.082 0.082 0.082 

Till 

1 0.022 0.022 0.022 0.025 0.025 0.025 

2 0.024 0.025 0.025 0.027 0.027 0.027 

3 0.021 0.022 0.021 0.024 0.024 0.024 

4 0.021 0.021 0.021 0.023 0.023 0.023 

5 0.019 0.019 0.020 0.022 0.022 0.021 

6 0.024 0.024 0.023 0.026 0.026 0.026 
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Appendix B24.  Pt concentration (mg L
-1

) in 0.1 M NaOH at different measurement time of 

malachite green method, data for Table 21. 

 

Sediment type/ 

Replicate 

Measurement time (hours) 

t=0 t=0.5 t=2 t=6 t=12 t=24 

Camp Creek 

1 0.282 0.285 0.280 0.281 0.281 0.289 

2 0.275 0.272 0.276 0.280 0.279 0.277 

3 0.264 0.268 0.264 0.263 0.264 0.265 

4 0.286 0.289 0.281 0.289 0.290 0.288 

5 0.270 0.276 0.278 0.276 0.279 0.276 

6 0.296 0.300 0.313 0.302 0.304 0.301 

Roberts Creek 

1 0.357 0.357 0.360 0.359 0.364 0.253 

2 0.399 0.397 0.397 0.392 0.406 0.409 

3 0.351 0.349 0.358 0.348 0.348 0.345 

4 0.393 0.390 0.397 0.392 0.402 0.409 

5 0.354 0.361 0.359 0.352 0.353 0.363 

6 0.399 0.396 0.405 0.405 0.391 0.407 

Gunder 

1 0.058 0.059 0.057 0.059 0.059 0.059 

2 0.059 0.060 0.058 0.060 0.057 0.059 

3 0.057 0.057 0.054 0.056 0.054 0.056 

4 0.056 0.056 0.056 0.059 0.057 0.060 

5 0.062 0.065 0.067 0.070 0.066 0.067 

6 0.062 0.063 0.061 0.062 0.060 0.062 

Till 

1 0.028 0.025 0.026 0.027 0.025 0.026 

2 0.027 0.024 0.024 0.026 0.026 0.024 

3 0.030 0.027 0.028 0.027 0.029 0.027 

4 0.028 0.026 0.026 0.026 0.027 0.026 

5 0.028 0.025 0.025 0.028 0.025 0.024 

6 0.025 0.022 0.024 0.023 0.022 0.026 
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Appendix B25.  P concentration (mg L
-1

) in 1 M  HCl at different measurement time  of 

malachite green method, data for Table 21. 

 

Sediment type/ 

Replicate 

Measurement time (hours) 

t=0 t=0.5 t=2 t=6 t=12 t=24 

Camp Creek 

1 0.064 0.065 0.064 0.066 0.066 0.067 

2 0.067 0.068 0.068 0.071 0.070 0.071 

3 0.066 0.068 0.067 0.069 0.069 0.069 

4 0.068 0.069 0.069 0.071 0.071 0.071 

5 0.063 0.064 0.069 0.066 0.065 0.074 

6 0.068 0.069 0.069 0.072 0.071 0.072 

Roberts Creek 

1 0.078 0.078 0.078 0.080 0.079 0.081 

2 0.084 0.084 0.084 0.085 0.085 0.086 

3 0.082 0.082 0.082 0.084 0.083 0.084 

4 0.087 0.087 0.088 0.089 0.088 0.089 

5 0.081 0.081 0.081 0.082 0.081 0.082 

6 0.086 0.086 0.086 0.087 0.087 0.089 

Gunder 

1 0.216 0.216 0.216 0.217 0.216 0.219 

2 0.220 0.219 0.218 0.220 0.219 0.220 

3 0.217 0.217 0.215 0.216 0.215 0.215 

4 0.221 0.220 0.219 0.220 0.220 0.221 

5 0.221 0.221 0.221 0.221 0.219 0.222 

6 0.220 0.219 0.220 0.220 0.220 0.222 

Till 

1 0.179 0.179 0.179 0.179 0.179 0.180 

2 0.183 0.183 0.184 0.184 0.183 0.185 

3 0.156 0.156 0.157 0.157 0.156 0.157 

4 0.175 0.175 0.174 0.175 0.174 0.176 

5 0.160 0.159 0.159 0.159 0.159 0.160 

6 0.178 0.178 0.178 0.179 0.177 0.179 
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Appendix B26.  Pi concentration (mg L
-1

) in concentrated HCl at different measurement time 

of malachite green method, data for Table 21. 

 

Sediment type/ 

Replicate 

Measurement time (hours) 

t=0 t=0.5 t=2 t=6 t=12 t=24 

Camp Creek 

1 0.073 0.073 0.074 0.075 0.075 0.075 

2 0.074 0.074 0.075 0.077 0.077 0.078 

3 0.071 0.072 0.073 0.074 0.074 0.075 

4 0.074 0.074 0.075 0.077 0.077 0.077 

5 0.073 0.073 0.074 0.075 0.076 0.076 

6 0.080 0.081 0.081 0.083 0.084 0.084 

Roberts Creek 

1 0.059 0.060 0.061 0.062 0.062 0.062 

2 0.061 0.062 0.063 0.065 0.065 0.065 

3 0.065 0.065 0.066 0.068 0.068 0.069 

4 0.064 0.064 0.066 0.067 0.067 0.068 

5 0.060 0.061 0.062 0.063 0.064 0.064 

6 0.062 0.062 0.063 0.065 0.065 0.066 

Gunder 

1 0.037 0.038 0.038 0.039 0.039 0.039 

2 0.036 0.036 0.038 0.039 0.040 0.041 

3 0.033 0.034 0.035 0.037 0.038 0.038 

4 0.035 0.036 0.037 0.039 0.039 0.040 

5 0.037 0.037 0.038 0.040 0.041 0.041 

6 0.038 0.038 0.039 0.042 0.043 0.043 

Till 

1 0.089 0.089 0.090 0.092 0.092 0.092 

2 0.097 0.097 0.098 0.098 0.098 0.097 

3 0.094 0.094 0.094 0.092 0.092 0.092 

4 0.089 0.089 0.089 0.091 0.091 0.091 

5 0.088 0.089 0.089 0.090 0.091 0.091 

6 0.092 0.092 0.093 0.095 0.095 0.096 
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Appendix B27.  Pt concentration (mg L
-1

) in concentrated HCl at different measurement time  

of malachite green method, data for Table 21. 

 

Sediment type/ 

Replicate 

Measurement time (hours) 

t=0 t=0.5 t=2 t=6 t=12 t=24 

Camp Creek 

1 0.107 0.107 0.106 0.106 0.107 0.107 

2 0.108 0.107 0.107 0.109 0.108 0.108 

3 0.102 0.102 0.102 0.103 0.104 0.104 

4 0.111 0.110 0.110 0.111 0.112 0.112 

5 0.104 0.103 0.104 0.104 0.105 0.105 

6 0.108 0.107 0.107 0.109 0.109 0.110 

Roberts Creek 

1 0.092 0.092 0.092 0.093 0.093 0.094 

2 0.097 0.096 0.097 0.097 0.098 0.098 

3 0.098 0.098 0.099 0.101 0.101 0.101 

4 0.100 0.100 0.100 0.101 0.102 0.102 

5 0.098 0.097 0.097 0.098 0.098 0.098 

6 0.103 0.103 0.102 0.103 0.103 0.104 

Gunder 

1 0.044 0.044 0.044 0.045 0.046 0.046 

2 0.045 0.045 0.044 0.045 0.046 0.046 

3 0.045 0.044 0.045 0.046 0.047 0.046 

4 0.044 0.044 0.044 0.045 0.046 0.046 

5 0.048 0.048 0.046 0.047 0.048 0.048 

6 0.046 0.046 0.046 0.047 0.048 0.048 

Till 

1 0.095 0.095 0.095 0.096 0.097 0.097 

2 0.100 0.100 0.100 0.102 0.102 0.102 

3 0.098 0.098 0.099 0.102 0.102 0.102 

4 0.101 0.100 0.101 0.102 0.101 0.101 

5 0.103 0.102 0.101 0.102 0.103 0.103 

6 0.103 0.103 0.102 0.103 0.103 0.104 
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Appendix B28.  P concentration (mg L
-1

) in concentrated H2SO4  at different measurement 

time  of malachite green method, data for Table 21. 

Sediment type/ 

Replicate 

Measurement time (hours) 

t=0 t=0.5 t=2 t=6 t=12 t=24 

Camp Creek 

1 0.075 0.074 0.072 0.074 0.074 0.074 

2 0.076 0.076 0.074 0.076 0.076 0.076 

3 0.074 0.074 0.071 0.072 0.074 0.074 

4 0.079 0.079 0.076 0.078 0.079 0.079 

5 0.077 0.076 0.074 0.077 0.077 0.078 

6 0.074 0.074 0.072 0.074 0.074 0.075 

Roberts Creek 

1 0.073 0.073 0.070 0.072 0.072 0.072 

2 0.072 0.072 0.068 0.070 0.071 0.071 

3 0.077 0.076 0.074 0.075 0.076 0.076 

4 0.077 0.076 0.075 0.074 0.076 0.076 

5 0.075 0.074 0.072 0.075 0.073 0.073 

6 0.070 0.070 0.067 0.068 0.070 0.070 

Gunder 

1 0.052 0.052 0.049 0.052 0.052 0.052 

2 0.055 0.054 0.051 0.052 0.054 0.054 

3 0.053 0.053 0.050 0.052 0.052 0.053 

4 0.058 0.057 0.054 0.056 0.057 0.057 

5 0.055 0.055 0.053 0.057 0.056 0.056 

6 0.052 0.052 0.049 0.051 0.052 0.052 

Till 

1 0.039 0.039 0.036 0.042 0.040 0.040 

2 0.042 0.042 0.039 0.041 0.043 0.043 

3 0.045 0.044 0.041 0.045 0.045 0.045 

4 0.045 0.045 0.042 0.044 0.045 0.046 

5 0.040 0.040 0.036 0.040 0.040 0.039 

6 0.040 0.040 0.036 0.038 0.040 0.040 
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APPENDIX C 

CORRELATION BETWEEN TOTAL C AND ORGANIC MATTER CONTENT 

 

Total C values determined using the dry combustion method were strongly correlated 

to organic matter (OM) values determined by the loss-on-ignition (LOI) method (see the 

graph below).  The results agree with those of a study by Konen et al. (2002) for soil samples 

from major land resource areas in the north central US.  This graph used 24 out of the 25 

samples; sample B-20 (the till, calcareous, pH=8.1) was excluded due to the potential for 

inorganic carbon to contribute to the value determined by the loss-on-ignition method.  

 

 

 

 

 

 

 

 

 

 

Correlation of organic matter and total C (n=24), data of B-20 were excluded. 

  

A widely cited factor for converting soil organic carbon to soil organic matter is 

1.724.  It is based on studies based on the dichromate oxidation technique in the early part of 
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the 20
th

 century, and assumes that soil organic matter contains about 58% carbon.  However, 

if the conversion factor of 1.724 were used for sediments in this study, it is likely soil organic 

matter content would be underestimated.  Based on the regression equation shown in this 

figure, it would be better to use a conversion factor of ~2 and include an adjustment 

corresponding to the intercept shown in the figure. Such a conversion factor suggests that 

organic matter is ~50% carbon, as proposed in a study by Pribyl (2010). 

 


