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ABSTRACT 


The forms of phosphorus in sediments of acid and 

non-acid shield lakes were determined in order to assess the 

effects of lake acidification on the mobility of sediment 

phosphorus. Sediment phosphorus is conveniently classified 

into three categories: non-apatite inorganic phosphorus 

(NAI-P), apatite-P and organic P. The distribution of P 

between different categories was found to be dependent on 

the lithology of the lake basin, the pH in the water column, 

and the redox conditions. 

More than 90% of inorganic P in shield lake sedi

ments was in the NAI-P category, associated presumably with 

hydrated Fe and Al oxides. Organic P accounted for more 

than 40% of total P in sediments of acid lakes, which is 

proportionally higher than that found in sediments of 

neutral lakes. Bioavailable P, a measure of the fraction of 

sediment inorganic P readily available for biological utili 

zation, amounted to -70% of NAI-P, similar to that found 

in hard water lakes. 

A series of experiments was designed to investigate 

the immobilization of P from solution. The uptake of P by 

solid phase was explained by an adsorption mechanism. The 
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quantitative estimates of phosphate sorption parameters for 

sediments of acid and non-acid lakes show that mineralogical 

and chemical characteristics of sediments are more important 

than the pH of water in determining their efficiency of P 

removal. Therefore, acidification of lakes does not signi

ficantly influence the uptake of P by sediments. 
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CHAPTER 1 


INTRODUCTION 


1.1 STATEMENT OF THE PROBLEM 

The deleterious role of phosphorus in nutrient 

enriched streams and lakes has been extensively studied and 

well documented (Ohle, 1953; American Water Works Associa

tion, 1966; Vollenweider, 1968; American Chemical Society, 

1969; Allen and Kramer, 1972; Burns and Ross, 1972). The 

large amount of this nutrient in natural waters stimulates 

an excessive growth of algae and macrophytes. Besides the 

excessive growth of aquatic plants, other undesirable 

effects of eutrophication such as fish kills, filter 

clogging, undesirable taste and odour of potable water are 

well documented. 

The concept of sediment functioning as "phosphate 

buffer" in regulating dissolved inorganic P concentration 

has been recognized by many investigators ( Einsele, 1938; 

Mortimer, 1941; 1970; Olsen, 1964; Bostrom et al, 1982). 

Hence, sediments are important components of the whole-lake 

mass balances of phosphorus and as such their diagenetic 

chemical reactions received considerable attention (Berner, 

1971; 1980; Lerman, 1979). 

1 




2 

Although P mobility has been studied in detail, the 

results relate mostly to hard water lakes with large fluxes 

of P. Consequently, little information is available on the 

mobility of P in acid lakes, determined largely by its forms 

in sediments. The present work therefore concerns itself 

with the state of P in sediments of acid lakes and with the 

immobilization of this element by adsorption onto sediments. 

Specific goals of this research are to: 

1. 	 define operationally the forms of P in sediments of acid 

and non-acid lakes in order to assess the effect of lake 

acidification on sediment P distribution, 

2. 	 relate the forms of sediment P to availability of P, and 

3. 	 investigate the effect of pH on the sorption of P by 

lacustrine sediments. 

1.2 FORMS OF PHOSPHORUS IN WATER COLUMN 

Considerable evidence exists that the primary 

productivity in most inland waters is primarily determined 

by their phosphorus concentration (Vollenweider, 1968; 
c 

Shindler, 1974). The ecological importance of phosphorus in 

the aquatic system sterns frau the role it plays in biologi

cal metabolism of aquatic plants. Because of this the 

distribution of phosphorus in the water column has been 

studied extensively. 
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It is generally considered that phosphorus is 

present in the water column in two forms (Wetzel, 1975): 

dissolved phosphorus and suspended particulate phosphorus. 

A complete list of forms of phosphorus in the water column 

is found in Table 1.2.1. 

Although inorganic soluble phosphorus, "Dissolved 

P constitutes only a few percent of the total phos"i' 

phorus, it has a major importance in the P-cycle of the 

lakes, because of its rapid cycling in the zone of utiliza

tion (Lean, 1973; Wetzel, 1975). It is generally agreed 

that this fraction of P is readily available to the aquatic 

plants. 

The amounts and the forms of P in the lacustrine 

system are dependent on the input to and output from the 

lake and on the interchange among the various sediment and 

water P compartments. The interchange among the compart

ments is controlled by various processes such as precipi ta

tion and/or dissolution, biological utilization, respiration 

and physical agitation (Syers et al, 1973). Under constant 

environmental conditions the changes of the P levels in 

different compartments are small and rather slow. Thus, the 

system can be considered approximately as a dynamic steady

state system (Syers, 1973). Figure 1.2.1 shows a sdtematic 

representation of different P compartments in the lake and 

their interaction. 



Table 1.2.1 Forms of phosphorus in water column. 

Dissolved 
Forms of 

p 

Dissolved Species Suspended Particulate 
Forms of P 

Sol1.d 
Representative 

Dissolved Orthophosphates (H 2Po;l Particulate :i,porganic Mineral phases of 
inorganic 
P "Dissolved 

2 3 +
HPO~ 1 PO~ 1 FeHPO~) 

P "Particulate P · 1. ~r-- ~rock and soil 
(hydroxyapatite) 

p 'II 
l. 

Hydrolyzable polyphos
phates2_ . 2_ 
(H 2P20 7 1 CaP 20 7 1 

s 3
P30lol P309 ) 

-Phosphorus adsorbed 
on clays and other 
inorganic complexes 

Soluble Low molecular organic Particulate organic Phosphorus in or
organic compounds (glucose 1 P "Particulate Pod ganisms 
P "Dissolved phosphate, inositol 
p II 

0 
hexaphosphate) 

Macromolecular 
colloidal phosphorus 

Phosphorus adsorbed 
on dead particulate 
matter 

Pin macro-organic 
aggregations 

.j::. 
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DISSOLVED 

P; 

PARTICULATE PARTICULATE&.....------  -----4..... 
Pj 

~~~-SE_W_DIME_~T_E_:r-~-SE_TDF_TL_~-~__;_'~-I_X_ING______--:-~~::~S 

SEDIMENT SEOMENT 
DISSOLVED • ...,.----4 DISSOLVED 


Pi Po 


SEDIMENT 
PARTKU.ATE 

P; 

SEDIMENT 
PARTICULATE 

Po 

Interchange between water and 
sediment P compartments 
(from Syers et al 1973). 

Fig. 1. 2.1 
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1.3 FORMS OF PHOSPHORUS IN SEDIMENTS 

Our knowledge of the different forms of phosphorus 

and their amount in sediments is derived mainly from various 

operational methods. It needs to be kept in mind that there 

may not always be a simple correspondence between chemical 

species of phosphorus and these operationally defined forms. 

The total content of phosphorus in sediments vary in 

wide range and depends on the levels of inorganic and 

organic P. 

Inorganic phosphorus 

The inorganic P usually constitutes the major 

fraction of total sediment P (Rittenberg et al, 1955; 

Williams et al, 197lc). It is present in sediments as 

discrete mineral phases (apatite, vivianite) and as phos

phate adsorbed on clays, oxides, and hydrated oxides of iron 

and aluminum. 

The existence of discrete solid phases of Fe, Mn, 

Al, and Ca phosphates in sediments is determined by hetero

genous equilibria, characterized by the solubility products 

of the appropriate phosphate minerals. At fixed Ca concen

tration the variables of principal importance in the sedi

ment phosphate chemistry are Eh and pH. Table 1.3.1 lists 

the environmental conditions along with the corresponding 



Table 1.3.1 Conditions for precipitation of various phosphate 
mineral phases in sediments. 

Redox 
Conditions 3>pH pH 3-6 pH >7 Reference 

oxic (pe:>O) strengite variscite apatite Stumm and 
Morgan, 1980 

lipscombite lipscombite beraunite & Nriagu and 
rockbrigite Dell, 1974 

anoxic (pe:<O) vivianite, Nriagu and 
anapatite, Dell, 1974 
reddingite 

-...I 
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thermodynamically stable mineral phases derived from 

Figure 1.3.1 and Figure 1.3.2. 

Examination of the Figure l. 3.1 shows that under 

oxic conditions FeP0 4 (s) (strengite) is the stable mineral 

form at pH < 3, in pH 3 - 6 AlP0 4 (s) (variscite) is the 

stable solid phase while metastable hydroxophosphate Al 

(III) of Fe(III) precipitate at pH > 6 (Stumm and Morgan, 

1981). Although the formation of strengite and variscite 

may be thermodynamically favoured, neither has been found to 

be a major constituent of lacustrine sediments (Nriagu and 

Dell, 1974; Warry and Kramer, 1976. Thus, berauni te and 

rockbrigite would be the common form of phosphate minerals 

in oxic waters at pH> 7, whereas lipscombite would be stable 

in oxic waters at low pH (<7) (Figure 1.3.2). Vivianite 

(Fe 3 (P0 4 ) 2 ·3H 20) and anapatite would be common phosphate 

minerals occurring in anoxic waters with pH > 7 (hard 

waters). If the concentration of Mn is high enough redding

ite (Mn 3 (P0 4 ) 2 ) can coprecipitate with the vivianite. 

The formation of viviani te in reduced sediments by 

direct precipitation from interstitial water has been 

reported (Mackereth, 1966; Rosenquist, 1972; Emerson and 

Widmer, 1978} and its presence has been confirmed using 

petrographic microscope and Mossbauer spectroscopy (Dell, 

1973; Nembrini et al, 1983}. 
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Fig. 1. 3. 2 	 Stability of ferrosoferric hydroxyphosphates 
at dissolved phosphate activities of 10- 6 

(dotted lines) and lo-~ (solid lines) 
(from Nriagu and Dell, 1974). 
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In hard waters {pH> 7), the concentration of soluble 

phosphate is apparently influenced by the calcium content. 

Under oxic conditions precipitation of hydroxylapatite takes 

place in sediments. Kramer {1967) and Sutherland et al 

{1966) used the equilibrium model involving hydroxylapatite 

to explain the concentration of dissolved inorganic P in the 

Great Lakes. 

Although the details of mineralogy may vary, one may 

generalize that Ca-phosphates may be common in hard waters 

{and pH > 7), whereas Fe{ II, III) and Al-phosphates may be 

stable in soft waters and pH< 7. 

Various extraction methods have been used to deter

mine forms of P associated with clays and hydrated Fe and Al 

oxides. It is known that these components of the solid 

phase have a strong tendency to adsorb phosphate; thus they 

can efficiently immobilize the dissolved P in a form of 

amorphous complex {Jackson and Schindler, 1975). 

Organic phosphorus 

Little information is available on the forms of 

organic P in sediments. Furthermore, the accurate estima

· tion of the amount of sediment organic P is complicated by 

lack of direct methods for its determination. 

Organic compounds of phosphorus originate in lake 

sediments partly from plant and animal remains and partly 
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from microbial synthesis of inorganic phosphorus compounds 

(Hesse, 1973). Once deposited, the organic compounds 

undergo the slow process of mineralization that results in 

the increase of phosphate concentration in interstitial 

waters (Rittenberg et al, 1955; Williams and Mayer, 1972; 

Nissebaum et al, 1972; Krom and Berner, 1981). The rate and 

extent of degradation is increased by the presence of 

benthic bacteria and microfauna. 

Specific organic P compounds which have been found 

in lake sediments include small amounts of adenosine 

triphosphate (ATP) (Lee et al, 1971) and inositol hexa- and 

pentaphosphates (Sommers et al, 1972). 

1.4 ADSORPTION OF PHOSPHATE BY SOLIDS 

There is considerable controversy in the literature 

about the mechanism of P immobilization in the aquatic 

environment. Three proposed mechanisms of phosphate removal 

from water are commonly cited: 

1. 	 Inorganic precipitation mechanisms (Einsele, 1938; 

Mackareth, 1966; Stumm and Leckie, 1970; Golterman, 

1973; Emerson and Widmer, 1978). 

2. 	 Bacterial conversion of P04 to soluble organic forms 

(Hayes and Philips, 1958; Hayes, 1964). 
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3.- Adsorption onto the solid particles (Carrit and Goodgal, 

1954; Olsen, 1958; 1964; Williams et al, 1971; Syers et 

al, 1973; Krom and Berner, 1980). 

Most investigators believe that under constant redox 

conditions biotic mechanisms of P removal are unimportant 

relative to abiotic mechanisms. Experiments, using biologi

cal inhibitors such as antibiotics (Kimmel and Lind, 1970; 

Fillos and Swanson, 1975) under unifonn redox conditions 

confirmed the importance of abiotic processes in the uptake 

of phosphorus. 

A general assumption is that hydrated surfaces of Fe 

and Al oxides and clays are responsible for the adsorption 

processes. In natural aquatic systems the metal oxides and 

clays develop a pH-dependent surface charge (Parks, 197 5) 

by: 

a) amphoteric dissociation (equivalent to desorp

tion of H+) 

:MeOH ~ MeO + H+ ( 1 ) 

or by b) hydrolysis (equivalent to adsorption of H+) 

( 2) 

The retention of phosphate on the surfaces of metal oxides 

occurs by specific adsorption (Hingston et al, 1967; 1972). 

Such reaction involves a ligand exchange between -OH~ or -OH 

groups, bound directly to the structural metal coordinating 
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ion-{Stumm et al, 1980), and the P sorbing species {Parfitt, 

1977; Huang, 1975; Lijklema, 1980). The proportion of -OH~ 

to -OH is determined by the pHzpc {pH of zero point of 

charge) of the surface and by ionic strength and pH of 

matrix solution {McLaughlin et al, 1977; Ryden et al, 

1977). Similarly, pH controls the proportion of H2 Po; to 

HPO~- in solution. At lower pH, protonation of oxides and 

hydroxides creates more positive sites and concentration of 

competing hydroxyls is lower. Thus, lower pH favours the 

adsorption of phosphates onto solids {Balistieri and Murray, 

1982). Maximum adsorption of H2 Po; species occurs around 

pH= pK 1 , HPO~- species around pH= pK 2 , etc, where andK1 

denote the first and second dissociation constants ofK2 

phosphoric acid, respectively. At any given pH the magni

tude of phosphate adsorption, IP0 4 is then given by the sum 

of the individual surface species {Stumm et al, 1980). 

Figure 1.4.1 shows that the magnitude of the phosphate 

adsorption increases with decreasing pH. The highest 

adsorption of phosphate on metal oxides and clays was 

observed at pH values between 3-4.5 {Hingston et al, 1967; 

1972; Huang, 1975; Edzwald et al, 1976; Stumm et al, 1980). 

Various functions have been used to relate the 

concentration of material adsorbed {CA) to the concentra

tion of the material in the solution {C). The simplest of 



100-r================--------, 

%50 
a-FeOOH 6 g/L 

11I 

Fig. 1.4.1 Adsorption of phosphate on a-FeOOH 
(from Stumm et a1, 1980). 

...... 
U1 
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all- is the linear adsorption isotherm (Trais and Etnier, 

1981): 


( 3 ) 


where the distribution coefficient, Kd, is the measure of 

solute retention by the solid phase. This isotherm is often 

valid for low values of c. 

The Freundlich equation: 

( 4 ) 


is empirical. In this equation K and b are constants 

related to the bonding energy (Castellan, 1983). This 

equation, similarly as the linear adsorption isotherm, does 

not imply a maximum quantity of adsorption. Thus, it 

frequently does not satisfactorily explain adsorption when 

most adsorption sites are saturated, e.g., high concentra

tion values. 

The Langmuir function is derived for a constant 

surface charge non-interactive model. Two standard forms of 

the Langmuir isotherm are (Stumm and Morgan, 1981; Trais and 

Etnier, 1981) : 

crM 
r ( 5)= K + c 


1 1 K
and = ( 6)+~r rM M 

where r = adsorption density, K = equilibrium constant of 

adsorption, rM = adsorption capacity, which is a measure 
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of maximum amount of solute that can be adsorbed by the 

surface of the solid. K is related to the free energy of 

adsorption {t,G) (Stumm and Morgan, 1981) through the 

relation K = exp [~G 0/RT], where R = gas constant 

(8.314 Jmol-lK- 1 ) and T =absolute temperature in °K. The 

distribution coefficient Kd' is defined by: 

( 7 ) 

rM 
where Kd = c-· Equation (7) can be shown to be an approxi

mate form of the Langmuir equation when Cis small (C<<K). 

r is related to CA (the concentration of adsorbed 

material) through specific surface area, and they would be 

approximately proportional for a given surface area (grain 

size) and constant substrate (Stumm and Morgan, 1981; 

Castellan, 1983). 

1.5 CHEMICAL MOBILITY OF SEDIMENT INORGANIC P 

As previously mentioned, benthic sediments are very 

important to the mobility of phosphorus in the aquatic 

ecosystem. Extensive literature (Einsele, 1938; Mortimer, 

1941; 1942; 1971; Rittenberg, 1955; Pomeroy et al, 1965; 

Vollenweider, 1968; Fillos and Swanson, 1975; Theis and 

McCabe, 1978) provides ample evidence that, depending upon 

limnological conditions, sediment may act as either sink or 

source of nutrients. The role that sediment plays in 
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regeneration of phosphorus depends largely on various 

environmental factors. Besides the forms of phosphorus in 

sediment, two closely related factors play an important role 

in controlling the mobility of P in sediments. These 

factors are: 

1. 	 oxidation - reduction potential of the surficial layer, 

largely related to the amount of oxygen in the over

laying water; 

2. 	 transport of P between sediment interstitial water and 

the overlying water. 

Under aerobic conditions, the P-equilibria between water and 

sediment are largely unidirectional towards the sediment 

(Fitzgerald, 1970; Scheider, 1978; Reckhow, 1979; Bostrom et 

al, 1982) and depend on factors such as mineral-water 

equilibria, adsorption-desorption processes and bioturba

tion. Though retention of phosphate is favoured in aerobic 

sediments, release of phosphate from oxic sediments of 

primarily eutrophic lakes has also been reported (Ryding and 

Forsberg, 1976; Ullen, 1978; Gallepp, 1979; Graneli, 1979; 

Bates and Neafus, 1981; Bostrom and Pettersson, 1982). 

Available information indicates that between 25-80% of 

phosphorus loaded into the lakes from external sources can 

be removed and retained by surficial sediments if oxygenated 

conditions are maintained (Burns and Ross, 1972; Stumm and 

Morgan, 1981). The retention mechanism is believed to be 
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adsorption predominantly by highly active ferri

oxyhydroxides and/or precipitation of ferric phosphate 

compounds. Under aerobic conditions, pH range between 4 and 

7 is optimal for removal of phosphate fran solution (Warry 

and Kramer, 1976). 

Under anaerobic conditions, an appreciable amount of 

dissolved phosphate from sediment interstitial water 

emanates into the overlying water (Holdren and Armstrong, 

1980; Krom and Berner, 1980; Mayer et al, 1982). The 

release of sediment P is attributed to the disappearance of 

the aerobic layer, resulting in reduction of the ferric 

complexes, and consequently in a lower sorption capacity of 

the surficial sediment (Olsen, 1958; 1964; Froehlich et al, 

1979; Kran and Berner, 1980). 

1.6 LIMNOLOGY OF ACID LAKES 

Many lakes in the Precambrian Shield are susceptible 

to acidification (Dillon et al, 1978). The large scale 

impact on water quality associated with airborne emissions 

fran the Sudbury smelting complex is already apparent. Of 

over 200 lakes studied within 200 km radius from Sudbury, 

30% have pH 5. 5 (Keller et al, 1980). The zone of acidi

fied lakes exhibits a distinct northeast-southwest bias from 

Sudbury, reflecting prevailing winds. The low buffering 

capacity of the lakes reflects the local geology. 
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In most low pH lakes in the Sudbury area sulphate 

has apparently replaced bicarbonate as the major anion in 

solution (Ellis and Golomb, 1981; Yan and Miller, 1982) 

probably due to large additions of sulfuric acid. 

Although the primary productivity of large number of 

acid lakes is low, dense growth of benthic filamentous 

algae, apparently a direct response to low pH, has been 

observed in some low pH lakes (Keller et al, 1980) • A 

recent study of several Sudbury lakes (Yan and Miller, 1982) 

reveals that the diversity of phytoplankton community is 

reduced in acid lakes, whereas phytoplankton biomass and 

productivity is not. 

In acid lakes increased clarity of water possibly 

due to the coagulation of organic matter by aluminum (Almer 

et al, 1978; Harvey et al, 1981) has a profound effect on 

vertical distribution of phytoplankton. For example, in 

Clearwater Lake phytoplankton grew at greater depth than 

normally possible in Precambrian Shield lakes (Yan and 

Miller, 1982) due to increased transparency. 

A good inverse correlation between the growth rate 

of attached filamentous algae and pH suggests that 

decreasing pH promotes the proliferation of this type of 

phytoplankton ( Hendrey, 1976; Stokes, 1980) • However, the 

results of some studies (Yan, 1979) suggest that nutrients, 

in particular phosphorus, might be more important for algal 
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growth than H+ concentration. Phosphorus is frequently very 

low in concentration and thus is probably a limiting 

nutrient in acid lakes ( Yan, 1979). Phosphorus concentra

tions in some acid and non-acid lakes are shown in Table 

2.2.1. This table also lists selected water chemistry 

parameters for the lakes studied. 

Low concentrations of nutrients in the water column 

of acid and non-acid lakes however, does not necessarily 

imply low concentrations in sediments or low cycling of P. 

Recently, dated sediment cores from acid, neutral

ized, and fertilized lakes were investigated by Dillon and 

Smith (1982). The results of the investigations reflect the 

drastic increase in sedimentation rates, that began 40-50 

years ago. Approximately at the same time concentration of 

total phospohrus (TP) and total nitrogen (TN) began to 

drop. A possible explanation for decrease in sediment TP 

concentration put forward by Dillon and Smith (1982) 

involves an increase in sedimentation of eroded material of 

non-biologic origin (e.g., sand, clay, etc) and reduction in 

biological uptake and settling. 

Although a large number of acid lakes are oligo

trophic, symptoms of eutrophication can develop if con

centration of nutrients (nitrogen and phosphorus) is 

increased (Yan and Lafrance, 1982). Thus, it is clear that 
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acidification of the lakes will not prevent the development 

of the symptoms of eutrophication. 

1.7 PREVIOUS WORK 

Forms of P in sediments 

Numerous attempts have been made to identify and 

characterize the forms of P in sediments. To achieve this 

objective various selective and sequential extraction 

procedures were carried out. The major problem of this kind 

of analysis is that insoluble sediment phosphorus is 

rendered soluble during the analysis and it is no longer in 

its original form (Golterman, 1973). 

The close relation between Fe and P in lake sedi

ments has been well established (Wentz and Lee, 1969; 

Bortleson and Lee, 1974). Frink (1967) and Williams et al 

(197lc) found a high correlation between the levels of 

inorganic P in sediments and amount of Fe extracted by 

acid-ammonium oxalate or by neutral citrate-dithionite

bicarbonate (CDB). Similarly, Serruya (1971) observed a 

high linear correlation between P and Fe in the subsurface 

sediment samples fran the deeper parts of Lake Kinneret in 

Israel. In addition to the strong correlation between 

sediment Fe and P, an inverse relationship between Ca and P 

was reported by all the above investigators. Based on the 

close relationship between Ca and the sand size fraction of 
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the sediments, it was concluded that a natural grading 

process is responsible for finer iron-phosphate particles to 

be carried to the deeper parts of the lake, while coarser 

particles, that incorporate phosphorus associated with 

calcium, presumably settle in nearshore areas (Serruya, 

1971). The work of Williams et al ( 1976a) supports the 

preferential deposition of coarser sediments containing 

phosphorus in association with Ca in nearshore zones. Kran 

and Berner (1980) estimated "labile inorganic P" in marine 

sediments by treatment with H2 S. They suggested that the 

H2 S-extractable P to be the direct measure of that fraction 

of inorganic P, which is closely associated with Fe and 

which is rapidly released upon burial of sediment. 

Although a close correlation of manganese and 

phosphorus in sediments has been reported (Delfino et al, 

1969; Bortleson and Lee, 1974; Williams et al, 1976a) it is 

generally believed that the concentration of P in sediments 

is related more to Fe than to Mn. Williams et al (197lc; 

1976a) concluded that the relation between P and Mn is an 

indirect one, attributed mainly to a strong correlation 

between Fe and Mn. The strong positive correlation between 

Fe and Mn results fran the common association of Fe and Mn 

in mineral species. Mackereth ( 1966) and Wentz and Lee 

(1969) proposed six modes of P association in sediments. 

These include detrital phosphate minerals (derived from 
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watershed) , phosphate coprec ipi ta ted with Fe and Mn, 

phosphate sorbed on clays and metaloxyhydroxides, phosphate 

associated with carbonates and P in combination with auto

chtonous or allochtonous organic matter. 

Several workers {Petersen and Corey, 1966; Williams 

et al, 1967) used the modified extraction procedure of Chang 

and Jackson (1957) designed for soils, to determine forms of 

sediment inorganic P. The sequence of extraction steps and 

corresponding forms of extracted inorganic P are listed in 

Table 1.7.1. 

It was initially assumed {Chang and Jackson, 1957) 

that the extraction with NH4 F and NaOH reagent in the 

fractionation procedure presented in Table 1.7.1 would 

selectively remove Al phosphate and Fe phosphate. However, 

subsequent investigations (Fife, 1962; Bronfield, 1967; 

Williams et al, 197lb) showed that between 50 and 75% of the 

inorganic P associated with iron oxide was removed with 

NH 4 F. Furthermore, problems arose when Chang and Jackson's 

scheme or its modification (Williams et al, 1967) 

(Table 1.7.1) were used on calcareous lake sediments. In 

the course of extraction the phosphates released during NH4 F 

and following NaOH treatment were readsorbed onto calcareous 

materials, presumably due to formation of CaF2 - ortho

phosphate complex. Phosphorus resorbed by this mechanism 



Table 1.7.1 Procedure for the Fractionation of Soil and Sediment Phosphorus 
(after Williams et al, 1967) 

Step 
No Extraction Step Name of Fraction 

Form of Inorganic P 
Extracted 

1 0.5 M NH 4 Cl for 30 min easily-soluble P (1) inorganic P dissolved 
interstitial water 
and weakly sorbed 
phosphate 

2 0.5 M NH F, pH 8.2, for 24 hr, with 
correctlon for resorption of phos
phate from solution during extrac
tion NH 4 F-P 

3 0.1 N NaOH + 1 M NaCl for 17 hr 1st NaOH-P ( 2) + (3) Al + Fe 
bound phosphorus 

4 extraction with dithionite-citrate 
bicarbonate reductant-soluble P (4) occluded phosphorus 

5 1 M NaOH for 17 hr 2nd NaOH-P 

6 0.5 N HCl for 1 hr, followed by 
1 N HCl for 4 hr if 1st HCl-P 
>20 ppm 

1st HCl-P 
2nd HCl-P 
sum = acid extractable 

ca-P 

ignition at 550C for 1 hr, 
followed by 1 N HCl for 16 hr residual org P 

7 Na 2 C0 3 fusion residual inorg P 

1>.> 
U1 
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was- then released during subsequent citrate-dithionite

bicarbonate (CDB) and acid extraction (Williams et al, 

197la; Syers et al, 1972). As a result, the fractionation 

data obtained for calcareous sediments, using NH4 F were 

meaningless because of underestimation of NH 4 F-P and NaOH-P 

and overestimation of remaining inorganic P. 

In terrestrial soils and benthic sediments reductant 

soluble P (CDB-extractable P) is thought to originate in 

matrices of crystalline oxides and hydrous oxides of Fe 

(Bauwin and Tyner, 1957) and is considered to be "occluded 

phosphate. n The acid-extractable P (Table 1. 7.1) is 

believed to be Ca-bound, presumably apatite (Williams et al, 

1976a; 1976b). The amount of inorganic P in the acid

extractable fraction was found to be low for noncalcareous 

sediments and considerably higher for calcareous sediments 

(Shofield, 1968; Williams et al, 197la; 197lb). 

After a few modifications, Williams et al (1980a) 

tested the fractionation scheme outlined in Figure 1. 7.1 on 

a large suite of phosphate minerals that are commonly found 

in soils and sediments. The scheme results in two inorganic 

sediment phosphorus fractions: (1) non-apatite inorganic 

phosphorus (NAI-P), that is extracted with the CDB and NaOH 

reagent and (2) apatite phosphorus, that is extracted with 

HCl. 
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ISAMPLE I I 
0 22 II Na CITRATE/ 

0. n II Na BICARBONATE/ 

t . Og Na DITHIONITE ICOB REAGENTI 

tStllilt. 

as·c 
EXTRACT 

I RESCU J 
I•NaOH 

t&H 

25"C 
EXTRACT 

I RESIDUE I 
0.5111HCI 

tiiH 

u·c 
EXTRACT 

I RESIDUE 

DISCARDEDI 


HARWOODHARWOOD.... .. ... 

WATANABE 

AND 


OLSEN 


(ORTHOPHOSPHATE (ORTHOPHOSPHATE 
EXTRACTED BY EXTRACTED BY 

NpOH REAGENT) CD8 REAGENT) 

II ~TITE•P II 


Fig. 1. 7.1 	 Extraction procedure used to determine the 
forms of inorganic P in sediments (after 
Williams et al, 1976a) • 
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The above investigators reported that most of the P 

in iron and aluminum phosphates was extracted by CDB + NaOH 

treatment as NAI-P, while a major portion of apatitic P was 

extracted by the HCl treatment. However, one interesting 

exception was found. A large portion of the P from fish 

bones was extracted by the CDB reagent although the fish 

bone was identified as poorly crystallized hydroxyapatite by 

X-ray diffraction analysis. The results of Williams et al 

(1980a) emphasize the influence of the degree of 

crystallinity on the dissolution of mineral phases. 

The need for a rapid method for measuring bioavail

able P in sediments led to development of new extraction 

techniques. Golterman (1977), using NTA and Sagher (1976), 

using NaOH/NaCl extractants, reported good correlation 

between algal P uptake and P extracted by their respective 

methods. Recently Schroeder ( 1976) used an anion exchange 

resin to estimate the amount of "readily extractable 

inorganic P" in sediments. Williams et al (1980b) evaluated 

the above methods and concluded that NAI-P was most closely 

correlated with NaOH-P, the latter averaging about 70% of 

the former. Further, they concluded that apatite-P can be 

considered, for all practical purposes, unavailable for 

biological utilization. This conclusion is consistent with 

earlier findings (Logan, 1978; Logan et al, 1979; Verthoff 

and Heffner, 1979). 
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Immobilization of phosphate by adsorption mechanism 

Laboratory studies have shown that inorganic P, 

added at concentrations considerably greater than those 

present in the interstitial waters of sediments is 

retained. Adsorption of P rather than precipitation is 

favoured by several investigators (Gastuche et al, 1963; 

Cole et al, 1953; Olsen, 1964; Shukla et al, 1971; Krom and 

Berner, 1980), although often the two processes may be 

experimentally indistinguishable. Research concerned with 

adsorption of P by solid phases is extensive and it includes 

studies carried out on sediments, soils and well defined 

solid phases (e.g., clay minerals and Fe and Al oxides), 

commonly present in natural environments. 

The study on the estuarine sediment (Carrit and 

Goodgal, 1954) indicated that rapid initial adsorption of P 

followed by a much slower diffusion-controlled reaction 

governed the retention of P. Li et al (1972), using radio

active phosphorus ( 32 P), observed extensive and rapid 

exchange of inorganic P. In their opinion the rapid 

equilibration indicated that the adsorption was the 

mechanism responsible for removal of P from the aqueous 

phase. Olsen ( 1958; 1964), using radioactive P, estimated 

the net adsorbed quantity of phosphate in sediments (a) as 

the difference between the gross adsorption (A) and the 

exchange of phosphate from sediment to water and vice versa 
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(b) -a = A - b. Gross adsorption A follows the Freundlich 

adsorption isotherm: A = K· cV and b is a hyperbola-like 

function, mathematically described by the equation b = 

Kb•c-vb • In both expressions c represents the 

concentration of P in solution and Kb' K, v, vb are 

constants. From his experiments Olsen concluded that 

phosphate adsorption depends on a number of different 

factors: temperature, oxidation-reduction potential and 

iron and calcium content of sediment. Hayes (1964} found 

that organic matter depressed phosphate adsorption, whereas 

iron increased it and that adsorption capacity of the 

sediment is directly related to the ratio of iron to organic 

carbon. Davis (1982} attributed the reduced phosphate 

adsorption by alumina in the presence of organic matter to 

the competition for adsorption sites and possible electro

static repulsion. Williams et al (1970} and Shukla et al 

{1971} have studied both the adsorption of inorganic P and 

the desorption of sorbed-added inorganic P. They compared 

the adsorption and desorption properties of calcareous and 

noncalcareous sediments and showed that calcareous sediments 

adsorbed less P, but desorbed a higher proportion of added P 

than noncalcareous sediments. The amount of added P sorbed 

was largely determined by the amount of amorphous Fe oxides 

(as determined by oxalate extraction}. The levels of native 

inorganic P in the sediments were closely related to the 
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ability of the sediments to sorb added inorganic P in the 

laboratory. 

Ku et al (1978), investigating lake sediments, 

observed an increase in adsorption arising fran a decrease 

in pH. The same investigators found the adsorption process 

much more exothermic at higher pH than at lower pH. Adsorp

tion of P by sediment was reduced after oxalate extraction 

and at low redox potential. 

Krom and Berner (1980~ 1981) observed that anoxic 

marine sediments adsorbed 25 times less phosphorus than oxic 

sediments. They attributed the lower adsorption capacity of 

anoxic sediments to the presence of ferrous iron phases such 

as siderite, FeS and FeS 2 • All these phases are much less 

efficient at adsorbing phosphates than ferric oxyhydroxides, 

present in oxic sediments. Another explanation of reduced 

adsorbance proposed by these authors might be the presence 

of organic coating on clays in sediments, which would 

inhibit the adsorption of phosphates. Hwang et al (1976) 

evaluated the effect of the sediment particle size on the 

adsorption properties of sediment. They observed that both 

colloidal and noncolloidal fractions are significant in 

phosphate adsorption. These investigators found the best 

adsorption efficiency for size 5-2 ~m. The kinetic experi

ments of the same investigators indicated that, similar to 

other studies (Muljadi et al, 1966; Chen et al, 1973~ 
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Kuo and Lotse, 1974; Edzwald et al, 1976; Krom and Berner, 

1980) the adsorption equilibrium was attained within 

24 hrs. Chen et al (1973) and Edzwald et al (1976) 

explained the slow step of the phosphate-clay adsorption 

reaction that followed an initial rapid stage as a probable 

nucleation and growth of an AlP04 phase. The slow process 

is apparently significant only under acid pH conditions. 

Hingston et al (1967; 1972) proposed three steps for 

phosphate metal oxide reaction: (1) neutralization of 

positive charge at pH values below pH of zero point charge 

(pHzpc), (2) ionization of the proton of the adsorbed acid 

anion, and ( 3) enhancement of the tendency of the surface 

itself to acquire a more negative charge. Breeuwsma and 

Lyklema (1973) proposed two processes for the adsorption of 

phosphate on hematite. Reaction commences with exchange of 

phosphate against -OH or -oH1 groups, followed by subsequent 

adjustment of phosphate equilibria in the aqueous phase. 

Stumm et al (1980) calculated surface speciation and 

surface charge of goethite equilibrated with inorganic 

components of hard water lake, using surface equilibrium 

constants. Their results are presented in Table 1.8.1. 

The high affinity of phosphate for the surface of 

hydrated metal oxide is evident from the high percentage of 

surface sites covered by phosphate, despite the low concen

tration of this species in the lakewater. 
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Table 1.8.1 Speciation of the Goethite Surface in a 
Natural Lakewater (from Stumm et al, 1980) 

CT %Surface [:::FeX]log K. [::FeOOH) T X mol dm-3 SJ2ecies ~ntr. mol dm-3 

=FeOH 2.5·10- 7 25 

H+ 3.2.10- 8 =FeOHt -6.4 1.6·10-7 16 

OH 4.9.10- 7 =Feo -9.25 5.5·10- 10 0.05 

so'+ l.lo-~+ =Feso; -5.8 1.0·10- 11 1·10-3 

H2Po; 1.10-6 =FeHPo; 7.2 3.5·10-7 35 

H4 Si0'+ 5.lo =FeH 3 SiO'+ 4.1 1.5·10-7 15 

=FeH 2SiOi;' -3.3 2.4·10- 8 2.4 

Hco
3 5.10- 3 =Feco; 2.5 4.9·10-8 4.9 

Mg2+ 2.lo-~+ =FeOMg -6.2 7.8-10- 9 0.8 

Ca 2+ 1.10- 3 =Feoca -8 4.9·10- 10 0.05 

Pb 2+ 1.10- 8 =FeOPb -3 4.9·10- 10 0.05 

CT = assumed total concentration of inorganic component 

pH= 7.5 

total number of surface sites [::FeOHT] = 1.10-6 mo1/drn 3 
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Several researchers (Bache, 1964; Hingston, 1968a; 

1968b; Ryden et al, 1974; McLaughlin et al, 1977) investi 

gating the adsorption of P on soils, interpreted the poor 

fit of Langmuir isotherm to the adsorption data as evidence 

for the presence of different types of sites on adsorption 

surface. The same investigators resolved this problem by 

applying three distinct Langmuir equations to describe the 

overall adsorption isotherm. Posner and Bowden (1980) 

however, argued that good A priori reasons must be present 

for splitting the isotherm into series of Langmuir 

isotherms. Using Bowden's model (Bowden et al, 1974; 1977), 

that takes some account of the electrostatic interactions, 

they showed that the driving force for the phosphate adsorp

tion is a ligand exchange reaction. 

1.8 SUMMARY 

The forms of P in sediments, adsorption of P by 

solids and the chemical mobility of sediment P, relative to 

soft and hard water lakes can be summarized as follows: 

1. 	 Phosphorus in sediments occurs as organic P and 

inorganic P. The presence and the abundance of 

different forms of sediment P is determined by the pH 

and Eh conditions in the lake and by the concentration 

of calcium in the water. 
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2. 	-The Fe(II,III) and Al phosphates are the thermo

dynamically stable phases in sediments of soft water 

lakes (pH < 7) , whereas Ca-phospha tes may be common in 

hard water lakes (pH > 7). 

3. 	 The uptake and the release of P from sediment into the 

overlying water is dependent largely on the redox 

conditions at the sediment-water interface and on the 

transport of P between sediment interstitial water and 

the overlying water. 

4. 	 The uptake of phosphorus by sediments is most frequently 

explained by adsorption of P onto surfaces of hydrated 

metal oxides and hydroxides. The process is enhanced by 

the lower pH values. 



CHAPTER 2 

EXPERIMENTS ON THE PHOSPHORUS ADSORPTION AND ITS SPECIATION 

2.1 INTRODUCTION 

Knowledge about the forms of P in acid lake sed i 

ments and the effect of lake acidification on the adsorption 

of P by solids is limited. To increase our understanding of 

the P mobility and the role of sediments in P cycling in 

acid lakes, two series of experiments were undertaken: 

1. 	 The first series of experiments was designed to deter

mine the forms of P in sediments and relate them to 

other experimentally determined physical and chemical 

sediment parameters. 

2. 	 The second series of experiments was designed to 

evaluate the adsorption properties of sediments and to 

investigate the effect of pH, ionic strength and 

chemistry and mineralogy of sediments on their adsorp

tion behaviour. 

Experiments and analyses carried out to achieve the 

first objective were: 

-	 elemental analyses, 

selective extractions, using respective methods of 

McKeaugue and Sagher (Section 2.4), and 

36 
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sequential extractions, using Williams' method 

(Sections 1.6; 2.4). 

Adsorption and desorption experiments with different 

types of sediments were carried out to meet the second 

objective. The effect of pH and ionic strength was investi

gated by employing a matrix solution of different pHs and 

different ionic strengths. 

2. 2 LOCATION OF THE STUDY AREA AND GEOLOGY OF THE LAKE 

BASINS 

Surficial sediments from five Ontario lakes were 

chosen for this study. The sediment samples were selected 

to allow comparison of sediments from lakes of different 

geology, pH and different trophic status. Availability of 

water quality data and other related information was also 

taken into consideration. Table 2.2.1 provides a compila

tion of selected water chemistry data obtained by other 

investigators which were considered for selection of the 

lakes. 

Shield lake sediments used in this study were from 

oligotrophic acid-stressed lakes (Wavy, Clearwater), oligo

trophic neutral lake (Windy L.) and acid-stressed productive 

lake (Swan L.). All the shield lakes are situated within 

the Sudbury area. The information concerning the location 

of the study sites and some morphometric data are summarized 
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in -Table 2.2.2. Geology of the study area can be found in 

Figure 2. 2.1 which shows that three provinces of the 

Precambrian shield are representd in the area, where the 

study lakes are located. These are: felsic plutonic rocks 

of Superior Province, meta-sediments and meta-volcanics of 

Southern Province and the younger clastic siliceous 

metasediments and felsic igneous rocks of the Grenville 

Province. A separate grouping known as Sudbury Nickel 

Irruptive, consisting of unique rock types (layered 

intrusive rocks) invades both the Superior and Southern 

Provinces. 

The main rock types present in the area of the 

studied lakes are: norite, granophyre, tuff and breccia 

quartzite, gneiss (migmatite), granite and gabbro (Ontario 

Ministry of the Environment, 1982). 

Two sediments (WB and E-30) were from depositional 

basins of Lake Ontario (Figure 2.2.2, Table 2.2.3), which is 

a mesotrophic hardwater lake (Dobson, 1980), underlain by 

Ordovician limestone, shale and sandstone (Sly and Lewis, 

1972). The Lake Ontario sediments were included for 

comparison. 

2.3 	 SAMPLE COLLECTION AND PREPARATION 

Surface sediments from Precambrian lakes were 

obtained in the summer of 1981 using an Ekman dredge 



Table 2.2.1 Water chemistry data of selected lakes (Ontario 
Ministry of Environment 1978; 1982; Dobson 1981; 1984) 

Total Nitrite 
Kjeldahl & 

Alkalinity Nitrogen Nitrate Total P Chlorophyl 
Lake pH (mg/L CaCO 3) ~g N/L ~g N/L ~g/L ~g/L 

Wavy 4.5 1.2 164 25 5 0.2 

Clearwater 4.4 0.1 85 52 4 0.3 

Swan 4.0 <0 232 78 11 1.9 

Windy 6.4 4.3 177 14 4 1.2 

L. Ontario (1975) 8.5 85 287 21 5.3 

w 
1.0 



Table 2.2.2 Location and morphometric data for studied 
Precambrian Shield Lakes. 

Surface Maximum 
Area Depth 

Lake Township Latitude Longitude (ha) {m) 
-

Windy Dowling 46036' 81°27' 1111.6 54.9 

Wavy Eden 46018' 81°06' 255.1 33.5 

Clearwater Broder & Tilton 46022' 81°03' 76.9 21.5 

Swan Broder 46°22' 81°04' 5.78 8.8 

,j:lo. 
0 
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Table 2.2.3 Location and morphometric data from L. Ontario sample sites. 

Sedimentation* 
L. Ontario Water Depth Rate 

Sample Location Latitude Longitude (m) (mm yr- 1 ) 

WB 43°24.1' 79°43.6' 101 1.3 


E-30 43°30.7' 76°54.0' 225 1.6 


*Sedimentation rate from Kemp et a1 (1977) • 

w 
~ 
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sampler. The sampling sites were typically in the middle of 

the deep basins of the lakes. The samples were transferred 

into pre-washed glass jars, quickly frozen and subsequently 

freeze-dried. 

Surface sediments from Lake Ontario were collected 

in May of 1975 with a double-Shipek from two locations. 

The samples were stored at 4°C and subsequently 

freeze-dried. Dry sediments were ground with a procelain 

mortar and pestle and passed through the u.s. standard 

sieve. Sediment particles less than 250 J.Jm were used for 

all the experiments. 

Amorphous hydrous ferric oxide gel used for adsorp

tion study was prepared by dissolution of 3.3642 g of 

analytical grade Fe(N0 3 ) 2 •9H2 0 in approximately 200 mL 

doubly distilled water. The pH of suspension was adjusted 

to 7 with 1 M NaOH. The suspension was filtered and washed 

several times with doubly distilled water. The washed 

precipitate was then diluted up to 200 mL to yield a final 

suspension concentration of 4.45 g L- 1 Fe(OH) 3 • The suspen

sion was readily soluble in acid-ammonium oxalate (pH 3) and 

1 M HCl, indicating that there had been little or no 

crystallization. This was confirmed by X-ray diffraction. 
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2.4 ELEMENTAL AND FRACTIONATION ANALYSES 

The following section describes a variety of experi

mental methods used for evaluation of physical and chemical 

characteristics of sediments and forms of sediment P. 

Analysis of the major elements {Si, Al, Fe, Mn, Ca, 

Mg, K, Mn) was carried out by X-ray fluorescence on samples 

fused with lithium metaborate (LiB0 2 ). 

Loss on ignition was determined after overnight 

heating of dry sediments to 475°C. 

Inorganic and organic carbon were determined on 

replicate samples by Leco furnace. Organic carbon was 

measured after removal of the carbonate carbon with 

sulfurous acid (H 2 S0 3 ) (Kemp, 1971). 

Qualitative estimation of minerals was done by 

powder X-ray diffraction method, using CuK= radiation. 

The amorphous Fe and Al in sediments was estimated 

by oxalate extraction. The analytical procedure used in 

this study is similar to that described by McKeague (1978). 

One gram of dry sediment was extracted with 40 mL of acid 

oxalate solution (1.3:1 mixture of 0.2 M ammonium oxalate/ 

0.2 M oxalic acid) in the dark for 4 hrs. The extract was 

recovered by centrifugation and decantation. Fe and Al 

concentration in the extracts was determined by atomic 

absorption spectrophotometry upon further dilution of the 

extracts. Inorganic P was also determined in these extracts 

by the method of Watanabe and Olsen (1962). 
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Total and organic sediment P were determined on 

replicate samples according to the scheme outlined in 

Figure 2.4.1. 

Forms of inorganic phosphorus were determined on 

replicate samples following the fractionation scheme shown 

in Figure 1.7.1. Both of the procedures used in this work 

to evaluate the forms of phosphorus in sediments are 

described in detail in Mayer and Williams (1981). The 

analytical estimate of bioavailable phosphorus was obtained 

by using the procedure of Sagher ( 1976). In this procedure 

25 mg of sample was extracted with 50 mL of 0.1 N NaOH/1.0 N 

NaCl solution for 16 hrs at roam temperature. The inorganic 

P in the extract was determined by the method of Harwood et 

al (1969). 

Native exchangeable P was determined by 3 2 p exchange 

following the procedure outlined by Li et al (1972). 

Carrier-free 3 2 P (2. 2 JJCi) was added in 0. 5 mL aliquot to 

100 mL polypropylene centrifuge tubes containing 1 g of 

sediment and 40 mL of 0.1 N NaCl. Samples were shaken for 

142 hrs. After this time the suspensions were centrifuged 

and passed through a 0.45 JJm Millipore filter. Solution 3lp 

concentration was determined by the method of Harwood et al 

(1969). Tb determine solution 3 2 p concentration 1 mL 

aliquot was added to 10 mL of PCS-xylene scintillation 

cocktail in a vial, for counting on a Searle Mark III 
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liquid-scintillation spectrometer. Blank aqueous extract of 

each sediment was used for quench correction. 

2.5 ADSORPTION AND DESORPTION EXPERIMENTS 

The sorption of inorganic P was evaluated by equili

brating the sediment suspensions with various levels of 

phosphorus. The appropriate amount of P was added in 5 mL 

aliquots to 1.0 g of freeze-dried sediment, placed in a 

pre-weight 100 mL polypropylene centrifuge tube. Thirty

five (35} mL of 0.1 N NaCl was added to obtain the 

sediment-solution ratio of 1:40. 

NaCl was used to facilitate particle settling during 

centrifugation. This salt solution, referred to as "matrix 

solution", contains nonspecifically adsorbable cation and 

anion, hence it is very suitable for the adsorption experi

ments. Bacterial uptake of P was eliminated by addition of 

HgC1 2 • Each system contained 147 llmole HgC1 2 L- 1 • The 

samples were equilibrated by shaking for 72 hrs at 21 °C. 

After the equilibrium had been established the aqueous and 

solid phase were separated by centrifugation followed by 

filtration through a Millipore filter apparatus with a 

0.45 llm membrane filter. The filtrate was analyzed for 

phosphate, using the colorimetric method of Harwood et al 

(1969}. The solid residue was retained for subsequent 

desorption analysis. The tubes with sediment residue were 
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weighed to determine the volume of solution entrapped in the 

residue. Measurement of P desorption from the sediment 

involved addition to the residue of 40 mL 0.1 N NaCl; the 

72-hr extraction, recovery and removal of the supernatant 

followed by subsequent P determination, carried out as 

above. 

Sorption of P from 10-4 N NaCl was evaluated essen

tially by the same method as sorption of P from 0.1 N NaCl, 

with change in the ionic strength of the electrolyte being 

the only difference. 

If the initial pH of matrix solution used for 

adsorption was different than that of sediment, equilibra

tion prior to the adsorption experiment was carried out with 

the electrolyte of the desired pH and ionic strength. 

During this procedure no significant release of P was 

observed. 

The sorption of P by Fe-gel from 0.1 N NaCl04 was 

determined by the same method as that described for sedi

ments, except that 1 mL of gel suspension containing 1 mg Fe 

was used. 

Controls containing desired P concentration in 40 mL 

0.1 N NaCl (or 10-4 N NaCl) but no sediment were run to 

check for possible adsorption on the surfaces of the 

container. 
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The surface area of amorphous hydrous ferric oxide 

gel was measured by the classical, low temperature gas 

adsorption (B.E.T.) technique. Nitrogen gas was used as 

adsorbate at 77°K. 



CHAPTER 3 


RESULTS 


3.1 INTRODUCTION 


A detailed investigation of the state of P in sedi

ments of acid and non-acid lakes and P immobilization by 

adsorption onto sediments is described. The results 

obtained from the various experimental and analytical tests 

described in the previous chapter are presented in the form 

of diagrams and tables. Their interpretation provides 

further information on the subject of P cycling in acid 

lakes. 

3.2 CHARACTERISTICS OF SEDIMENTS 

The surficial sediment of the acid lakes (Wavy, 

Clearwater and Swan} appeared to be quite flocculent and 

without any well defined interface. Both of the sediment 

samples from Lake Ontario were similar in their physical 

characteristics. In the first few rnrn of sediment, the 

sol ids consisted of a reddish-brown floc, which overlaid a 

soft gray to dark gray ooze. The fine grained sediments 

used in this study contained different proportion of silt 
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and clay, reflecting the energy conditions in the zone of 

deposition. 

Water content of shield sediments was exceedingly high 

(Table 3. 2.1). Loss-on-ignition ( LOI) , a measure of the 

organic content of sediments and bound water was consider

ably higher in sediments from acid lakes than from the 

bottom deposits of neutral lakes (Table 3.2.1). 

An exceptionally high content of organic matter in 

sediment from Swan Lake appears to be the result of both 

high biomass productivity in this lake and suppression of 

organic degradative processes in sediment (Rao and Dutka, 

1983). 

The Lake Ontario sediments consisted of quartz 

feldspars, carbonates and the following clay minerals: 

illite, chlorite, and kaolinite. No carbonates were identi 

fied in shield lake sediments and crystal! ine clay minerals 

were also absent, except for small amounts in Windy Lake 

sediment. 

3.3 	 ELEMENTAL COMPOSITION AND FORMS OF PHOSPHORUS IN 

SEDIMENTS 

The results of elemental analysis and different 

extraction techniques enable us to relate the sediment 

phosphorus to the other chemical parameters. This approach 
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Table 3.2.1 Water content* and LOI 

Water 
Sediment Content LOI 

Sample % % 

Wavy 92 36.51 

Clearwater 91 26.99 

Swan 96 53.70 

Windy 93 15.66 

L.O. WB 87 11.86 

L.O. E-30 88 11.43 

*water content data from Bourbonniere 

(1984, Personal communication) and 

Kemp et al (1977). 
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is- particularly useful in explaining the association of P 

with metal oxides and sediment organic matter. 

The results of X-ray fluorescence analysis showing 

the concentration of major elements (Si, Al, Fe, Mg, Ca, Na, 

K, Ti, Mn) in sediments are sumamrized in Table 3.3.1. 

Higher values of Ca and Mg in Lake Ontario sediments 

than those of shield sediments are attributed to the 

presence of calcite and dolomite in Lake Ontario sediments. 

Lower values of Al, Mn, and K in sediments of acid-stressed 

shield lakes suggest leaching of the above cations from 

sediments (Ellis and Golomb, 1981). Deposition of solids, 

impoverished in major cations as a result of leaching in the 

catchment basin, may also account for lower values of Al, 

Mn, and K in acid lake sediments (Torrenueva, 1981; Ell is 

and Golomb, 1981). 

The results of selective oxalate extraction used to 

estimate Al and Fe associated with amorphous oxides and 

hydroxides (Alox' Fe0 x) are presented in Table 3.3.2. 

The values of Pecos (citrate-dithionite

bicarbonate extractable Fe) (Table 3.3.2) estimate the 

amount of iron present in both amorphous Fe-complexes and in 

fine grained crystalline iron oxides (e.g., goethite, hema

tite) and are in average 7% higher than values of Feox· 

In shield lake sediments the amorphous Al as esti

mated by the oxalate extraction comprised between 16-47% of 



Table 3.3.1 Major elements, as determined by XRF-Analysis 

Sediment Si Al Fe Mg ca Na K Ti Mn 

Sample % % % % % % % % % 


Wavy 23.20 3.43 2.67 0.70 0.59 0.185 0.58 0.14 0.04 

Clearwater 26.15 3.62 4.17 0.83 0.88 0.21 0.68 0.15 0.03 

Swan 15.83 2.13 4.01 0.45 0.63 0.13 0.17 0.01 0.34 

Windy 27.71 4.83 7.17 0.53 0.67 0.84 0.95 0.21 0.64 

L.O. E-30 26.05 7.64 4.92 1.83 1.77 0.24 2.42 0.37 0.22 

L.O. WB 26.38 7.89 4.85 1.98 1.40 0.29 2.76 0.43 0.26 

U1 

U1 




Table 3.3.2 Concentration of Fe and Al as determined by different extractions. 

Feox Fe coB Alox*Sediment FeT Feox as % Fe coB as % AlT* as %Alox 
Sample mg g-1 mg g:-1 FeT mg g-1 FeT mg g-1 mg g-1 AlT 

Wavy 26.7 4.69 17.6 7.08 26.5 34.3 16.0 46.6 

Clearwater 41.7 6.96 16.7 12.62 30.3 36.2 8.8 24.2 

Swan 40.1 11.67 29.1 14.04 35.0 21.3 5.5 25.8 

Windy 71.7 44.37 61.9 47.43 66.1 48.3 7.7 16.0 

L.O. E-30 49.2 12.19 24.8 15.68 31.9 76.4 1.1 1.5 

L.O. WB 48.5 13.76 28.4 14.99 30.9 78.9 2.3 2.9 

*FeT and AlT values are results of elemental analysis as determined by X-ray 

fluroescence spectrometry (Table 3.3.1) and represent the total quantities 

of respective elements. 

0'\ 
VI 
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Ali· In contrast, only 1.5-3% of AlT is present as 

amorphous Al in Lake Ontario sediments. The low values of 

Alox in Lake Ontario sediments (E-30, WB) suggest that the 

clay minerals account for most of the Al in these sedi

ments. This finding is in accordance with the conclusion of 

Kemp and Thomas (1976). 

The amount of sediment inorganic phosphorus as so

c iated with amorphous Al and Fe complexes (Pox) and the 

amount of bioavilable-P as determined by NaOH extraction is 

indicated in Table 3.3.3. The same table contains the 

values of CDB-P used later for calculation of NAI-P. As 

seen fran Table 3. 3. 3, the CDB-P values are in close agree

ment with the oxalate-P values corrected for apatite 

phosphorus (from Table 3.3.4). The similarity of the two 

sets of values (Pox and Pens> can also be seen in the 

plot of molar concentrations of PcoB versus Pox 

(Figure 3.3.1). The plot shows the linear relationship 

between the two parameters with a slope of about 1. 

Based on the results of sequential extractions, the 

phosphorus in the investigated surficial sediments can be 

divided into three major categories: phosphorus associated 

with apatite, non-apatite inorganic phosphorus (NAI-P), and 

organic phosphorus. 

The amount of apatite-P, NAI-P, organic P, and total 

P estimated by sequential extraction (Figure 1. 7.1; 



Table 3.3.3 Bioavailable,oxalate and CDB phosphorus values. 

Sediment Pox PCDB P-bioavailable Bioavailable-P 

Sample ).19 9-1 ).19 9-1 ).19 9-1 as % NAI-P 


Wavy 

Clearwater 

Swan 

Windy 

L.O. E-30 


L.O. WB 

1061 


479 


179 


1285 


590 


532 


1073 


460 


244 


1221 


621 


523 


1049 


560 


238 


950 


656 


472 


85.6 

99.3 

79.1 

68.5 

98.2 

80.0 
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Figure 2.4.1) is presented in Table 3.3.4. Here, the 

distribution of inorganic P among different categories is 

briefly reviewed in order to assess the P distribution in 

investigated sediments. 

The apati te-P fraction is comprised of orthophos

phate present in the crystal lattices of apatite grains. 

The NAI-P fraction includes orthophosphate adsorbed on Fe

and Al-oxides and hydrous oxides, Fe- and Al-P minerals and 

Ca-P minerals other than apatites. In addition this 

fraction includes soluble orthophosphate ions fran sediment 

pore water (Logan et al, 1979). The values of NAI-P are 

generally higher than observed values of oxalate P or 

CDB-P. Table 3.3.4 shows that the NAI-P category comprises 

on average 97% of inorganic phosphorus in sediments fran 

shield lakes, while inorgnaic P from Lake Ontario is more 

evenly distributed between the two categories: apati te-P 

and NAI-P. 

The NAI-P is linearly correlated (r = 0.9562) with 

bioavailable P as determined by NaOH ex traction (Sagher, 

1976). Based on the slope of regression line fran 

Figure 3.3.2, the bioavailable P amounts to 70% of the 

NAI-P, which is in accordance with results obtained by other 

investigators (Williams et al, 1980). 

The last category of sediment phosphorus, "organic 

phosphorus", embraces all phosphorus associated with carbon 



Table 3.3.4 Values of individual forms of phosphorus 
as determined by sequential extractions. 

Organic
I ,Apatite Organic norgan1.c * Total p 

Sediment NAI-P p p p p as % 
Sample ll9 g- 1 }Jg 9- 1 lJ9 g-1 ll9· g-l }Jg g-1 total P 

wavy 1225 77 742 1103 1845 40.2 

Windy 1378 138 460 1420 1863 24.7 

Clearwater 564 49 535 607 1142 46.8 

Swan 301 14 785 303 1088 72.1 

L.O. E-30 668 316 155 953 1108 14.0 

L.O. WB 590 358 200 991 1191 16.8 

*Inorganic P as determined from the scheme outlined in Figure 2.4.1. 

0'1 
1-' 
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atoms via C-0-P or C-P bonds (Williams et al, 1976a) and 

includes also organic phosphorus compounds present in 

sediment interstitial water (Logan et al, 1979). The 

organic P values in samples from acid lakes varied between 

40-70% of total P and were considerably higher than those 

observed in samples from the neutral lakes (14-25% of total 

P). 

The sum of apatite-P, NAI-P and organic-P values is 

essentially equal to the total amount of phosphorus extrac

ted from the sediment sample by the procedure used to deter

mine organic-P (Figure 2.4.1). This value is slightly less 

than the true value of the total phosphorus content of the 

sediments, the difference being due to phosphorus present 

within the lattices of silicate minerals, which is not 

extracted during the organic-P procedure. 

Organic carbon and organic phosphorus data 

(Table 3.3.5) are consistent with the LOI values 

(Table 3. 2 .1) • As can be seen from Table 3. 3. 5, somewhat 

higher values of organic carbon and organic phosphorus were 

measured in sediments from acid lakes than in sediments from 

the neutral lakes. The molar org C/org P ratio appears to 

be relatively constant, 419±54, except for Swan Lake 

sediment, which is characterized by a very high org Cjorg P 

ratio (707). 



Table 3.3.5 Total and organic carbon content of investigated sediments 
and the molar org C:org P ratios. 

Sediment Total C org C org P Molar 
Sample % % llmoles g- 1 org C/org P 

Wavy 13.09 12.84 23.93 442 

Windy 6.62 6.53 14.84 366 

Clearwater 10.15 9.68 17.26 461 

Swan 21.58 21.04 25.32 707 

L.O. E-30 2.94 2.48 5.00 408 

L.O. WB 3.02 6.45 

0'1 
~ 
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The mean value of molar org C/org P ratio (Swan Lake 

excluded), 419, compares favourably with 426, the mean value 

of org C/org P ratio obtained by Williams et al (1976a) for 

the 46 surficial Lake Erie sediments. 

3.4 ADSORPTION AND DESORPTION 

The findings of the adsorption and desorption 

experiments are presented in this section. The main advan

tage of a laboratory scale study is that the experiments are 

carried out under controlled conditions. Hence, the effect 

of desired physical and chemical parameters (e.g., pH of 

aqueous phase, particle size, etc) on adsorption process can 

be assessed with greater certainty. However, it has to be 

kept in mind that because of the complexity of natural 

environment, the results of such laboratory studies should 

be applied with caution. 

Equilibrium sorption of inorganic P by five sedi

ments is presented graphically in Figures 3.4.1 to 3.4.5. 

The amount of adsorbed P was obtained by adding the value of 

native surface P (Table 3. 4.1) to all values of added P 

sorbed (Table 3. 4. 2 and Table 3. 4. 3). The value of native 

exchangeable P (Sed Exch 3lpi) (Table 3.4.1) converted 

into molar concentrations was used as an estimate of native 

surface P. 
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Table 3.4.1 Levels of exchangeable sediment phosphorus. 

Sed Exch
31p.Sed Exch 

31pi as % 
1 
of 

Lake 1J9 g-1 inorganic p 

Wavy 1053 81 

Clearwater 445 72 

Windy 560 37 

E-30 176 18 

WB 209 22 



Table 3.4.2 .Adsorption of added inorganic J,ilosphorus by Shield lake sediments. 

Sed.inent 
5anple 

lfi of 
Matrix 

Solution 

Ionic 
Strength 
of Matrix 
Solution 

(M) 10 

.Added P sorbed in 'IJIIDles g1 for added P levels ('IJIIDles P g1) 

20 30 40 60 80 100 120 140 150 160 170 

Wavy 5,5 10-1 9.94 19.89 29.80 39.61 58.98 77.14 93.72 108.56 120.32 126.47 131.38 133.82 

wavy 7 10-1 9.92 19.80 29.50 39.30 57.34 74,61 89,66 102.26 113.92 118.56 121.77 128.26 

wavy 7 l0-4 9.69 19.32 28.53 36.93 51.32 62.21 72,39 81.77 87.29 90.93 93.71 94.80 

Clearwater 4.5 l0-1 9.89 19.92 29.85 39.70 58.93 76.83 91.11 103.40 110.55 116.30 120.09 125.06 

clearwater 7 10-1 9.41 19.88 29.65 39.15 56.13 68.10 79.53 87.60 91.36 95.08 99.52 102.98 

Windy 7 10-1 9.95 19.91 29.81 39.66 58,79 76,42 92.86 107.78 117.03 121.87 124.90 126.99 

0'\ 
-..1 



Table 3.4.3 Msorption of added P by Lake Ontario sediments 

Iarlc 
Strength 

Sedinent 
til of 

Matrix 
of Matrix 
Solutioo. .Added P sOJ:bed in J,Jm:>les g1 for added P levels (J,Jm:>les P g1) 

Sanple Solution (M) 2 4 6 8 10 15 20 25 30 40 so 60 70 

L.O. E-30 7 l0-1 1.81 3.66 5.49 7.17 8.78 12.21 15.42 17.22 19.18 22.31 24.78 27.61 28.88 

L.O. E-30 7 10-.. 1.91 3.83 5.70 7.48 9.07 12.94 15.51 18.30 19.51 23.51 24.58 25.72 27.71 

L.O. WB 7 l0-1 1.79 3.63 5.43 7.19 8.89 12.67 15.65 17.86 19.99 23.25 26.32 29.66 31.01 

0\ 
(X) 
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Native exchangeable P at equilibrium was determined 

from isotope dilution by: 

Sed Exch 32 P31 pSed Exch 31 P· ( 8 ) 1 = soln 3 2 Psoln 

31p.where Sed Exch 1 = exchangeable sediment inorganic P, 

expressed as llg/g sediment; 

31 p p= inorganic in solution expressedsoln 

as llg/g sediment; 

32p 32p= the in solution expressed as %soln 

32p.of added I 

3 2 p 32pSed Exch = the in the sediment expressed 

3 2 p.as % of added 

The precision of estimation of exchangeable P was low in the 

case of Shield Lake sediments. The major source of error in 

exchangeable P determination was the large value of the 

second term in equation ( 8) • Similar problems were also 

encountered by other investigators (Li et al, 1972). 

Langmuir adsorption isotherms (Figure 3. 4.1 to 

Figure 3.4.6) for given experimental data sets were obtained 

by least squares fit to the standard form (equation 5). The 

overall shape of isotherms was similar despite the great 

differences in the amount of P sorbed at a particular solu

tion P concentration. Each isotherm was characterized by a 
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large change in the amount of P adsorbed at lower solution P 

concentration. This was followed by a more gradual change 

in the amount of P sorbed with increasing solution P concen

tration. At higher solution P concentrations the isotherms 

showed deviation from the Langmuir function. 

Adsorption isothenn similar to those obtained for 

sediments was also obtained for hydrous ferric oxide gel 

(Fe-gel) (Figure 3.4.6), which had a B.E.T. area of 

165 m2 g- 1 • Comparison of the sediment isotherms with that 

of the Fe-gel suggests the presence of more than one type of 

adsorption site, possibly on the surfaces of Al oxide. 

R2The values of Langmuir parameters (K, rM) and 

values shown in Table 3.4.4 were estimated from equilibrium 

solution P concentration and the amount of adsorbed P using 

the non-linear least squares iteration Gauss-Newton method. 

For comparison, Table 3.4.4 contains data obtained in other 

adsorption studies. 

To facilitate comparison with other physical and 

chemical processes, the free energies of adsorption 6G were 

determined using the relationship 6G = -RT lnK (Graham, 

1953; Aveyard and Haydon, 1973; Stumm and Morgan, 1981). 

This relationship which equates K with the equilibrium 

constant assumes that the activity coefficients of occupied 

and unoccupied sites are the same (Ryden et al, 1977). The 

values of 6G calculated by the above equation are given in 



Table 3.4.4 Langmuir parameters and the values of free energy of adsorption. 

IbSediment K rM ~G 
Sample pHa (M) L umol- 1 umoles g- 1 R2 kJrnol- 1 

wavy 5.5 10-1 0.1137 151.8 0.8735 -28.5 

wavy 7 10-1 0.0612 145.2 0.8460 -26.9 

Wavy 7 lo- 4 0.0329 118.2 0.8365 -25.4 

Clearwater 4.5 lQ-1 0.0895 124.5 0.9189 -27.9 

Clearwater 7 1o-1 0.0690 102.9 0.8622 -26.9 

Windy 7 lQ-1 0.0842 132.7 0.9004 -27.7 

L.O. E-30 7 1o-1 0.0308 31.3 0. 8941 -25.3 

L.O. E-30 7 10-4 0.0578 29.7 0.8838 -26.8 

L.O. WB 7 10-1 0.0311 33.9 0.8952 -25.3 

Hydrous ferric 
oxide gel (Fe-gel) 

Fe-gel 

7 

7 

10-1c 

!o-le 

0.3530 2632 

1020 

0.8827 -31.2 

-30.7 Ryden et al (1977) 

New Zealand soils 7 10-1 10-104 -28.5 
to -30.1 

Ryden et al 
· 

(1977) 

Lake sediments 4.8-7.0 dist. 
water 

0.033
1.036 Ku et al (1978) 

a pH of matrix solution. ....J 
....Jb I = Ionic strength of matrix solution (10- 1 M NaC1) 

c matrix solution 10- 1 M NaC10 4 
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Table 3.4.4. The values appear to be remarkably similar and 

compare favourably with those obtained for soils by Ryden 

e t al (197 7 ) • 

The relatively large discrepancy in the values of 

rM for Fe-gel obtained in this study and that obtained 

by Ryden et al (1977) could have resulted from difference in 

age of the suspensions. Ryden et al did not mention how 

fresh the suspension was in their study. Lijklema (1980) 

demonstrated that the binding capacity of the fresh precipi

tate was about 1. 7 times greater than that of one-day-old 

precipitate. The P binding capacity of the Fe-gel used in 

this study, 2632 ~moles g- 1 , is in reasonably good agreement 

with the value of 3210 ~moles g- 1 obtained by Lijklema for 

fresh hydrous ferric oxide gel. 

The experiments with different lake sediments show a 

close relationship between the capacity of the sediment to 

adsorb and retain added inorganic phosphorus. The retention 

properties of sediments are indicated by the proportion of 

added inorganic P adsorbed and the proportion of P desorbed 

in subsequent extraction (Table 3.4.5 to Table 3.4.8). 

3.5 SUMMARY 

The results of the experimental studies provide an 

assessment of the effect of pH and related factors (sediment 

chemistry and mineralogy) on sediment P distribution and on 



Table 3. 4. 5 Jldsc>l:bed ilm'ganic ~ expressed as percentage of total added P. 

Iaric 

Strength 


Iif of of Matrix 
 For added P level (lJI!Oles P g-1)Sediment Matrix Solution 
Sanple Solution (M) 10 20 30 40 60 80 100 120 140 150 160 170 

.Added P adsorbed as % total added P 

wavy* 5.5 lo-1 99.5 99.4 99.3 99.0 98.3 96.4 93.7 90.5 85.9 84.3 82.1 78.7 

wavy* 7 lo-' 99.2 99.0 98.3 98.2 95.6 93.3 89.7 85.2 81.4 79.0 76.1 75.4 

wavy 7 10_.. 96.9 96.6 95.1 92.3 85.5 77.8 72.4 68.1 62.3 60.6 58.6 55.8 

Clecu:water 4.5 l0-1 98.9 99.6 99.5 99.2 98.2 96.0 91.1 86.2 79.0 77.5 75.1 73.6 

Cleazwater 7 10-1 94.08 99.4 98.8 97.9 93.5 85.1 79.5 73.0 65.3 63.4 62.2 60.6 

Wimy 7 1o-' 99.5 99.5 99.4 99.1 98.0 95.5 92.9 89.8 83.6 81.2 78.1 74.7 

wavy after 7 10-l - - - 2.3 2.3 n.d. 7.0 8.0 6.0 7.7 8.4 7.3 
oxalate 

*Sanl,>les used to evaluate desorption of sorbed added imrganic P. 
-.,J 

n.d. - not detennined. \0 



Table 3. 4. 6 Desorption of added ioorganic P. 

Ionic 

Strength 


pH of of Matrix 
 For added P level ( l.M>les p g-1)Sedirrent Matrix Solution 
Sanq:lle Solution (M) 10 20 30 40 60 80 100 120 140 150 160 170 

Mded P desorbed as % added P adsorbed 

Wavy 5.5 10-1 0.3 0.3 0.3 0.4 0.8 1.2 1.9 2.2 2.9 3.1 3.31 3.4 

Wavy 7 10- 1 0.5 0.5 0.6 0.8 1.4 2.1 2.5 3.4 4.1 4.2 4.2 4.5 

Wirrly 7 10-1 0.3 0.2 0.2 0.3 0.4 0.6 0.9 0.9 1.2 1.1 1.2 0.9 

00 
0 



Table 3.4. 7 Msorbed irorganic phospln:rus expressed as percentage of total added P. 

Ionic 
Strength 

pH of of Matrix 1For added P level (l..II!Dles P g- )Sediment Matrix Solution 
Sanple Solution (M) 2 4 6 8 10 15 20 25 30 40 50 60 70 

1\dded P adsorbed as % total added P 

L.O. E-30* 7 10-1 90.7 91.6 91.5 89.6 87.8 81.4 77.1 68.9 63.9 55.8 49.6 46.0 41.3 

L.O. E-30 7 10-~ 95.6 95.9 95.0 93.5 90.7 86.2 77.5 73.2 65.0 58.8 49.2 42.9 39.6 

L.O. WB* 7 10-1 89.5 90.9 90.4 89.8 88.9 84,5 78.3 71.4 66.6 58.1 52.6 49.4 44.3 

L.O. E-30 7 lo-1 - - - 3.7 4.1 6.1 6.7 7.8 6.1 7.6 8.5 8.3 n.d. 
after oxalate 

*Sanples used to evaluate desorption of sorbed added irorganic P. 

n.d. - rot determined. 

..... 
00 



Table 3. 4. 8 Desorption of added inorganic P. 

Ionic 

Strength 


pH of of Matrix 
 For added P level (~les P g- 1 )Sed.inent Matrix Solution 
Sanple Solution (M) 2 4 6 8 10 15 20 25 30 40 so 60 70 

.Added P desorbed as % added P adsorbed 

L.O. E-30 7 10- 1 30.0 19.9 16.4 15.1 14.2 14.0 - 11.2 11.4 12.4 11.7 11.1 12.2 

L.O. WB 7 10-1 25.6 15.0 13.6 13.1 12.1 10.8 10.2 10.6 10.4 11.4 11.3 11.4 10.4 

I\) 
00 
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the- immobilization of P by adsorption. The results reveal 

that: 

1. 	 Inorganic P is associated predominantly (-97%) with 

Fe/Al oxides in soft water lakes. In hard water lakes a 

significant proportion of inorganic P (- 34%) is asso

ciated with apatite. 

2. 	 Organic P is high in sediments of acid lakes. 

3. 	 There is a remarkable similarity in free energy of 

adsorption (t.G) 1 -26.7±1.8 kJmol- 1 
1 for various sedi

ments. However 1 t.G of adsorption for Fe-gel 1 equal to 

-31.2 kJmol- 1 is slightly higher than that of the 

sediments. 

4. 	 Shield sediments have high P-binding capacity 

(118-152 ~moles g- 1 ) when compared with calcareous Lake 

Ontario sediments (30-34 ~moles g- 1 ). 



CHAPTER 4 


INTERPRETATION AND DISCUSSION 


4.1 INTRODUCTION 


In this chapter the effect of pH and other physical 

and chemical parameters on the state of P in sediments is 

discussed. The discussion is based on the results presented 

in the previous chapter which allow comparison of P distri 

bution in sediments of acid and neutral Shield lakes and a 

hardwater lake. 

A simple model is proposed to distinguish phosphate 

associated with amorphous Al-oxides from that associated 

with amorphous Fe-oxides. 

Furthermore, the results of the adsorption study are 

analyzed in order to establish the effect of pH versus 

mineralogy and chemistry of substrate on adsorption and 

desorption equilibria. 

4.2 DISTRIBUTION OF PHOSPHORUS IN SEDIMENTS 

The results of analyses revealed that despite a 

relatively small variation in sediment total P concentra

tion, the distribution of phosphorus among different 

categories was quite different. 

84 
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The unusually high values of organic P in sediments 

of acid lakes (Table 3. 3. 4) , concomitant with high LOI and 

organic C (Table 3.2.1 and Table 3.3.5) suggest that these 

sediments contain more organic matter than usually found in 

sediments of similar neutral lakes (Rao and Dutka, 1983). 

The organic matter enrichment in acid lake sediments 

reflects the inhibition of processes of mineralization. 

This in turn is caused by decreased microbial population and 

reduction of microbial activity (Rao et al, 1984) in acid

stressed benthic environment. 

The data presen ted in Table 3. 3. 5 show that the 

sediment org C:org P molar ratio, 419:1, is much higher than 

106:1. This ratio is considered to represent an average 

composition of live plankton (Redfield, 1963) and is similar 

to composition of higher aquatic and terrestrial plants. 

As already mentioned in the previous chapter, the 

org C:org P ratios of investigated sediments (419) (Swan 

Lake excluded) is similar to that previously found in 

surficial sediments from Lake Erie (Williams et al, 1976a) 

and is somewhat higher than that reported for marine 

sediments, 318±60 by Krom and Berner (1981). 

Fran the measured C/P ratio of sediment organic 

matter it is concluded that in surficial sediments most of 

the reactive organic P fraction has been preferentially lost 

(relative to carbon) due to differential decomposition of 
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org P relative to more refractory org C. The rate of 

organic C decomposition relative to organic P decomposition 

does not vary appreciably among the lakes. However, the 

rate of org P decomposition appears to be faster in lake 

sediments than that reported for marine sediments. 

The extremely high org C/org P ratio in Swan Lake 

sediment suggests that the preferential loss of org P to org 

C is greater in this lake than in the other lakes studied. 

This anomaly is probably due to combination of both a higher 

amount of organic matter from terrestrial sources, contain

ing more refractory org C and very low pH of water (Table 

2.2.1}. The low pH enhances the hydrolysis of labile 

organic phosphorus from the seston to soluble orthophosphate 

which is assimilated rapidly by the biota. The rapid loss 

of organic phosphorus from particulate matter before the 

deposition could significantly increase the org C/org P 

ratio of surficial sediment. 

The distribution of inorganic phosphorus between the 

apati te-P and NAI-P category in shield sediments differs 

considerably from that of Lake Ontario sediments. Lake 

Ontario sediments contain an appreciable amount of apatite 

phosphorus which suggests that apatite is the stable phase 

in these sediments (Williams and Mayer, 1972; Williams 

et al, 1976a; 1976b). It is believed that some of the 

apatite found in the fine-grained sediments of the 
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depositional basins would be of authigenic or diagenetic 

origin and some of detrital origin. Although the water of 

Lake Ontario is undersaturated with respect to hydroxyapa

tite, the concentration of phosphorus in interstitial water 

may rise due to the diagenetic processes to the point where 

precipitation of apatite commences (Williams and Mayer, 

1972). Once crystalline apatite is formed it is unlikely 

that the release of phosphorus fran this mineral to over

lying water would be rapid. The detrital apatite entering 

Lake Ontario is thought to be derived fran rocks, soils and 

unconsolidated deposits from the lake's watershed. 

In contrast, shield sediments exhibit a very low 

proportion of apatitic P. This reflects the influence of 

geological setting on the water chemistry and sediment 

chemistry of studied lakes. 

As discussed in Chapter 2, the Shield lakes are 

situated in the area which is underlain by noncalcareous 

bedrock of low solubility. Consequently, low concentrations 

of Ca are present in water and sediments of these lakes. 

Both the overlying and the interstitial water are under

saturated with respect to apatite (Carignan, personal 

communication), hence no precipitation of this mineral takes 

place. It is therefore not surprising that nearly all the 

inorganic P in these sediments is present in the fonn of 
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NA~-P. These findings also agree with the conclusions from 

stability diagrams discussed earlier which show that 

Ca-phosphates are stable at pH > 7, whereas Al and 

Fe-phosphates are stable at pH < 7. 

Based on the results of the extraction procedures, 

the NAI-P is on average about 12% higher (Swan Lake 

excluded) than oxalate-P or CDB-P. 

The difference between the NAI-P values and CDB-P or 

oxalate-P values is probably due to the small amount of 

inorganic P present in the form of discrete phosphate 

mineral, which is not removed during the CDB or oxalate 

extraction, but is solubilized by the subsequent NaOH 

extraction. The study of extractability of P from different 

minerals (Williams et al, 1980a) revealed that only 6.2% of 

total Pin variscite (AlP0 4 ·2H 20) was removed during the CDB 

extraction. The bulk of the P appeared in the NaOH 

fraction, suggesting that this mineral is readily hydrolyzed 

in the presence of NaOH to aluminum oxyhydroxide (Bache, 

1963; Williams et al, 1980a). It is assumed here that 

minerals such as strengite (FeP0 4 ·2H 20) and barrandite 

((Al,Fe)P0 4 2H 20) would behave similarly. 

Although the above mentioned discrete phosphate 

minerals have not been observed in lacustrine sediments, one 

can speculate that they might occur in sediment in the 

amount which would be below their detection limit. 
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Since association of NAI-P with amorphous Fe 

compounds has been well documented (Williams et al, 197lb; 

197lc; 1976a; 1976b; Manning et al, 1981; 1982) the amount 

of Fe as soc ia ted with amorphous and crystalline ox ides and 

oxyhydroxides was evaluated employing oxalate and CDB 

extraction procedures. The results (Table 3.3.2) revealed 

that in the sediments, crystalline Fe minerals such as 

goethite and hematite are of only minor importance. The 

amorphous nature of Fe-oxides in lake sediments is probably 

due to the fact that ions such as phosphate, silica and 

organic anions inhibit the conversion of amorphous Fe-oxides 

to crystalline forms (Shukla et al, 1971). In addition, 

there appears to be continuous seasonal alteration between 

aerobic and anaerobic conditions which would be unfavourable 

for the formation of crystal! ine forms. Since crystal! ine 

Fe minerals are of minor importance, only the association of 

amorphous Fe (Feox> with phosphate requires further atten

tion. 

The similarity of CDB-P and oxalate-P values (Table 

3.3.3 and Figure 3.3.1) suggests that most of the inorganic 

P other than apatite-P is associated with amorphous hydrated 

Fe-oxides rather than with crystalline materials. 

It is conceivable that orthophosphate ions are 

contained in a complex of gel-like nature, composed of 

hydrated ferric oxide, phyllosilicate minerals and organic 
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matter. The existence of such a complex in terrestrial 

soils and lake sediments was postulated by several investi

gators (Mattson et al, 1950; Williams et al, 1976a; Jackson 

and Schindler, 1975}. Furthermore, results of adsorption on 

actual sediments and amorphous ferric oxide-gel confirm the 

importance of amorphous substrate, containing iron, in 

binding of inorganic phosphorus. 

The association of sediment inorganic P with 

amorphous hydrated Al-oxides as determined by oxalate 

extraction (Table 3.3.2} is also plausible (Parfitt, 1977; 

Ku et al, 1978}, though poor correlation between inorganic P 

and Al was observed (Williams, 197lc; Bortleson and Lee, 

1974}. 

4.3 THE MODEL OF P UPTAKE ON AMORPHOUS Al/Fe OXIDES 

Models are useful in interpreting the experimental 

data. In this study a simplified model is developed using 

the results of the selective extractions in order to assess 

the importance of Fe and Al oxides and hydrated oxides in 

binding of inorganic P. 

The model is developed by assuming that a simple 

relationship exists between adsorbed phosphorus [PsussTl 

and extractable phosphorus [PEXTR]. Two types of adsorp

tion sites are considered: [PsuBST All, [PsuBST Fel, 
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cor-responding to the adsorption sites on aluminum and iron 

oxides, respectively. 

The following mass balance equation can be written 

for phosphorus extracted from the oxide surfaces: 

( 9 ) 

where [PA1 ], [PFel represent phosphorus extracted from 

Al and Fe oxides, respectively. For low surface coverage, 

it is assumed that [PAll and [PFel are related to the 

adsorbed phosphorus through linear relationships: 

( 10) 


{11) 


If [PAll and [PFel are proportional to the extractable 


aluminum [Aloxl and extractable iron [Feoxl, then the 

following expression can be written: 

[PAl ] 

[PFe] 
(12) 

log KAl 
where K' = 1 K ~ 0.83 (McMaster University, 1981). 

og Fe 

Substitution of the equation {12) into the equa

tion (9) results in a solution of PFe : 

[PEXTR] {13) 

Substituting for [PFel value in equation (9), the value of 

[PAll can be calculated. 
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The results obtained by this calculation are tabu

la ted in Table 4. 3 .1 and are graphically presen ted along 

with the experimental data from Table 3.3.2 in Figure 4.3.1 

and Figure 4.3.2. 

As seen in Figure 4. 3.1 and Figure 4.3.2, better 

correlation exists between Pox versus [Feoxl (r = 

0.8916) than between Pox versus [Aloxl (r = 0.4478). 

The comparison of calculated [PAll and [PFel 

values with the experimental data Pox reveals a close 

agreement between [PAll and Pox in acid lakes, suggest

ing an as soc ia tion of larger part of NAI-P in sediments of 

these lakes with Al-oxides. On the other hand, the reason

ably close agreement between [PFel and Pox in sediments 

from the neutral lakes suggests an association of major part 

of inorganic P with Fe-oxides. 

The exception is the value of Pox in sediment of 

Swan Lake which agrees well with calculated values of 

[PFel and [PAll, but is lower than the value predicted 

from the regression function. 

The low Pox value and consequently the NAI-P value 

in Swan Lake sediment could be explained by the fact that at 

the time of sampling anoxic conditions prevailed above the 

sediment-water interface (Bourbonniere, personal communica

tion). Such conditions would result in release of both iron 
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Table 4.3.1 	 The calculated distribution of inorganic 
phosphorus between Fe and Al oxides and 
hydrated oxides. 

Sediment 
Sample 

[PFe] 
lJmoles g- 1 

[PAl] 
lJmoles g- 1 

Wavy 

Clearwater 

4.99 

4.90 

29.21 

10.60 

Swan 3.19 2.58 

Windy 

L.O. E-30 

31.89 

25.21 

9.51 

3.99 

L.O. WB 22.52 6.38 
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and phosphate from sediments into overlying water, causing 

increased biological production in this lake. 

If, however, phosphate was not released into the 

overlying water, the sediment Pox would be higher and the 

discrepancy between Pox and [PFel would probably be 

similar to those observed for the other acid lake sediments. 

The sum of [PFel + [PAll agrees well with the 

experimentally determined values of Pox for Shield sedi

ments. However, discrepancy appears when the Lake Ontario 

sediments are compared. For these sediments the sum of 

calculated values is higher than analytically obtained 

Pox· One may speculate that the difference results from 

the extraction of some structural Fe from the chlorite 

lattice. This would result in overestimation of amorphous 

Fe, thus, in higher values of calculated [PFel • 

Preliminary analysis by MOssbauer spectroscopy confirms this 

speculation. 

The model developed here, based on the results of 

selective removal of certain forms of Fe, Al and P provides 

useful information on the association of inorganic P with Fe 

and Al complexes in lake sediments. It also suggests some 

limitation in using the empirical procedures for evaluation 

of forms of P in sediments. 
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4.4 FACTORS AFFECTING PHOSPHATE ADSORPTION EQUILIBRIA 

The results of the laboratory scale adsorption study 

are assessed here for the purpose of explaining the 

behaviour of phosphate in systems with various types of 

sediments and hydrous ferric oxide gel under different 

conditions. Such an approach is very useful for better 

understanding of the effect of lake acidification on the 

retention properties of sediments. 

The Langmuir equation was used to describe the 

adsorption mechanism. From numerous phosphate adsorption 

studies it is clear that the Langmuir model is a reasonable 

approximation; however, it takes no account of surface 

charges (Parfitt, 1977; Barrow, 1978; Posner and Bowden, 

1980) • Despite this limitation, the model can be used to 

give approximate empirical description of the curves and so 

summarize them with two parameters which then allow ready 

comparison of adsorption characteristics between the 

sediments (Posner and Bowden, 1980). The concept of the 

upper limit of adsorption implied from saturation of adsorp

tion sites is a definite advantage of this model. 

The discrepancy ·between the experimental data and 

the best fit curve calculated from the Langmuir model can be 

attributed to the fact that this rather simple model only 

approximately describes the adsorption process over rela

tively wide concentration range. It is conceivable that a 
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better fit would be obtained using a more complicated model 

of Bowden et al (1974; 1977). However, this model requires 

the use of laborious procedures to generate the adsorption 

curves (Barrow, 1978), thus it is less suitable for compara

tive purposes. 

The results of adsorption experiments indicate that 

the type and properties of sediments were only reflected in 

the magnitude of the sorption maxima rM (Table 3.4.4). 

The noncalcareous sediments exhibited significantly higher 

adsorption capacity than did the calcareous Lake Ontario 

sediments. This suggests that more surface sites are avail

able for adsorption in the former than in the latter. This 

in turn may reflect the difference in the chemistry and 

mineralogy between the investigated sediments. At the phos

phate concentration typical of that found in the lake, the 

shield sediments adsorbed nearly 100% of added P. This is 

consistent with the field observations of Yan and Lafrance 

( 1982) , who reported between 72-86% loss of added P to the 

sediments. At higher phosphate solution concentration the 

shield sediments exhibited a continued 1 inear adsorption, 

which is thought to indicate the presence of more than one 

type of adsorption site (Parfitt et al, 1975; 1977). 

Results with model systems containing Al and Fe 

oxides suggest that the phosphate is adsorbed very strongly 

at low solution concentration and therefore it is difficult 
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to- distinguish between two types of sites (Parfitt, 1977). 

At higher phosphate solution concentration the isotherms on 

aluminum containing surfaces often show continued linear 

adsorption in contrast to the well defined plateau on iron 

oxide surfaces (Muljadi et al, 1966; Parfitt et al, 1975). 

Thus, it is reasonable to assume that continued linear 

adsorption observed at higher P concentration on the shield 

sediments is due to the presence of aluminum containing 

surfaces. The results of oxalate extraction (Table 3.3.2) 

support this conclusion. 

Sorption in excess of that predicted from the 

Langmuir model in this study may involve dissolution and 

precipitation reactions involving primarily aluminum

containing surfaces (Chen et al, 1973; Parfitt, 1977). 

However, the phosphate concentration at which the deviation 

fran the Langmuir model occurs is far beyond that encoun

tered in water column or in interstitial water of sediments, 

therefore it is of no consequence to actual sediments. 

The values of free energy of adsorption (AG) are 

remarkably similar for all the investigated sediments (Table 

3.4.4). Such similarity strongly suggests that the nature 

and the properties of sediments do not affect the nature of 

the adsorption process. Neither the experimental conditions 

(e.g., variation of pH and ionic strength I) affect the 

nature of the adsorption reaction. The relatively large 
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neg-ative values of l!G suggest that the nature of the P 

uptake is a strong chemisorption. A strong tendency towards 

chemical bonding between phosphate groups and metal ions in 

solid lattice has been reported (Stumm and Morgan, 1970; 

Ryden et al, 1977). Apparently, the forces involved in 

precipitation of Al or Fe phosphates are similar to those 

involved in adsorption of phosphates on the surface of Al or 

Fe ox ides or hydroxides (Stumm and Morgan, 1970) • In this 

view, adsorption is a special case of precipitation, with 

the formation of electrical double layer ( EDL) being the 

significant difference. 

The mechanism of phosphate adsorption on the 

surfaces of metal oxides is illustrated in this study by the 

example of amorphous hydrous ferric oxide gel (Fe-gel). The 

synthetic Fe-gel was chosen for the model surface for two 

reasons. Firstly, appreciable amount of amorphous Fe-oxide 

is present in lake sediments. Secondly, good correlation 

between extractable iron and inorganic phosphorus has been 

reported in a large number of environmental studies. 

The close association between iron and phosphate 

results presumably from the high efficiency of phosphate 

removal by amorphous hydrous ferric oxide. This gel-like 

substance has an isoelectric point ( IEP) of 8. 5 (Parks, 

1967) and at pH values below the IEP can remove as much as 
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5% -of its own weight of phosphorus in orthophosphate form 

from solution (Stamm and Kohlschutter, 1965) 

The proposed mechanism of P adsorption on the Fe-gel 

is represented in equation (14) below, which shows that the 

exchange reaction is accompanied by deprotonation of the 

ligand at the surface (Stumm and Morgan, 1981). 

0 0Fe - OHFe - OH 
+ OH+ H2PO'+ 

Fe OH Fe - H2 P0 4 
(14)

1Fe - OH 

Since phosphate ions confer a negative charge to the 

surface of hydrous oxide, the surface charge decreases 

(becomes more negative) and the isoelectric point is shifted 

to the lower pH values. 

The results obtained (Table 3. 4. 4) confirm the high 

adsorption capacity of Fe-gel. The similarity of hG values 

of Fe-gel and those of sediments substantiates the impor

tance of hydrous amorphous ferric oxide being an important 

adsorbing constituent in sediments. 

To assess the importance of pH on the overall 

adsorption characteristics of sediments, the Langmuir 

parameters and the free energy of adsorption hG at various 

pH were evaluated for selected sediments. Comparison of 

values (Table 3.4.4) reveals the stronger binding 

power of the same sediment at lower pH. For example, in 
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cas-e of Wavy sediment the decrease in pH by 1. 5 units 

represents an increase in adsorption by 4%. For Clearwater 

sediment the decrease in pH by 2.5 units enhances the 

adsorption by -17%. 

The observed increase in magnitude of phosphate 

binding with decreasing pH is consistent with the adsorption 

model discussed earlier. 

The effect of ionic strength on adsorption was also 

examined, since the experiments were conducted at ionic 

strength higher than that common to the environment of 

investigated sediments. Such high ionic strength was chosen 

in order to attain the equilibrium faster and to improve and 

speed up the separation of solid and aqueous phase at the 

end of experiments. 

The results show that magnitude of the phosphate 

adsorption increased with the higher ionic strength. The 

increase was insignificant for Lake Ontario E-30 sediment; 

however, 18% increase in adsorption was observed with Wavy 

sediment when the ionic strength of matrix solution was 

increased by three orders of magnitude. The increase in 

adsorption resulting from the increase in ionic strength can 

be explained on the basis of the electric double layer (EDL) 

theory (Parks, 1975; Stumm and Morgan, 1981). According to 

this theory the thickness of the EDL ( x- 1 ) which controls 
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the magnitude of adsorption is inversely related to the 

concentration of the electrolyte (I) by the relation 

x-1 "' 2.8 x lo-s 
I 

(15) 

The reversibility of adsorption evaluated from the 

amount of added P desorbed indicates lower retention 

capacity of calcareous Lake Ontario sediments than that of 

noncalcareous shield sediments. Between 10-30% of added P 

sorbed was de sorbed from Lake Ontario sediments, whereas 

only 0. 5-4% of added P was released from the Shield lake 

sediments. The sediments which retained the most added P 

during adsorption tended to release the least during the 

subsequent desorption (Tables 3.4.6 to 3.4.8). Similar 

findings were reported on sediments from Wisconsin lakes by 

Williams et al, (197lc). 

In general, the relatively low desorption of added 

inorganic P suggests that the adsorption process is not 

readily reversible. This is to be expected if removal of 

phosphate from solution takes place by specific adsorption. 

The results of adsorption experiments have shown 

that the binding capacity of two sediments (Wavy and L.O. 

E-30} was drastically reduced (Table 3.4.5 and Table 3.4.7} 

after the sediments were extracted with oxalate reagent, 

confirming the importance of amorphous Al and Fe phase in 

adsorption properties of sediments. 
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The important conclusion which follows from the 

adsorption study, provides evidence for considerably higher 

adsorption capacity and better retention ability of Shield 

sediments than that of Lake Ontario sediments. The 

difference in the magnitude of adsorption caused by the 

shift of pH or ionic strength is relatively small when 

compared with the difference in adsorption due to the nature 

and properties of sediments. Thus, it is plausible that 

chemistry and mineralogy of sediments are of far greater 

importance in determining adsorption capacity of sediments 

than the pH of the lakes. 

The effect of factors controlling adsorption and 

desorption of phosphates on the solids discussed in this 

chapter has significant implications in controlling the 

phosphate level in the water columns of studied lakes. 

4.5 	 RELATION OF BIOLOGICAL AVAILABILITY TO SEDIMENT P 

DISTRIBUTION 

Previous discussion shows that phosphorus in 

sediments is present in various forms which differ among 

each other in their solubility. Consequently, the avail 

ability of P is then dependent on the fonn in which this 

element occurs in sediment and on the factors that control 

the rate of P release from different sediment P categories. 
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In the present study the portion of sediment P which 

would be potentially available for biological utilization 

(bioavailable P) amounts to about 70% of NAI-P (Figure 

3. 3. 2, Table 3. 3. 3). This fraction of sediment P probably 

represents the upper limit of sediment bioavailable P 

(Sonzogni et al, 1982). Using this finding one implies that 

the sediments with high NAI-P (Shield sediments with the 

exception of Swan sediment) contain high bioavailable P, 

whereas sediments containing some apatitic P (Lake Ontario 

sediments) contain less bioavailable P. The difference in 

bioavailable P concentration reflects the fact that phos

phate bioavailability is a function of many variables (Logan 

et al, 1979; De Pinto, 1981): sediment geochemistry, 

sediment particle size, microfloral density and anthropo

genic factors. The sediment geochemistry is determined by 

its mineral composition and degree of crystallinity of 

minerals in which phosphorus is contained. Amorphous phases 

are more easily dissolved and the P is more readily avail

able to algae than crystalline phases. 

Whether potentially available sediment P actually 

becomes available in the lake depends on the factors such as 

Eh, pH and physical agitation. Direct utilization of 

sediment phosphorus by nutrient deficient algae and higher 

aquatic plants may also occur (Golterman, 1973; 1977). This 
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mechanism, however, would require resuspension of the 

sediment particles into the euphotic zone. 

The low concentration of NAI-P, thus also the 

bioavailable P in Swan Lake sediment may be attributed to 

suppressed mineralization of the organic matter and to 

release of the significant amount of inorganic P from 

sediment into the overlying water. Anoxic conditions that 

prevailed in this small and shallow lake at the time of 

sampling and probably during the entire summer season would 

favour the release of the NAI-P. Net release of phosphrus 

during the summer months is apparently common in ponds and 

shallow eutrophic lakes (Lean and Charlton, 1976). 

The mechanism of internal phosphorus loading just 

described may be responsible for elevated P level in the 

water and for dense mats of benthic algae observed in this 

lake (Stokes, 1980; Ontario Ministry of the Environment, 

1982). 

Obviously, the phosphorus capacity of the sediments 

from different lakes does not, as a single factor, condition 

the trophic state of the lakes. Factors other than chemical 

and physical characteristics of sediments such as redox 

conditions, pH and temperature may influence the movement of 

phosphorus between the water and the sediments. 
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4.~ SUMMARY AND CONCLUSIONS 

On the basis of experimental evidence the following 

conclusions were derived: 

1. 	 Sediments from different types of lakes show a different 

distribution of P among the various categories. The 

concentration of apatite-P is considerably lower in 

Shield lake sediments than in Lake Ontario sediments, 

reflecting differences in local geology. This observa

tion is also consistent with the prediction based on the 

thermodynamic criteria. 

2. 	 Most of NAI-P in sediments is associated with amorphous 

Fe and Al oxyhydroxides. 

3. 	 Bioavailable P, as determined by 0.1 N NaOH, constitutes 

about 70% NAI-P and accounts for a larger portion of 

inorganic P in Shield sediments than in calcareous Lake 

Ontario sediments. This again is attributed to the 

presence of biologically unavailable apatite-P in Lake 

Ontario sediments. The proportion of sediment bioavail 

able P determined in this study compares favourably with 

the results obtained by Williams et al (1980b) concern

ing sediments of neutral lakes. 

4. 	 The concentration of organic P observed in acid lakes is 

proportional to organic C and LOI and is significantly 

higher than in the sediments from neutral lakes. The 

enrichment in organic matter thus also in organic P 
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- reflects inhibition of mineralization in acid lakes due 

to the reduction of microbial activity. These results 

support the conclusions of Rao and Dutka (1983) and Rao 

et al (1984). 

5. 	 The ratio of org C:org P (419) suggests preferential 

mineralization of phosphorus relative to carbon which is 

in accord with conclusion of Krom and Berner (1981). 

6. 	 Phosphorus uptake is a 1 igand exchange process in which 

the ligands from the surface of the solid oxyhydroxides 

exchange with phosphate ions in solution. The adsorp

tion process, as indicated by ~G values, is independent 

of the nature and properties of sediments which are 

largely determined by their physical and chemical 

characteristics. 

7. 	 The nature and properties of the sediments, however, 

effect the magnitude of adsorption. The noncalcareous 

Shield sediments adsorb considerably more phosphorus 

than calcareous Lake Ontario sediments. The difference 

in magnitude of adsorption may be due to more adsorption 

sites on hydrated Al oxides in Shield sediments. 

8. 	 The Shield sediments having higher adsorption capacities 

released less added P adsorbed in subsequent desorption 

reaction than did the calcareous Lake Ontario sediments 

with the lower adsorption capacity. 



109 

9.- The effect of pH and ionic strength on the magnitude of 

adsorption is relatively small when compared with the 

effect of the properties of the sediment. 

4. 7 RECOMMENDED FUTURE WORK 

The following course of action could be undertaken 

to gain a better understanding of the status of phosphorus 

in lake sediments: 

1. 	 A non-destructive method using MOssbauer spectroscopy 

would complement current extraction techniques. This 

method would help to verify the utility of the existing 

extraction procedures for evaluation of forms of P in 

sediments. 

2. 	 Phosphorus concentration and P retention capacity of 

suspended particulate matter in acid lakes should be 

determined. It is proposed to devote more attention to 

productive acid lakes, in particular to the mechanism of 

the internal P loading. In this regard, seasonal varia

tion in dissolved Fe and P concentration in the water 

should be related to the quantity and the composition of 

the suspended particulate matter. 

3. 	 Finally, the role of aluminum versus iron in binding of 

inorganic phosphorus in sediments of acid lakes should 

be investigated. More data are necessary to support or 

to disprove conclusions of the model presented in this 

study. 
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