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· I. INTRODUCTION .

Point and non—point pollution pose serious threats to surface

waters. Point sources have received more attention because the meth¥

ods to study them is available. The means for collecting and treating ~

non—point sources have not been fully developed, which makes the study

of these sources more difficult, although they have been shown to con—a

tribute significant amounts of pollutants.
U

4 Surface runoff, one type of non—point pollution, erodes and

washes sediment into lakes and streams. The sediment, which carries

adsorbed elements, deteriorates water quality by acting as a physical

barrier (shading sunlight and covering benthic organisms) and by re-

leasing nutrients from the sediment—water interface.' The chemical
. changes incurred by lake water receiving such sediment was the subject ”

4 V of this investigation.
U

4

Sediment samples were obtained from the Occoquan Reservoir lo-

cated l5 miles southwest of Washington D.C. in northern Virginia. The

reservoir, formed by the combined flows of Bull Run and Occoquan Creek,

has a 9.8 billion gallon storage capacity. It is l3 miles long and,

on the average, less than 0.2 miles wide. Four counties lie within

the watershed, the principal ones being Fairfax County and Prince Wil—

liam County. The watershed has a drainage area of 570 square miles,
_

and is comprised of major urban and agricultural areas. The reservoir ‘

serves approximately 600,000 people. Studies (l) have shown that the

’
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quality of water is deteriorating due to the input of nutrients from

u point and non-point sources. Point sources include effluent from ll
· sewage treatment plants located on the Bull Run arm of the reservoir.

Non-point sources also contribute significant amounts of nutrients
A

from surface runoff and sediment. The Occoquan Creek area is largely
A agricultural, and large amounts of fertilizer elements enter the res-

ervoir adsorbed to eroded sediment. These serve to accelerateeutro—_

phication. Cultural eutrophication in the short span of l5 years, has
C U

created a serious threat to the value of the reservoir, both as a wa-

ter supply and for recreational purposes.

The major nutrients generally considered by limnologists to cause
1

° algal problems are carbon, nitrogen, and phosphorus. Carbon and nitro-

gen are nutrients with a gaseous phase and, consequently, have an at-

mospheric reservoir available to the aquatic environment. Phosphorus,
l

4 which does not have an atmospheric reservoir, is likely to be the lim-
‘»

iting nutrient. Leibig's Law of the Minimum states that a population

.
U

is essentially regulated by the substance occurring in minimal quan-

tity relative to the requirements of that population. Phosphorus is

generally considered to be the factor in algal metabolism that is the

most consistent with Leibig's limiting concept.

Sewage treatment plant effluent can be controlled and treated

· through tertiary means and, hopefully, phosphorus can be reduced to _

limiting concentrations. A source of phosphorus that cannot be con-

trolled, however, is the sediment-bound phosphorus in the bottom of 4

the reservoir. There is at present a deficiency in knowledge concern-
C

ing the availability of nutrients bound in sediment; however, it is
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known that under certain conditions phosphorus is released from the.

sediment and becomes_available to various organisms in the food chain
· that are present in the water above the sediment.

When a lake thermally stratifies and the hypolimnion becomes an-

· ‘ aerobic, phosphorus is released from the sediment. As the oxidation—

reduction potential changes, cations such as iron, aluminum, and cal-

cium are reduced. The reduced forms dissolve and allow phgsphaués to

desorb from the sediment and enter the water column. The released

phosphorus under aerobic conditions will complex with cations and re-

adsorb to the sediments. This phenomenon will occur when mixing oc-

curs in the lake. The Occoquan Reservoir exhibits irregular circula-

tion and turnovers at frequent intervals. These turnovers aerate the

water column and stir the sediments. Phosphorus readsorption probably

occurs at this time, thereby decreasing the availability of this nu-

trient. However, the extent to which this occurs is unknown. pA
Phytoplankton need sunlight to carry on photosynthetic opera-

« tions;'therefore, if sufficient turbidity is present, photosynthesisi

Acannot be carried out. lf the phosphorus distributed vertically in

the water column cannot be utilized by phytoplankton, the rate of phos-
A

phorus readsorption becomes the major factor governing the removal

· from the water column that phosphorus which had previously been re-

leased by the sediment. The objective of this investigation was to

determine the extent to which phosphorus readsorption would occur on

Occoquan Reservoir sediments maintained in laboratory—scale‘experimen-

tal_units.
u

r



II. —LITERATURE REVIEW

Occoquan Reservoir Background —

The Fairfax County Water Authority supplies water to approximately

600,000 people in Fairfax and Prince William Counties and in the city

of Alexandria. The principal source of supply is the Occoquan Reser-

voir, which impounds water contributed by an area 570 square miles,

largely draining through Bull Run, Broad Run, and Cedar Run. The wa-

tershed is mixed forest and agricultural land and has an urban sewered

population of about 50,000. u
Due to increased urbanization in the early l960's and the subse-

quent increase in water pollutants, a serious threat was posed to the

value of the reservoir, both as a water supply and for recreational

· purposes. The quality of the water from the Occoquan Reservoir dete-

V riorated during the summer months of the year when algal blooms were

prevalent. ‘ . ·
l

In 1968 limnological studies (1) were initiated which continued

into early 1970. The firm of Metcalf and Eddy, Inc., consulting engi-

neers, was hired to do the study. The purpose of the study was to

define the problem in more detail, to evaluate the sources of algal

nutrients gaining access to the reservoir, and to recommend remedial

measures. Physical, chemical, and microbial examinations were con-

·ducted at monthly intervals.
e



_~ The data from the study showed that the reservoir waters were
· highly eutrophic and seriously degraded for use as a public water sys-

tem. The critical nature of the problem was emphasized by the preva-

_ lence of massive growths of blue-green algae, Anabaena, Aphanizomenon,
ß

. and Microcystis, during the summer months.

e The study of Metcalf and Eddy, Inc. concluded the following:

1) Occoquan Reservoir — the reservoir, because of its particular mor-

j phology and small hydraulic capacity, allows the high streamflows of

January, February, and March to pass through and retains the low I
streamflows of May, June, July, August, and September for considerable

periods of time. The reservoir is highly eutrophic during a large

part of the summer and early fall, evidenced by the fact it supports

massive algal blooms and deeper waters go anaerobic at an early date

in the summer and remain in that condition until late September or

'early October. Conditions in the reservoir could be expected to dete-
9

riorate as algal blooms protrude farther downstream. 2) Natural

stream drainage — the quality of water in the streams is highly vari-

able, with the worst quality water occurring during the summer months

when heavy rains occur. The major part of the annual streamflow occurs

during January, February, and March, and little is retained in the res-

ervoir more than 30 days. 3) Sewage treatment plant effluent — the

_ sewage plant effluents had an average concentration of 11.7 milligramsu

per liter (mg/1) inorganic phosphorus and 19.0 mg/1 inorganic

nitrogen.- Based upon a connected population of 35,000 people, the con-

centrations of nitrogen and phosphorus were 5.0 and 2.7 pounds/capita/

year, respectively.



„ ‘
W U „ iV6 I

In summary, the results of the Metcalf and Eddy study indicated
'

I the sewage treatment plant effluents are a major cause of the highly

· eutrophic conditions in the Occoquan Reservoir. The data also indica-

ted the nutrients, particularly phosphorus, contained in natural drain- ‘

age from forested, agricultural, and urban lands, were sufficient to

support algal blooms from time to time.

Metcalf and Eddy, Inc. recommended that the contributions of algal

nutrients be drastically reduced by initiating one of the following

programs: export of wastewaters; application of advanced waste treat-

ment methods, export of water for reuse, and limitation of population;

or limitation of population and advanced methods of waste treatment

(l). .
4

In early l97l Noman Cole (2), then director of the Virginia State

Water Control Board, after reviewing the study and recommendations,

proposed an alternative solution, namely that an advanced waste treat-
A

ment program similar to that in effect at Lake Tahoe, California, be
I

f instituted in the Occoquan Watershed. A Lake Tahoe—type solution W0uld
U

’
have the following benefits: l) solve the water quality problems due

to the sewage effluent in the Occoquan Reservoir and prevent further

degradation of the Potomac estuary; 2) major capital savings; 3) de- _

velopment of a new water supply for the Occoquan Reservoir, which

lshould extend its life and increase its capacity; and 4) minimize new I
·

siltation problems.
'“

In a subsequent policy statement, the Virginia State Water Control 3

Board (3) outlined long-range and interim solutions to the problems in
3 the watershed and, in addition, detailed the structure and function of
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the Occoquan Watershed Monitoring Program that was to be established

specifically to provide the technical basis for future decisions re-
7 garding growth in the-Occoquan Basin. U

The allowable growth in the area was allotted among the four coun-

ties so the total sewage discharge to the watershed could be increased

by increments of five million gallon per day until the total reaches
u ° 39.3 million gallon per day. As each level of growth is attained, data

would be analyzed to determine whether water quality was deteriorating,

and, if not, further expansion would be allowed. _

Effluent quality criteria for the proposed treatment plant would

be as follows: BOD5, 1.0 mg/1; COD, 10 mg/1; nitrogen, 1.0 mg/1; phos—
l l

phorus, 0.1 mg/1; turbidity, 0.4 JTU; methylene blue active substances

(MBAS), 0.1 mg/1; and coliforms, less than 2/100 milliliters.

In a study conducted in 1973 To (4) determined the effect of sed-

4 iment on the water quality in the Occoquan Reservoir. It was found that

the rate of release of phosphorus was not affected by normal pH

7-
l

4 changes, depth of sediment, or depth of overlying water. The rate of A

release was found to increase with increase in temperature, phosphate

content in sediments, and reduced anaerobic conditions. The rate was

adversely affected by high salt concentrations, drying on the sediment

(surface, thickness of a physical barrier, and reduction of bacterial

activities. Flushing seemed to decrease the rate of release by a con-

stant ratio.

Smolen (5) found in his algal nutrients flux studies that nitrate

and phosphate loadings on Bull Run were high and relatively constant
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throughout spring and summer. At baseflow conditions the Occoquan Creek

nutrient loading was found to be insignificant. Analysis of material

and energy transfer between water strata in the stratified hypolimnetic

waters showed that nutrients do not enter the epilimnion at a rate _

sufficient to cause algal blooms. Storm events were observed to cause
mixing of the reservoir and so provide the nutrient concentration

necessary for algal bloom conditions.
7 l

Peters‘(6) research on the microbiological influences on phos-

phorus release from Occoquan sediment showed that aerobic surficial

sediments could serve as a phosphorus source for the growth of blue- I
green algae. Algae appear to act as a phosphorus sink which greatly

· accelerates the release of inorganic phosphorus from sediments. He
j

also concluded that bacteria have little direct effect upon the over-

all release of phosphorus from sediments.

Chaney (7), also working with Occoquan sediment, found that

enough phosphorus could be released to stimulate algal growth under
F certain conditions. Alkalinity and pH had important effects on phos-

phate release along with the depletion of oxygen in the water. She

concluded that as the annual input of phosphorus decreases, Occoquan
4

sediment would not act as an external source of phosphate, although

at turnover and storm periods blooms might occur.

p Eutrophication

The following section is a compilation of several reviews on the

subject of eutrophication. The majority of the material was derived

from an excellent review by Lee (8). Information was also obtained
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from Sawyer (9), Eutrophication: Causes, Conseguences, and Correctives

' (10), Fruh, et al. (ll), and Environmental Phosphorus Handbook (12).
W

Eutrophication may be defined as excessive fertilization or nu- .

trient enrichment of natural waters which results in high biological

iproductivity and a decreased volume within the ecosystem. Water qual-

ity may deteriorate as a result cf this enrichment.) In undisturbed ·

lakes, eutrophication is a natural aging process that eventually ter-

minates in the disappearance of the lake itself. Man vastly acceler-

ates this process with cultural eutrophication, i.e., aquatic plant
4 u

nutrients introduced as a result of the activity of man. When the re-
} sults of eutrophication are undesirable to man, it is often considered

a form_of pollution; these two terms are not synonomous.
l .

Lakes may be classified as either oligotrophic, mesotrophic, or

eutrophic, though the exact bgundaries are arbitrary and left to in-

dividuals to classify particular lakes.! Oligotrophic lakes are rela-

tively unproductive and receive small amounts of nutrients, while eu-.
l

trophic lakes are highly productive and experience high fluxes of u

aquatic plant nutrients. Oligotrophic lakes contain small amounts of

organisms but many different species of aquatic plants and animals. °

Eutrophic lakes contain large numbers of only a few species and gener-

ially have a greater number of blue—green algae and rough fish. Oligo-

trophic lakes usually maintain dissolved oxygen in the hypolimnion

· throughout thermal stratification, while eutrophic lakes generally

I deplete the dissolved oxygen during thermal stratification. Oligotro-

phic lakes are generally deeper than eutrophic lakes though the depth
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may vary in each. High specific conductance has also been used to de-

scribe lakes which are highly productive.
O

A
The productivity of a given body of water is dependent on solar

l

radiation, temperature, morphology, and the concentration of aquatic

q plant nutrients in the water and available to the organisms. Flow of

nutrients across ecosystem boundaries is basic to an evaluation of a

lake's trophic status and its biochemistry. This flow of nutrients ’

may be categorized into meteorological,·geological, and biological in-

puts and outputs. .

'4 Meteorological inputs and outputs consist of nutrients as wind—4

borne particulate matter and dissolved substances in rain, snow, or
A

gases. Geologic flux of nutrients and energy (organic matter) in-
A

cludes dissolved and particulate material transported by surface and

subsurface drainage, and the mass movement of colluvial material. 4

g Biological flux results when animals move from one ecosystem to an-

other. U

H Methods available to measure eutrophication are various and di-

verse, and may be divided into biological, physical, and chemical.

Biological measurements include tests to determine primary productiv-

ity by measuring energy flow through a system, algal standing crop,

chlorophyll measurements, oxygen production, carbon dioxide utiliza- 4

tion, and transparency. Other biological parameters, which are valid,

sensitive, and useful, have not been used frequently. A determination .
V

J
of the regression in depth of the rooted aquatic plants could serve as

an indirect quantitative measure of eutrophication. Zooplankton indi-
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cators may be useful because of the relatively few genera and their
O l

larger size. Bottom fauna would be the best measure because they are

· the last to change. Fish species are the most drastic indicators of

eutrophication but are difficult to evaluate. ’ ' w

Some physical-chemical measurements which are useful in deter-

mining changes over a period of time are analysis of sediment cores,

dissolved solids and conductivity, transparency data, epilimnion—

hypolimnion ratio, rate of oxygen consumption in the hypolimnion, nu-

trient levels, and nutrient ratios.·
1

° _ „It is generally agreed that algae and higher aquatic plants have

large requirements of carbon, nitrogen, hydrogen, phosphorus, and less-

er amounts of many different trace elements. Nitrogen and phosphorus

are considered to be the most important nutrients, and therefore, are

the most studied. Aquatic plants can use either nitrate or ammonium

ions with about equal facility, while algae will take up ammonium in

preference to nitrate. Some of the blue-green algae have the ability

l to use nitrogen gas, which is readily available in natural waters.

Orthophosphate is the form of phosphorus that is readily available .

for algal growth although other forms of phosphorus may be available.

Studies have shown that when the inorganic nitrogen content (ammonia

plus nitrate nitrogen) is equal to or greater than 0.30 mg/l N and the ‘ -

orthophosphate content is equal to or greater than 0.10 mg/l, then the

lake is likely to have excess crops of algae and other aquatic plants.

OHG Of CHG most significant sources·of niursgen and phosphorus in

natural waters is domestic waste waters. Other sources of nutrients
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are industrial waste waters, urban drainage, agricultural drainage,

natural sources, lake sediments, atmospheric sources, ground water,

nitrogen fixation by some blue—green algae, and other miscellaneous

sources.
n 'W

. The eutrophication of natural waters can have varied effects on

natural water users. Excessive amounts of nitrogen and phosphorus
I

lead to increased amounts of chlorine and coagulants, respectively,
·.

needed to treat the various compounds. More important, these lead to .
A

excessive growths of algae and aquatic plants. These excessive growths

of algae can significantly decrease the water quality. They can in-

crease turbidity, increase the chlorine demand, and most frequently

cause significant taste and odor problems. Increased color content

and depletion of hypolimnetic waters of oxygen makes water unfit for

' domestic or industrial use. Depletion of oxygen also releases other

elements previously bound in the sediments; this makes the problem of

excessive fertilization almost self—perpetuating.

Eutrophication also reduces the aesthetic value of lakes and a u
water's use in the agriculture industry. Water lilies, algal scum,

and highly toxic secretions are some of the problems encountered.

‘ Methods of reducing the effects and rates of eutrophication are

nutrient removal from waste waters, diversion of waste waters, dredg— ° U

ing of lake sediments, flushing, zoning, chemical controls, biological

controls, harvesting, mixing of lakes, and control of runoff.

U Factors Affecting The Transfer Öf Phosphate Between Sediments And Water

Lee (13) compiled an excellent review of the factors affecting the
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transfer of materials between water and sediments, and the reader is
directed to this review for an in—depth discussion.· Syers et al. (14)

n also compiled an excellent review on phosphate chemistry in lake sedi-

ments.Mortimer

(15, 16, 17) found early that as long as the oxygen con-

centration at the sediment surface does not fall below one or two
2 milligrams per liter (mg/1), typical sediments would exert a measur-

4 able but quantitatively unimportant influence on the chemistry of the

overlying water. When the oxygen level did fall below one mg/1 to
l u

analytical zero at the interface, there was an accompanying decrease

in the electrode potential in the upper few millimeters of sediment.

This decrease in electrode potential correlated with the mobilization

and transfer into the water of first manganese and later iron. Con-

_ currently, substantial quantities of phosphate are released along with

ammonia, silica, and sulfate. V ·

Fillos and Molof (18) conducted experiments in a reactor that

V substantiated Mortimer's conclusions. The oxygen level was reduced

from six mg/l to two mg/1 with no appreciable release of orthophos-

phate. The oxygen was then reduced to zero for 25 days. -An immediate ‘

high release of phosphate occurred which then decreased to its origi-
inal rate. The rate then increased steadily to a new rate, approxi-

mately twice the original phosphate release when the dissolved oxygen

was above two mg/1. ' ‘

Mortimer (16) indicated that as a result of the insolubility of

iron in oxygenated waters, iron concentrations would be low where
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oxygen is present. Just below the mud-water interface, anoxic condi- ‘

tions exist in which ferrous iron is soluble. Ferrous iron, which

diffuses upward, cannot penetrate oxygenated waters but is precipi-
4

w tated in the ferric form on the mud surface. Mortimer found that .

phosphate, in the presence of iron, precipitated as insoluble iron „

phosphate on the mud surface; however, upon reduction of iron the

phosphate was released. Reduction of the oxidized layer permits not

only mobilization of iron and manganese, but also removes a barrier

A to free diffusion across the interface. Materials liberated in this

manner travel from the sedimentary domain of slow molecular diffusion

to turbulent waters where diffusion is much more rapid. These ma-

terials can be transported up to the next barrier, the thermocline,

which becomes mixed at the turnover periods.

Serruya (19) found a good correlation between phosphorus and iron ’

(63), which suggests the importance of the iron-phosphorus fraction in

the lake., He postulated that it is likely that the phosphorus is ad-

sorbed onto ferric hydroxide compounds rather than co-precipitated as A

ferric phosphate. This adsorbed phosphorus is easily brought into
4 i

solution in a low potential (Eh) environment. Thus, the mechanism

described to explain the precipitation of iron and manganese, their

solubilization, and subsequent release also holds true for the preci-

- pitation and release of phosphorus. A

Williams et al. (30) found that short—range iron-inorganic phos-

phorus complexes constituted a system capable of responding in a sensi-

tive manner to changes in the concentration of phosphorus in lake wa-
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ters and to other limnological characteristics such as pH and Eh of
l

both sediment and water phases.

Williams et al. (30) stated that sediment phosphorus falls into

four categories: 1) inorganic phosphorus present as orthophosphate

ions sorbed onto the surfaces of phosphorus-retaining compounds ("non-

'
4

occluded phosphorus"), 2) inorganic phosphorus present as orthophos-

phate ions within the matrices of phosphorus-retaining components

("occluded phosphorus"), 3) phosphorus present in discrete phosphate

minerals ("discrete phosphorus") i.e., apatite, vivianite, and 4) or- _

ganic esters of phosphoric acid (organic phosphorus). Nonoccluded

phosphorus, because of its proximity to the aqueous environment, would

respond much more readily to changes in limnological conditions. Ex-

change of phosphorus between solid and solution phases would be con-
3

trolled by adsorption and desorption reactions.

w Williams et al. (30) found an iron-inorganic complex that was _

responsible for practically all iron and inorganic phosphate in the

sediments. The complex is completely extractable by one oxalate ex-

traction and largely extractable by one citrate-dithionite-bicarbonate

(CDB) extraction. It is estimated that iron and phosphorus are dis-

tributed fairly uniformly throughout the complex, indicating that

well—characterized, discrete iron—phosphorus minerals are absent. _

The quantity of orthophosphate sorbed is directly dependent on the

amount of extractable iron present.

Mortimer (15) noted four processes which regulated exchanges be- .

tween sediments and water: 1) mineral water equilibrium, 2) sorption
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processes, 3) redox interactions, and 4) activities of organisms. The

rates of exchange depend on local diffusion coefficients and on envi- I
Q ronmental control of inorganic and organic reactions._ In all but the

upper few millimeters, sediment diffusion is controlled by motions on I

the molecular scale with corresponding slow diffusion rates; in the _

water, exchange is regulated by much higher diffusion rates. ·

Pomeroy et al. (20) found that the exchange of phosphates was a
Q

combination of a sorption reaction and a biologically controlled ex-

change (microorganism and water). The data fit a two rate exponential

process, but more than two processes are involved.

The sorption reaction itself appears to consist of two processes

that occur at different rates. Poisoned and normal sediments exhib-
ited similar results. The rapid exchange and essentially all the Q

slower ones were not affected by poison; therefore, they are purely

I physio-chemical processes. The more rapid of the two sorptive proc-

esses is an initial surface adsorption and the slower process is a
Q

I secondary combination of phosphate into the crystal lattice of clay I

particles.

The evidence cited by Pomeroy et al. (20) supported the hypothe-

sis that sediments act as a buffer on the phosphate content of the wa-

Qter. Ten centimeters of sediment contains enough exchangeable phos-
Q

phorus to replace that in water at least 25 times.

Lee(l3) described three main categories of exchange mechanisms:

physical, biological, and chemical. It is beyond the scope of this
Q

review to go into each category, and the reader is referred to the
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article for an in-depth study. In a discussion of chemical factors in-

fluencing exchange reactions, Lee devoted considerable space to sorp- _

tion.

Sorption reactions are probably the most important type of reac-

. tions with respect to controlling the exchange of materials between

sediments and water. A number of studies cited by Lee (13) showed

that phosphate tends to be sorbed readily by lake sediments. Sorp-

tion, in general, is a fairly fast process, is somewhat reversible,

and is dependent on pH, with maximum sorption occurring on the
4

slightly acid pH range.
i

Livingston and Boykin (29) [tited by Lee (13Ü studied the verti-

cal distribution of phosphorus in a sediment core and found that sedi-

mentary phosphorus is bound by sorption reactions with clastic min-

erals. The ratios of phosphorus to organic matter, to inorganic mat-

lter, and to total dry weight throughout the sedimentary column, were

computed, and the most nearly constant was the ratio of phosphorus to

inorganic matter. Wentz (21) and Bortleson (22) [both cited by Lee

(13Ü also found similar results.

Olsen (23) Ecited by Lee (13i] listed three types of reactions by

which phosphorus may become fixed to sediments: pl) biologically, by

metabolic processes in bacteria, phytoplankton, and higher plants;

2) chemically, by reactions with calcium, iron, and aluminum; 3) by

sorption whereby the phosphorus is fixed to the surface of solids.

Clay minerals rank high on the list in terms of sorptive capacity.

Some clay minerals have cation exchange capacities in the order of 100
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milliequivalents per 100 grams (23).
Y

Golterman (24) noted that most sediments are capable of adsorbing
Y

large amounts of phosphate from the water, while desorption takes
Y

place when the phosphate concentration in the water falls. He described

several systems capable of adsorption, namely, iron hydroxide and clay

_ minerals such as kaolinite and montmorillonite. Both systems are de-

pendent on pH and the concentration of ions as bicarbonate in the sys-

tem. The·acidification of an anaerobic hypolimnion would lead to in-

creased adsorbance of phosphate ions. Phosphate ions can be bound oh

clay at all pH levels found in normal lakes. The adsorption is strong-

ly influenced by the type of clay minerals, contents of hydrous oxides,

and organic matter.

Golterman (24) cited four mechanisms possibly responsible for clay

adsorption of phosphate ions. The first mechanism described was ex-

change with other ions, preferably hydroxide (OH-) ions. The dihydro-

gen phosphate (HZPOZ) sorbed in this way was termed "saloid" bound,
Y Probably more important may be the binding of phosphate ions as a

structural non-diffusible unit by displacement of lattice hydroxide · A

ions. A third possibility may be an extension of the clay lattice by

sorption of phosphate on the edges of the silica tetrahedron. Finally,

a clay-humic acid-phosphate complex may be formed.

Muller (25)[Fited by Golterman (24Ü indicated that phosphorus

content of sediments depends primarily on particle size. He stated that
Y

phosphorus content increased with clay_content.
Y

Jitts (26) concluded that silt has a very large adsorbing capacity



. and that in its natural state, it seldom approaches saturation. It

follows that under normal conditions silt acts primarily to trap phos-
G _

phate at the expense of overlying waters. The reverse desorption pro-

‘ cess will occur under conditions of oxygen depletion.
2

Hesse (27) stated that phosphate adsorption increases with de- I

k creasing particle size due to specific surface effects and thus will
“ be most marked in muds of the deeper parts of lakes. Maximum adsorp-

tion of phosphates occurs between pH 5 and 7 when the HZPOZ ion isw

dominant. y_
Frink's (28) detailed chemical and mineralogical analyses of the

sediments of an eutrophic lake revealed that most of the character-

istics usually associated with high productivity increased consider-

ably with increasing depth of water. Thus, the center of the lake is

enriched in clay, organic matter, nitrogen, and phosphorus when.com—

U pared with the sediments around the edge or the soils in the water- ‘
V A

shed. Most of the changes in physical characteristics are attributed
1

_ to size sorting during transport and deposition within a lake.

Livingstone and Boykin (29) discovered the presence of large quan-

tities of phosphorus in the basal third of the sedimentary section

from Linsley Pond, Connecticut. The results suggest, but do not prove,

that sedimentary phosphorus is bound largely by sorption reactions

with mineral material.) lf this is so, then changes in productivity

of the developing lake, and differences in lake productivity generally _

' may be determined by sorption reactions in the surface mud. For any

kind of sorption reaction, the productivity would be inversely pro-
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portional to the sorptive capacity of the mud, and for ion exchange

it would be directly proportional to the total ionic activity of the

water.
‘

Williams et al. (30) found that non-calcareous lake sediments

generally adsorbed and retained more added inorganic phosphorus than

calcareous lake sediments. The reactions in the adsorption and desorp—

tion of added phosphorus was not always completely reversible. A close

4
relationship was found between the order of the capacity of the sedi-

ment to retain added phosphorus in the lab and the levels of native

' total phosphorus and inorganic phosphorus in the sediment.

Shukla et al. (3l) showed that the amount of oxalate extractable 4

iron was the best single criteria explaining phosphate adsorption on

both calcareous and non—calcareous sediments. They suggested that hy-

drated iron oxide, along with smaller amounts of organic matter, Al2O3,

j and associated Si(OH)4, appears to be the major contributor to the ·

sorption of inorganic phosphorus by both calcareous and non-calcareous
A

sediments. ‘

0xidation—reduction (redox) potential also received considerable

attention in discussions of exchange mechanisms. Redox conditions ‘

which exist within sediments may be one of three types: l) oxygen is

present and conditions are aerobic (oxidizing); 2) both oxygen and I Ü

sulfide are present and conditions are transitional between oxidizing

V and reducing; 3) sulfide is present and conditions are anaerobic (re-
J

· ducing). .Whether the redox conditions within the sediments are oxi-

dizing, reducing, or transitional depends to a major extent on the
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morphology of the lake, the thermal structure of the lake, and the nu-
’ trient flux to the lake (13).

In a lab study and in a lake study, both conducted by Mortimer I

(15), carbon dioxide, bases, ammonia, iron, and phosphates were re-

leased by the time the redox potential reached 0.20 isovolts. Bac-
’ terial reduction of sulfates occurred after this potential was reached.

Oxidation-reduction potential controls the oxidation state of · ·

iron and thereby affects the ability of sediments to retain or.re—

lease inorganic phosphorus. Transport of sediment, inorganic phos-

phorus, and other materials between the sediment interstial waters and
U

U

I
the overlying water column depends on the rates of diffusion and the

· extent of turbulent mixing and possibly the upward movement of ground

water (14). r _
u ‘ 4

In oxidized sediments, the redox potential is controlled by a

_ level corresponding to pE = 13.6 (pE = Eh/0.059).. Following oxygen
4 ·

depletion other compounds serve as electron acceptors, and pE decreases

. (electron activity increases) as available electron acceptors are util-

- ized. In sediment and natural waters, major electron acceptors in or-·

der of decreasing ease of reduction are: oxygen (13.72 mv), nitrate

ions (12.65 mv), manganese dioxide (8.5 mv), ferric ions (-1.67 mv),

and sulfate ions (-3.75 mv) (14). 1

Frink (32) indicated two points from his study of Bantam Lake.

First, non-point runoff from a forested watershed is sufficient to sup-

port abundant vegetation and aquatic life. Second, the nutrients which

accumulate in bottom sediments as eutrophication proceeds, constitute
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vast reservoir apparently capable of supporting growth.

Shapiro (33) described phosphorus as the key element in eutro-

4 phication, by virtue of the fact that of all elements required by

fresh-water algae, phosphorus generally is present in the least a-
4

mount relative to need. An increase in phosphorus allows for use of

the other elements. Perhaps the major obstacle to eutrophication con-

trol through phosphorus limitation is the contribution of sediment

phosphorus to the phosphorus status of lake waters. Because the de-

oxygenation of water at the bottom of a lake in an advanced state of

eutrophication enhances release of sediment—bound phosphorus, it is

possible that eutrophic lakes will perpetuate a eutrophic condition _

— through release of sedimentary phosphorus for some time after exter-

nal sources of phosphorus are eliminated (14). ’



A III. MATERIALS AND METHODS ·

Experimental Plan
4

Five to seven centimeters (cm) of Occoquan sediments were placed
A in each of six test cylinders. Water was added to the cylinders, ap-

proximately the ten.liter level. Nitrogen gas was diffused through the

iwater column and sodium sulfite was added to make the water anaerobic. '
Phosphorus concentrations, due to phosphorus released from the sed-

iment, was allowed to reach at least one milligram per liter (mg/l).

The cylinders were then reaerated with an air stone, which also stirred

the sediment throughout the water column. The remainder of any partic-

ular experiment was devoted to determining the rate at which phosphor—
4

us was removed from solution by adsorption onto the suspended sediment.
‘ The dissolved oxygen (DO) level was then generally maintained above

4

. 2.0 mg/l throughout the experiment. Phosphorus concentrations, tur-

bidity, dissolved oxygen concentrations, and pH were measured approx-

imately every third day.

_ Sediment Collection A
Sediments were collected from two sites in the Occoquan Reser-

voir (Figure l) with an Ekman dredge (Wildco Instruments, Saginaw,

Michigan) and transferred to one-gallon jars for storage. The jars

were placed in a refrigerator at Ä degrees Celcius (degrees C) to

minimize microbial activity before the sediments were used in the

23
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experiment.
O O

Sediments collected from Station I (Figure I) were used in all

cylinders except one. They were found to release significantly more
l

phosphorus than sediment collected from Station II (Figure I). This

observation agrees with results reported by To (4).

Test Cylinders and Methods „ h u
’

Six polyurethane cylinders were used in the experiment. The cy-

_ linders were 75 cm high and 15 cm wide. Sampling ports were placed

at various intervals so that water from different depths could be ana-
N

‘ _1yzed for the different—parameters. .

.
O

Lake sediment, five to seven cm, was placed in the bottom of the

cylinders and ten liters of tap water were added. Nitrogen gas was

diffused in the water for 30 minutes to reduce the DO. Sodium sulfite,

1000 mg/1, was added to further reduce the DO to analytical zero.

Parameter Analysis _
I

Analysis of water for phosphate (PO4-P) in these~experiments

was by the ascorbic acid method detailed in Standard Methods (34).

The color developed was measured with a Bausch and Lomb Spectronic 20

spectrophotometer at 880 nanometers with a 2.5 cm path length. A
4

standard curve was prepared with potassium dihydrogen phosphate

(KHZPOA) in concentrations ranging from 0.050 to 1.000 mg/l.

Both filtered and unfiltered samples were analyzed to determine -

the quantities of PO4-P adsorbed to sediments and dissolved in the
water. Membrane filters, 0.45 microns porosity, were used according
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to techniques detailed in Standard Methods (34). All glassware was

washed with l:l HCl solution and rinsed well with distilled deionized

water. s -

Dissolved oxygen measurements were accomplished with a Yellow

Springs Instrument Model 54 Oxygen Meter (Yellow Springs Instrument ·

Co. Inc., Yellow Springs, Missouri). The dissolved oxygen was measured

at each sampling port but was not found to Vary significantly along the

entire column.

Measurements of pH were taken with a Photovolt Model l26A pH
1

meter (Photovolt Corporation, New York City). Approximately 5O milli-

liters (ml) of water was taken from the center port and analyzed for

pH approximately each third day.

Turbidity was measured with a Hach Model 2lOOA Turbidimeter

(Hach Chemical Company, Ames, Iowa). Standardization of the instru-
A

ment was accomplished with liquid latex standard solutions based on4
Formazin dilutions. Twenty—fiVe ml samples were analyzed each time

with standardization after eachmeasurement.Sediment

Phosphorus Analysis 4
I A

4 _)

Three different fractions were analyzed for from the Various sed-
” iments : l) saloid bound, 2) inorganic phosphorus, and 3) total phos-

phorus. The inorganic and total phosphorus analysis were made aftervii _
saloid bound phosphorus was extracted. ‘ _ 5 A lvl)

.
f

Saloid—bound sediment phosphorus includes interstitial and loosely

bound inorganic phosphorus. It is the most chemically mobile for bio-

logical utilization [Armstrong e;_al, (35) cited by Peters (6i]. The
’
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method for analyzing the saloid—bound fraction was adopted from the

sediment phosphorus.fractionati0n”method of Chang and Jackson (37).
4 4

A sufficient amount of 3N NaCl (usually about 10 ml) was added to the _ _

sediment-water mixture in centrifuge tubes to produce a 0.5N NaCl con-

centration. The centrifuge tubes were shaken for two hours on an oscil—
N

lating shaker. The shaken mixture was then centrifuged for 15 minutes.
4

4 . The supernatant was poured off, made up to 100 ml and tested for „

·
7

inorganic ph¤Sph¤ru§ by the ascorbic acid method. ·

_ . The sediments were transferred to acid-washed, air—dried, tared,

porcelain evaporating dishes and left to dry at room temperature. The 4

dried sediment—evaporation4dish weight was determined in~order to cal-

culate the sediment weight. The sediment was then pulverized in the
.

dishes using a porcelain pestle and stored in sealable polyethylene
.

bags. I
g

. “ .. 4 -

_ Total and inorganic phosphorus remaining in approximately one—_

half of the sediment were determined by an extraction process after

. Mehta (36) [cited by Peters (6X]. One-half gram of the air—dried sed-

iment was extracted serially by concentrated HC1, 0.5N NaOH at room

temperature, and 0.5N NaOH at 90 degrees C. The extracts were combined

and made up to 250 ml with distilled water.
4

To determine total sediment phosphorus, 20 ml of the uncombined

extract was digested in a microkjeldahl apparatus using sulfuric acid -

and nitric acid followed by perchloric acid. The digest was trans-

ferred to·a graduated cylinder and made up to 20 ml. One ml was dilu-

ted to 20 ml and tested for total phosphorus.
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u One ml of the undigested extract was made up to 20 ml and tested
h

for inorganic phosphoruä.
(V

° . . X

Particle Size Analysis
t2~.

The pipette method of analysis depends upon the fact that sed-
A

imentation eliminates from the depth h in a time t all particles having

settling velocities greater than h/t, while retaining at that depth

the original concentration of particles having settling velocities less .

than h/tk The taking of a small volume element by a pipette at a depth

h at time t furnishes a sample from which all particles coarser than T _

X (as determined by Stokes' equation) have been eliminated, and in
4

which all particles finer than that size are present initially. The

volume element at depth h has, in effect, been screened by sedimenta-

tion, so that the ratio of the weight w of particles present in that _

volume at time t, divided by the weight wo of particles present in it I
‘ initially, is equal to P/100, where P is the percentage of particles, ‘

{ by weight, smaller than X. Now, the ratio w/wo can also be written as

the concentration ratio c/co, giving c/co = P/l00. This equation con-,

_ nects the concentration c of the pipette sample, in grams per liter,

T to the parameter P of the particle-size distribution, co being the

weight of solids in the entire sample divided by the volume of the

suspension (40, 4l). A
·

The sample was dried, crumbled, and hand sieved through a two

millimeter (mm) sieve. The larger aggregates and gravel were removed

and discarded. The sediment sample was mixed and divided into sub-

samples. Ten grams was placed in a tared 250 ml beaker, weighed, dried,
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’ and reweighed. Thirty ml of water was added to suspend the sediment.·

Hydrogen peroxide (30%) was cautiously added to digest organic mat-
" erial. The solution was then heated for one hour at 90 degrees C on p

a hotplate. p 4
·The excess liquid was then filtered off and more water was added.-

A The filtering and mixing was repeated several times. The sediment was

idislodged from the filter, dried, and weighed. ‘_

Ten ml of Calgon solution was added,and the suspension was sha-

1
f

ken on a horizontal reciprocating shaker after the volume was brought

up to 180 ml with water. '

The suspension was passed through a 47 micron sieve. The portion

on the sieve was dry sieved while the solution was diluted with dis-

tilled water to one liter. Sedimentation analysis with pipette sampling

was performed on the solution. Samples of 20, 5, and 2 microns were

obtained. ° 4
l The cumulative weights were obtained by deducting the weight of

the dispersing agent from the uncorrected weight of the particles.

The weights of the individual fractions were then obtained by subtrac-

tion.
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° u IV. RESULTS
Experimental Data “

Date collected from the three sampling ports of each cylinder A
were very similar for each cylinder; therefore, analyses of water from -

the lower port (port C) in each cylinder were chosen to represent the.

data collected for each cylinder. The remainder of the data is tabula-
”“ 2 ted in Appendix A. 1 ~

The results were obtained during two different periods of testing.

The first experiment was from November 12, 1975 to January 6, 1976,

and the second experiment from January 13, 1976 to February 23, 1976.,

Figures 2-10 illustrate the data used to represent the P04—P and tur- "

bidity in each cylinder.
2

· The—figures show the concentrations of phosphorus (P) in the water
AA ‘ resulting from its release from the sediment during anaerobic condi-

2

» tions. As can be seen, the concentrations were highly variable, rang-

ing from 1.20 milligrams per liter (mg/l) to 0.25 mg/1. In the first4 2
experiment, water in three cylinders, containing Occoquan sediments

4 from the reservoir near the Bull Run Marina, were analyzed periodical— .

ly. The sediment in cylinder No. 1 (Figure 2) exhibited the greatest
·

PO4—P release rate, reaching the highest concentration desired for pur-

poses of this investigation, on the eighth day of testing. Cylin-

der No. 2 (Figure 3) and Cylinder No. 3 (Figure 4) were monitored for

six additional days before the desired concentration was reached. ·

_ 30
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The PO4—P concentrations in unfiltered samples were 1.05 mg/1, 0.85

{ mg/1, and 0.93 mg/1 in cylinders No. 1, No. 2, and No. 3, respectively.
_

* Upon reaching these concentrations, the cylinders were mixed by
4

4 vigorously bubbling air through porous diffusers into the cylinders.

The rate of air flow was sufficient to aerate each water column and

suspend some of the sediment in each cylinder. The dissolved oxygeni

(DO) in cylinder No. 1 increased from 0.10 mg/1 to 6.80 mg/1, while

the D0 increased from 0.30 mg/1 to approximately 4.00 mg/l in cylin— 4

ders No. 2 and No. 3. The turbidity in cylinder No. 1 was 190 nephe-

lometric turbidity units (NTU) and approximately 75 NTU in the other
4

two cylinders.

The unfiltered PO4—P steadily decreased in each of the cylinders ·

to approximately 0.10 mg/1 at the end of the first experiment. The

turbidity also decreased initially in each cylinder at a rapid rate

4 but gradually diminished to a much slower rate. The final turbidity
U

4 in the first experiment was approximately 2.00 NTU in each cylinder.

.
A

The DO was maintained at concentrations greater than 2.00 mg/l

(except in one instance it decreased to 1.7 mg/1) by bubbling air

through the porous diffuser into the water. When this was done, the 4
I

agitation was never sufficient to suspend sediment from the bottom.

_ The PO4-P fraction was also measured in filtered water from the

4 three cylinders beginning on the 16th day of testing until the end of

the first experiment. The maximum measured in any cylinder was 0.33

mg/1 and the least 0.23 mg/1 on the 16th day. The filtered P04—P

concentration decreased steadily averaging 0.06 mg/1 at the end of
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the data collecting period.
VW

. " _ . · gl
In the second experiment, six cylinders were used to obtain data

8 U

(Figures 5 — 10). Five cylinders contained Occoquan sediment from the
·

' reservoir near the Bull Run Marina (Figure 1), and the remaining one

contained Occoquan sediment from the Occoquan Creek arm of the reser-

voir (Figure 1). [The figures show that the P04—P release rate in this

experiment was also highly variable under anaerobic conditions. The

concentrations obtained by the sixth day of testing werer cylinder

No. 1, 1.00 mg/1; cylinder No. 2, 0.92 mg/l; cylinder No. 3, 0.84 mg/1;

cylinder No. 4, 0.75 mg/1; cylinder No. 5, 0.70 mg/1; and cylinder

No. 6, 0.10 mg/1. Upon reaching these concentrations, the cylinders

were mixed on the eighth day with the porous air diffusers. The rate

of air flow was again sufficient to aerate each water column and sus-

pend some of the sediment in each cylinder. The unfiltered PO4—P con-

centration seldom exceeded 1.20 mg/1 and did exceed that value only

when the sediments were disturbed. Concentrations greater than 1.20

mg/1 (the upper limit of the standard curve), for convenience were re-

corded as 1.20 mg/1 because the initial absolute concentration was not

read. In all instances, however, the optical density of these samples
I

when tested for P04—P, did not exceed 1.8 0.D. which would correspond

( to a concentration of no more than 1.50 mg/1. Cylinder No. 6 P04—P "

increased to 0.25 mg/1. The filtered PGA-? fraction initially de-

8
creased in all six cylinders. In four of the cylinders (Figure 5, 6,

7, 9) the filtered PO4—P fraction increased or remained the same after

the initial decrease following the mixing. After this, all six cylin-
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ders exhibited a steady decrease in the filtered PO4—P concentration.
The turbidity in each cylinder in the second experiment reached

u
at least 125 NTU; however, it quickly decreased. The initial rate of

h decrease was much higher.
n ° -

4
, The DO was maintained in the second experiment above 1.50 mg/1

in all cylinders. These cylinders seemed to need more frequent aera-

tion than did the cylinders in the first experiment.

ln cylinder No. 1 (Figure 5) the sediment—water system was mixed
l

for the second time on the 27th day of testing. The unfiltered PO4—P

fraction increased from 0.42 mg/1 to 1.08 mg/1, but in a few days it

n decreased to 0.45 mg/1. The filtered PO4-P fraction initially de-

creased from 0.32 mg/1 to 0.17 mg/1, but in a few days it increased to

0.23 mg/1. Both phosphate fractions then followed the same general

- decreasing pattern that they had exhibited before the second mixing.

l The sediment from the Occoquan Creek arm of the reservoir (in _

cylinder No. 6) released the least phosphate under anaerobic condi-

h tions. After 15 days practically all of both POA-P fractions were

removed from the water column; therefore, analyses were discontinued.

* On the 37th day the water in the cylinder was spiked with potassium

dihydrogen phosphate (KHZPOA) to produce a concentration of appr0xi—

mately 1.0 mg/1. Immediately, the water was analyzed. The unfiltered

PO4—P fraction was 1.0 mg/1, while the filtered PO4-P fraction was

0.62 mg/1. The following day the system was mixed again. The unfil-

‘ tered PO4-P fraction had decreased to 0.25 mg/1, while the filtered

fraction had decreased to 0.15 mg/1. Both fractions continued to de-
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’ . crease for the remainder of the testing period.

Measurements of pH during both experiments averaged approximately
··.

7.0 in all the cylinders. Therefore, pH was not considered to have any

3 variable effect upon the results obtained.

Sediment Data °

‘
4 " Sediments were obtained from the Occoquan Reservoir in two dif-

3
ferent locations: Bull Run at Station No. 1 (Figure 1), and Occoquan

Creek upstream from Station No. 2. The Bull Run sediments were dark

brown to black and appeared to contain a substantial quantity of organ-

. ic material, such as sticks and leaves. Particle size analyses, ob-

. tained by the pipette method, revealed that the sediment from this

arm contained 60% silt size particles (0.05mm-0.002mm). The sand frac-

tion (2.0mm—0.05mm) constituted 18% of the sample, and the clay frac-

tion (less than 0.002mm) approximately 22%. The textural classification
I

‘ was silt-loam (sil). Sediment phosphorus was analyzed, and Bull Run

sediments contained only inorganic phosphorus. The concentration was _

1.23 mg/g P04—P, which was similar to results obtained by To (Q). The
1

saloid-bound fraction measured 0.00lQ

mg/gOccoquanCreek sediments were red—brown and did not appear to con- ‘

· tain much organic material. The particle size analyses revealed that

this sediment was approximately 52% silt size particles. The sand frac-.

tion was 28%, and the clay fraction 20%. The inorganic phosphorus con-
YM7

centration was 0.697 mg/g P04—P and the saloid-bound inorganic phos-

T phorus was 0.00009 mg/g PO4—P. e _
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‘ The results of this investigation demonstrate that PO4—P read-

sorption to suspended sediments does occur but not at a rate suffi-

cient to decrease the concentration of PO4—P, liberated in high quan-

tities, below that which is limiting to algal growth. Initially, the

U' phosphate removal rate from the water column was rapid because numer-

fiious particles settled rapidly, carrying adsorbed with it. Sub-

lsequently, an equilibrium between the sediment PO4—P and the dissolved

PO4-P appeared to exist, and the removal of the phosphate occurred at

p a much decreased rate. Ä
(A

Under anaerobic conditions the amount of phosphate released from r

_the sediment was highly variable. These results agree with those ob-

. · tained by To (4). Even though the sediment in the three cylinders used
l in the first experiment was obtained from the same location at the same
·time, the P04—P release rates were different. Cylinder No. l sediments

released sufficient PO4-P (for the purpose of this investigation) with-

in eight days, while cylinder No- 2 and cylinder No. 3 sediments re-

quired six additional days to reach approximately the same level of;

P04—P released. The same general pattern was observed in the five cy-

linders used in the second experiment with Bull Run sediments. Cylin-

ders 1-5 each contained sediments from the same location collected at
l

the same time, and even though the sediments in the cylinders were

subsamples of a composite of several different dredge samples from the 4

~ · 44
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same general area of the lake, there was extreme variation in PO4—P U

release rates and DO consumption rates. It may be that the observed
u difference in release rates was caused by the non-uniformity of the

total sediment sample. However, To (4) pointed out that release rates

pvaried randomly and could not be correlated with that area from which -

the sediment was collected. The hydraulic characteristics (frequent
l

scouring, e.g.) of the area probably prevent sediments from being

stable.
4

. _
4

Cylinder No. 6 contained sediment from the Occoquan Creek arm of

the reservoir. The PO4-P release rate for these sediments under an-
5

aerobic conditions was much less than any of the other cylinders.
4

.

· This evidence substantiated other works which indicated that the

Occoquan Creek arm contributed very little PO4—P to the total load ·

of the reservoir (4, 5).
4

A When the sediment—water systems were mixed, the importance of ‘

„ the interstitial waters could be observed. The PO4-P concentrations
increased substantially in each of the cylinders in the second experi-

ment (Figures 5 -10), due primarily to PO4—P released from the inter- h

stitial waters which, before mixing, entered the water column by the

slow process of molecular diffusion. Rittenberg et al. (40) [cited
l

1
by Lee (13i] reported that interstitial waters contained about 50 ~

4

times more soluble PO4-P than the overlying waters in lakes. These

results point to the importance of the role of hydrodynamics in nu-
X

trient enrichment of lake waters. With the frequent turnovers exhib-

ited by the Occoquan Reservoir, the PO4—P concentrations in intersti-
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tial waters becomes even more important. The irregular morphology and

inconsistent bottom topography of the Occoquan Reservoir would also

„ « create unusual turbulence and eddys thereby freeing interstitial wa-

ters containing large amounts of P0A—P.

When the mixing was discontinued, readsorption of the previously

released phosphate was clearly indicated by a decrease in the unfil-

tered P04—P concentration as the turbidity decreased in the cylinders.

In cylinder No. 1, the turbidity decreased from 190 NTU to approxi-

mately 2.0 NTU. Accompanying this decrease was a similar decrease in °

the unfiltered concentration from 1.05 mg/l to 0.10 mg/1. Simi-

lar results were observed in the other cylinders under similar condi- ‘

tions. The removal of P0A—P from the water column by the sediment was
shown to fit a first order reaction (Figures ll, 12). ‘

The initial rate of P04—P removal from the water column averaged

0.60 milligrams per liter per day (mg/1/d). This removal rate decreased

significantly in the latter part of each experiment, averaging approxi-

mately 0.02 mg/l/d. This evidence would appear to be in agreement with
4

data reported by several investigators (4, 13). Initially the larger

silt size particles rapildy fall from suspension removing significant

amounts of P04-P from the water column. Subsequent to this, the remov-

al rate decreased greatly because the clay-size particles tend to set-

tle very slowly, if at all. The smaller particles have a high affinity

for P04—P ions, but the rate of removal is such that little POA—P is
being transported into the sedimentary;domain.° .

The sorptive reaction consists of a two-step process which occurs



147

E

·
i
.-1.2 [ S.

I

-1.0 ; 0
{ 1’

O.

-0.8 { ¤ ° ~
CI. ; .0 · 1
4.:G5 - C$-4 :4.: 1 ..
0ä “ '

@4 .I »
Q- „ .

O ; . 1
D-

‘

oo I 0
O E

1 ** -0.44

_O 2 ¤ slope -0.027
_ ' I y—intercept -0.090

? 0 correlation -0.980.

0.0
Z

[ [ [ [
0 10 20 30 40

U 4 Time, days

Figure 11. Variation in Phosphorus Concentration withTimeAfter
Mixing in Cylinder No. 1 Experiment 1.

(Bull Run éediments)



V 48

-1.2 r V
4 ·

é
-1.0i

0

.
.

0
-0.6

‘
G 2

•'.{

·Ä -0 6 *. M ' Q4*,
E

C', V .w .U éS = 2 ’
o V . 0
*1* é 2O<r -0.4

8 Q. <>U ;

E 0-0.2 Q
i O slope -0.033
{ • y—intercept -0.160

V ’ correlation -0.980
ä 0

g 10 20. 30 40
äh’§ Time, days

Figure 12. Variation in Phos~horus Coneentration with Time
After Mixing in Cxlinder No. 2 Experiment 2.

. (Bull Run sedime0.s)



I„ I
p

6.92

at two different rates. The more rapid of the two processes is an
I

initial surface adsorption, which ista purely physical reaction. The
'·

slower process is a secondary combination of P04—P into the crystal

lattice of clay particles.‘ These phosphates may diffuse into the

molecular structure or replace hydroxide ions on the edge of the

silica tetrahedrons. This second process may be physical or a phy-

sio—chemical process. Figures 5, 6, and 8 indicate just this type
I

of phenomena. Even after essentially all of the turbidity was re-

moved from the water column, phosphate concentrations still decreased.

Algae were observed in several of the cylinders during the last weeks

of the second experiment and no doubt contributed to the removal of I
phosphate from solution.

U
'

I
j

Sediment low in P04—P concentrations (i.e., Figure 10, the sedi-

ments from the Occoquan Creek) was shown to remove the P04-P in the
Ä

4 x·,water column very rapidly. Phosphate added as KHZPOA (1.0 mg/1) to the

I waters above the sediment was removed almost immediately when the

system was mixed. The unfiltered PO4—P fraction decreased from 1.00
.mg/l to 0.25 mg/l, while the filtered PO4-P fraction decreased from

0.62 mg/1 to 0.15 mg/l. The initial removal rate was observed to be

greater than 1.52 mg/l/d.
I

One final item worth noting was the tendency of each suspension

toward equilibrium after the initial mixing period. Olsen (41) [cited

by Golterman (24)] made similar experiments with radioactive phos-

phorus and determined the two opposite processes of sorption and de-

I sorption between water and sediment. Mathematical descriptions were
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_ given of the liberated amount of phosphorus from the sediment to the

water (b), and of the gross adsorbed amount of phosphorus (A). The
° equilibrium concentration of phosphorus for which the net adsorption n

I is zero can be found from the point where A = b. Other investigators

(l4, 24, 27, 4l, 42) seemed to agree with Olsen, and the reader is

referred to these for a clearer understanding of this phenomenon. The

dissolved PO4—P, because of the equilibrium established between the

particulate PO4—P and the dissolved PO4—P, never reached a level which
would be limiting to algal growth. ln all of the cylinders, the dis-

Asolved PO4—P was analyzed to be above 0.lO mg/l during the two test ‘
I

periods. Therefore, if PO4-P is liberated in high quantities from the

sediment, suspended sediments will not remove sufficient quantities
In

I to make phosphorus limiting for algal growth.



ß VI. CONCLUSTONS

The investigation presented in the preceding chapters led to the

following conclusions.
I

l. Readsorption to the sediments occurred when the system was mixed.

As the turbidity decreased, the phosphate concentration decreased.
I

A The initial phosphate removal at turnover times was significantly

greater than in the latter part of the experiments.
I

2. Phosphate readsorption appeared to be a two—step reaction con-

sisting of a rapid and a slow phase as was described by Pomeroy I

gti; (20).
I

3. Pach suspension system tended toward equilibrium after mixing.

4. Interstitial waters contributed significant amounts of phosphate

when the sediment was mixed by turbulence.
I

I S. The amount of phosphate released from Occoquan sediments was

highly variable even within samples from similar sites collected

at similar times. .

6. Sediments from the Occoquan Creek arm contain much less phosphate

than sediments from the Bull Run arm. v I p
7. Sediments low in phosphate concentrations removed greater amounts

W of phosphate in a shorter period of time.

5l
I · ‘
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„
” TABLE 1 ° · .' ·

DATA FROM CYLINDER 1 PORT A EXPERIMENT 1

DAY CONCENTRATION, DO TURBIDITY pH
FilteredUnfilteredStar:

R
0.05

R
6.0 ~ 2.1 7.1

7 _
t 0.73 0.1 26.0 7.2

8
4

0.80 6.8 180.0 7.3

11 0.70
8

4.0 35.0
R

7.6

14 0.57 2.1 24.0
U

7.6

16 0.17 0.51 1.7 22.0 7.4

19
l

0.16 0.43 2.6 ' 15.0 7.5

22 0.17 0.36 A
2.0h 9.0 _ 7.6

25 0.16 0.25 3.9 5.9 7.6 4
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. · _
{

{TABLE II ‘

{
DATA FROM CYLINDER 1 PORT B EXPERIMENT 1

_ DAY CONCENTRATION DO TURBIDITY pH
Filtered Unfiltered

Start 0.05 6.0 2.1 7.1

_ 7 _ 0.72 0.1
{

27.0 7.2

8 1.00 6.8 180.0
{

7.3
{

11 _ 0.70 4.0 _ 36.0 7.6
° 14 ° 0.58 2.1 24.0 7.6

16 l 0.17 0.51 1.7 22.0
{

7.4{

19 0.15 0.43 2.6 15.0 7.5 {

22
{

0.17 0.36 u 2.0 9.0x 7.6

25 0.16 0.26 3.9 { 5.4 7.6

· 28 0.15 0.18
{

. 3.8 2.9 7.0

,\
{ 31{ 0.13 0.16 3.5 1.9 7.5

{
34 0.09 0.14 3.4 1.9 7.7

37 0.10 0.11 3.4 2.0
{

7.4

48 0.06 0.10
{

4.8 · 2.2 7.6
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4
. TABLE III

4
-

4
DATA FROM CYLINDER 1 PORT C EXPERIMENT 1

4
DAY

4
CONCENTRATION · _ DO TURBIDITY pH

.Fi1tered Umfiltered

Start 4 0.05 A6.0 -.2.1
4

7.1

7
4

0.72 0.1 26.0 7.2

8 1.05
4

6.8 190.0 7.3

^ 11 0.72 4.0
4

42.0 ° 7.6

14 . 0.60 2.1 4 25.0 · 7.6
4

- 16 0.24 · 0.49 1.7 22.0 7.4
4

19 0.14 0.43
4

_ 2.6 15.0 7.5

22 0.16
4 0.36 4 2.0 9.0 7.6

25 0.15 0.26 3.9 _ 5.7 7.6 . 4

_
4

28 0.13 0.19
43.8

3.1
7.044

31 0.12 0.16
4 3.5 1.9 7.5 4

34 0.084 · 0.15 3.4 Ä 1.9 7.7

37 0.10 0.12 4 3.4 2.1 7.4

48 0.07 0.10 4.8 2.1 7.6
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„ TABLE IV ' · ·
u

DATA FROM CYLINDER 2 PORT A EXPERIMENT 1 ~

DAT CONCENTRATION_ DO TURBIDITY pH
E Fi1tered· Unfiltered

Start
I

.„ 0.06 5.8 1.7 7.1

7 „ 0.42 _ ,0.1 7.0 ‘ 7.4

13 · 0.92 0.3 10.0 7.3
p,

14
A

0.85 4.1 74.0 7.4

16 0.29 0.63 3.1 35.0 7.3

19 0.18 0.54 2.3 25.0‘ 7.3

22 0.18 0.43 7.5 14.0 7.3

25 0.16 0.31 V 3.7 ~ 8.2 7.2 ‘
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V · TABLE V
E

. DATA FROM CYLINDER 2 PORT B EXPERIMENT l ··

DAY CONCENTRATION
DOA

TURBIDITY . pH
Filtered Unfiltered

Scar: . 0.06 5.8 1.8 7.1
4

7 · · 0.42 0.1 7.0 7.4 ‘

13
A 0.92 E 0.3 10.0 7.3

14 0.85 V 4.1 75.0 _ 7.4

’ 16 0.31 0.61
2

3.1
A

35.0 7.3

19
A

0.17 0.51 · 2.3 25.0 7.3 V
22 0.17 0.43 V 7.5 14.0 V

’ 7.3
25 V0.15 0.31 7 3.7 8.1· 7.2

28 0.17- 0.27_. 3.5 4.9 6.8
2

31 0.12 0.19 3.3 2.6 7.3
2

e
34 0.09 0.16 V 3.5 ’ 1.9 7.4

2
37 0.07 0.09 3.9

E
°1.1 ‘ 7.3

H

48 . 0.06 0.09 4.7 1.1 V 7.4
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TABLE VI
V V V

DATA FROM CYLINDER 2 PORT C EXPERIMENT 1

DAY · CONCENTRATION QDO TURBIDITY pH
_ Filtered Unfiltered '

Start I 0.07 _ 5.8 ~ 1.8 7.1.

7 V 0.42 0.1 7.0 7.4

13 1.00 V0.3 ‘ 10.0 7.3

14 0.85 4.1 76.0 7.4

16 0.33 0.62 3.1 36.0 .7.3 .‘ .
. 19 0.14 0.52 2.3 25.0 « 7.3

22 0.17 0.43 7.5 15.0 7.3

25A_ 0.14 0.34 V 3.7 8.4 7.2

28_
V

0.14 0.28 E 3.5 5.0 6.8 V

.
V

31 0.12 0.19 V3.3 2.8 7.3 V
34 0.09 0.16 3.5 1.9 7.4

37 0.06 0.09 V 3.9 [ 1.1 7.3

48 0.06 0.09 . 4.7 1.3 7.4
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_ TABLE VII

‘ DATA FROM CYLINDER 3 PORT A EXPERIMENT
144 4

°

‘ DAY CONCENTRATION DO TURBIDITY pH 4

Filtered Unfiltered .

Start 0.11 — 5.9 4.0
4

7.3

7 „ 0.50 0.1 16.0 7.2

4 13 · 0.93 0.3 10.0 7.3

14 '° 0.93 . 4.5 74.04 7.0

16 0.17 0.80 3.2 46.0 7.1

19 0.15
4

0.61 2.0 32.0
4

6.8

22 0.15 0.52 7.5 16.0 6.7

25 0.16 0.36 _ 4 4.1 7.6 _ 7.1
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V V
4

TABLE VIII
·

U
DATA FROM CYLINDER

”3
PORT B EXPERIMENT 1

DAY CONCENTRATION DO _ TURBIDITY pH
Filtered Unfiltered

4
Start 0.11 5.9 4.1 7.3

7 _ 0.48 0.1 16.0 V 7.2

13 · 0.93 0.3 10.0 7.3

14 0.93 4.5 74.0 7.0

» 16 0.22 0.85 3.2 47.0 7.1

19 0.15 '0.60 2.0 28.0 6.8 ”

22 0.12 0.51 7.5 16.0 ° 6.7

25 0.12_ 0.38 _ 4.1 7.6 7.1

28 0.14 0.28 V 4.0 5.0 V 6.9
l

‘ 31 . 0.07 0.19 E 3.7 3.0 ' 7.5
ß

34 0.05 0.15
4

3.8 1.9 7.2

37 0.03 0.09 4.9 1.6 7.4

48 0.05 0.10 4.8 1.7 ·7.4 °
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TABLE IX
‘

A

O E
DATA FROM CYLINDER 3 PORT C EXPERIMENT 1

DAY CONCENTRATTON D0 TURBIDITY · pH
Filtered Unfiltered -

U Start 0.13
4

5.9 4.0 7.3

V 7
A

0.48 ” 0.1 16.0 7.2

13
U

0.93 0.3 10.0 7.3

14
O

0.93 4.5 73.0 7.0
O

- 16 0.23 0.85 3.2 47.0 7.14

19 0.13 0.62
E

2.0 28.0 6.8

22 0.13 0.52
4 ’ 7.5 16.0 6.7

25 0.08 _ 0.36 I 4.1 7.7 7.1

28 0.11 _ 0.28 4.0 ‘ 5.3 6.9
u

31 0.06 0.19
I

3.7 3.0 v 7.5

34 0.05 0.15 3.8 2.0 7.2

„ 37 0.03 0.09 4.9” 1.6 7.4

48 0.05 0.10. 4.8 ' 1.9 7.4 _
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TABLE X

DATA FROM CYLINDER 1 PORT A EXPERIMENT 2 5

DAY CONCENTRATION DO
00

TURBIDITY pH
Filtered Unfiltered

Start 0.20_ 0.20 3.0 1.7 7.3
‘

3 0.57 0.57 0.3
0

3.0 07.3

0 , 6 0.81 0.81 0.3 3.5 7.3

8 0.63 1.20 3.5 130.0 7.3

12 0.67 1.20 3.3 100.0 7.2

15 0.57 V1.10 4.0 V 63.0 7.2
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TABLE XI - „

DATA FROM CYLINDER 1 PORT B EXPERIMENT 2

·
‘ DAY CONCENTRATION DO TURBIDITY

pH4

~ FilteredUnfilteredStart
’ 0.21 0.21

3.04
. 1.7 7.3

4
3 0.59 0.59 0.3

4
3.0 ' 7.3

« 6 0.79 0.79 _ 0.3 l 3.5 7.3

8
4

0.59 ° 1.20 3.5 130.0 7.3

12 “40.63 1.20 3.3 100.0 _ 7.2

15 0.56 ' 1.12 4.0 63.0 7.2

18 V 0.52 0.92 3.3 41.0- 7.5

21 0.42 0.76 _ 2.0 25.0
4

7.4

24 · 0.36 0.54 ‘ 2.0 12.0 A7.5
‘ 27 0.32 0.42 „ 1.9 9.04

4
7.5

4
27 0.19 1.20 7.9 200.0

4
7.5

' 30 0.17 0.45 _ » 2.2 72.0 7.5

33 ' 0.18 0.42 2.4 V32.0 7.5
4

36 0.11 0.33
4 4

2.0 23.0 7.4

40 0.15 0.24 A 1.6 _ _ 9.9 7.4

43 0.11 0.23 ' 1.5 8.2
4

7.3

47 0.14 0.21 _ 2.6 6.8 7.3
V
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n
~TABLEjX1I "

DATA FROM CYLINDER 1 PORT C EXPERIMENT 2
I

DAY CONCENTRATION D0 TURBIDITY pH
_ · Filtered Unfiltered

Start 0.20 0.20
4

3.0 1.7 7.3

3 0.62 0.62 0.3 3.0 7.3

6 1.00 1.00 0.3 3.5 7.2

u 8 0.63 1.20 · 3.5. 130.0 7.2

12 0.63 ‘ 1.20 3.3 4110.0 7.2

15
l

0.55 1.15 4.0 63.0 7.5

18. 0.52 0.92 3.3 42.0 7.4

21 0.39 0.72 ’ 2.0W
u

26.0 7.5

Y 24 V 0.37 9 0.52 . 2.0 13.0_ 7.5

,
l

27 0.32 0.42
4

1.9 10.0 7.5
4

27 0.17 1.08 7.9 200.0 7.5
V

30 0.22 0.45 2.2 83.0 7.5

33 0.14 0.41 2.4 32.0 7.4

‘36 0.12 0.32 . 2.0 24.0 7.4

' 40 0.10 0.24
u 1.6 9.9 7.3 _

43 4
U

0.11
4

0.22 1.5 8.1 7.3
4

47 ' 0.14n 0.21 2.6 6.9 7.3
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E . TABLE XIII ‘

DATA FROM CYLINDER 2 PORT A EXPERIMENT 2 E

DAY CONCENTRATION DO TURBIDITY pH
Filtered Unfiltered

Start 0.17 0.17
A

7 3.1 2.1 7.3

3 0.62 _. _ 0.62 0.2 ' 2.3 7.4

2 6 0.84 0.84 0.3 2.5 7.4
u

8 0.63 ° 1.20 3-3 160.0 7.6

12 0.92 1.20 » 2.6 · 64.0 7.2

15 0.71 1.00 4.5 35.0 7.1
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TABLE XIV
” .

DATA FROM CYLINDER 2 PORT B EXPERIMENT 2

DAY CONCENTRATION 1. DO TURBIDITY pH
Filtered Unfiltered ·

Statt 0.19 0.19 . 3.1 2.1 7.3

3 0.61 _ 0.61 0.2 2.3 7.4

6 0.83 0.83
‘

0.3 ‘ 2.5 7.6

8 0.67 1.20 3.3 160.0 7.6
4

12 0.73 1.20 ‘ 2.6 — 64.0 7.2

15 0.71 1.00 4.5 33.0 7.1

18 0.73 0.92 3.8 27.0 7.4
n

21 0.65 0.75 U
‘ 1.7 18.0

A
7.2

24 0.50 0.66 · 2.3 14.0 7.4

F 27 0.43 0.58 „ 2.7 12.0 E 7.2

30 0.33 0.48 2.5 8.0 7.3

33·~ 0.29 0.32 3.3 5.0 7.0

36 0.13 .0.22 3.1 3.8 7.2

40 0.10 0.14 3.1 3.5
4

7.34
4

43 0.08 0.12 ß 3.1 3.4 7.3

47 0.10 0.12 4.0 13.2 7.2
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_ TABDE XV

U
DATA FROM CYLINDER 2 PORT C EXPERIMENT 2 ‘ ·

DAY CONCENTRATION
3

.D0 TURBIDTTYV pH
Filtered Unfiltered

Scart 0.18 0.18 3.1 2.1 7.3
l

3 0.63 0.63 0.2 2.3 _ 7.4
‘ 6 0.92 0.92 0.3 2.5 7.4

w 8 0.60 1.20 3.3 160.0 7.6

12 0.75 1.20 2.6 64.0 7.2

15 0.71 1.00
3

4.5 38.0 7 7.1

18 _ 0.73 0.92
I

3.8 32.0 7.4

21 0.59 0.73 ‘ 1.7 19.0 w 7.2
24 0.52 0.67 , .2.3

3
17.0 7.4

” U
27

4
0.45 0.60

n Ü
2.7 11.0 7.2 ‘

30 0.33 0.48 2.5 9.0 7.3

33 0.24 0.34 3.3 5.2 7.0
u

36 0.15 l 0.23 . 3.1 4.4 7.2

40 0.08 0.14
3

. 3.1 3.73 7.3

43 0.073 0.12
l 3.1 3.3 7.3

47 0.08 0.12 4.0 3.6 7.2
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TABLE XVI ‘

°' DATA FROM CYLINDER 3 PORT A EXPERIMENT2.

DAY _ CONCENTRATION DO
I

TURBIDITY pH
_ Fi1tered» Umfiltered

Star: ’ 0.20 0.20 _
E

5.0 1.2 7.5

3 0.51 0.51 0.4 2.7 7.4

E 6 0.79 0.79 _ 0.2 03.3 7.4

8 0.67 1.20 6.0 125.0 7.5

12 0.74 1.04
I

2.8 „ 42.0 ° 7.1

15 0.66 0.90 ‘ 4.3 E 26.0 7.1
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NIABLE XVII
Y

DATA FROM CYLINDER 3 PORT B EXPERIMENT 2 . ·

DAY CONCENTRATION DO
I TURBTDTTY pH

Filtered Uufiltered N

N Start 0.21 0.21 5.0 1.2 7.5

3 0.53 0.53 0.4 N 2.7 7.4 N

6 0.76 0.76 0.2 3.5
w

7.4

8 0.71 1.20 6.0 125.0 7.5

12 ' 0.72 1.15 2.8 42.0
6

7.1

15 0.70 .0.91 4.3 N 26.0 7.1

18 0.62
A

0.73 N4.4 17.0 7.4

21 A0.53 0.59 N3 A
2.3 8.0 7.3

24 0.48 0.50 2.7 7.0 7.4

· 27 0.37 0.43 .4.0
U

4.0 7.2

30 0.28 0.31 4.6 N3.0 7.4

33 0.14 0.17 5.8
I

1.6 6.7

36 0.06 0.06
6

5.5 1.5
U

7.2
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A TADLE XVIII .

· DATA FROM CYLINDER 3 PORT C EXPERIMENT 2

DAY CONCENTRATION ' — DO TURBIDITY pH
‘ Filtered Unfiltered

Start 0.23 0.23 5.0 1.2 7.5

3 0.54 0.54 0.4 ' 2.7 ‘ 7.4
l

6 0.84 0.84 0.2 3.4 7.4

5 8 0.71 1.20 6.0 125.0 7.5

12 0.73 0.99 2.8 42.0 7.1

154 _0.72 0.91 4.3 · 27.0 7.1

18 0.64 0.75 4.4 3 16.0 7.4

~ 21 0.50 0.60 ” 2.3 9.0 · 7.3

24 0.47 0.52 2.7 7.0 7.4 A
,

I
27 0.40 0.44

5
4.0 5.0 7.2

30 0.27_ 0.31 4.6
4 3.0

l
7.4

33 0.15 0.17 5.8 1.6 6.7

36 0.06 0.07 - » 5.5 1.5
u

7.2 ‘
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TABLE XIX U

DATA FROM CYLINDER 4 PORT A EXPERIMENT 2

. DAY CONCENTRATION _ DO TURBIDITY pH
_ FilteredUnfilteredStart

0.17 0.17 5.3 1.9 7.2

3 0.40 0.40 0.2
4

3.7 7.3

6 . · 0.75 0.75 0.2 6.0 . 7.1

8 0.42 4 1.20 4.3 155.0 7.0

12 0.33 I
p 1.20 3J2 79.0 7.1 ‘

A
15 . 0.27 0.84 4.0 66.0 7.2



77
4

· TABLE XX

_ U _ DATA FROM CYLINDER 4 PORT B EXPERIMENT 2
4 4.

DAY CONCENTRATION DO TURBIDITY 4 pH
Filtered Unfiltered —

Scar: 0.19 0.19 7 5.3 1.9
4

7.2 _

° 3 0.41 7 0.41 ‘ 0.2 3.7
4

7.3

6 0.75 0.75 0.2 5.0 ' 4747.1

8
4

0.42 1.20 4.3 155.0 F '7.0

12 0.33 1.20 3.2 80.0 J 7.1

15 0.21 0.84 °44
A 4.0 67.0 _V 7§2

4
18 0.22 0.60 2.9 39.0

444
7.4

21 0.19
4 0.51 V 1.6 28.0 7.1

24 0.18 0.46 3.1 22.0 7 7-3

‘ 27 0.17 0.39 . 3.4 16.0
7

~ 7.1
4

30 0.13 0.28
4

3.3 11.0 »
47.2

.

33 0.12 0.18
‘4

4.6 6.7 4 6.5 .
4 36 0.04 p 0.11 5.0 4.5 7.2

40
4

0.03 0.06 5.1 2.6 7.1

43 0.03 0.05 3.4 2.1 „ 7.3 .
4

46 0.07 0.07
4

5.3 2.7 — Y 7.3
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TABLE XXI

DATA FROM CYLINDER 4 PORT C EXPERIMENT 2

V
DAY ~ CONCENTRATION DO TURBIDITY pH

Filtered Unfiltered

‘ Vstarc 0.17 0.17 5.3 1.9 7.2

3 0.42 0.42 0.2 3.7 7.3

6
V

0.75 0.75
V 0.2 _ 6.0 7.1

8 0.45 1.20 4.3 155.0 7.0

12 u 0.26 1.20 _ 3.2 79.0 7.1
V

15 0.24 _ 1.20
V4.0

69.0 7.2

18
V

0.22 . 0.60 2.9 40.0 7.4

21 0.17 0.54VV 1.6 30.0
V

7.1

24 0.19 0.48 ‘ 3.1 24.0 7.3
V

27 A 0.17 ‘ -0.39
V

3.4 18.0 7.1

30 0.10
V

0.27 3.3 11.0 7.2

33 0.09 U 0.18 4.6 7.1 6.5

36 0.04 0.11 Ä 5.0 4.5 7.2

40 0.03 A 0.06
V 5.1 V

A 2.7 7.1

- V 43 0.03 0.05 _ 3.4 2.0 7.3

47 0.07 0.08 4 5.3 2.9 7.3
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TABLE XXII
1 ‘

J DATA FROM CYLINDER 5 PORT A EXPERIMENT 2 ·

DAY CONCENTRATION DO TURBIDITY ° pH
Filtered Unfiltered .

Start: 0.09 0.09 4.7 ° 1.0 7.2
1 J '

4 3 0.35 1 0.35 0.31 4 3.0 7.3

6 _ 0.67 0.67 0.3 5.0 7.2
1

8 4Ä" 0.50 1 1.20 . 5.9 130.0 7.2

12
14 1

‘0.58 1.20 „ 3.6 J 22.0 17.3

15
1

° 0.54 1
4 0.63

I
4.5 4 14.0 7.5 1
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n TABLE XXIII

u
DATA FROM CYLINDER 5, PORT- B EXPERIMENT 2 ‘

DAY CONCENTRATION DO TURDIDITY pH
Filtered Unfiltered

Start 0.09
I

0.09 ·4.7 1.0 7.2

3 0.35 A 0.35 0.3 3.0 _7.2

6 0.67 0.67 ;O.3 5.0 7.3

8 0.54 1.20 5.9 130.0 7.2

12 0.67 1.20 3.6 20.0 p 7.2

15 0.57 0.63 4.5 9.0 7.3

18 0.62 0.54 4.7 10.0 7.5

21 0.32 0.39 A
-'

3.3 8.0 7.1

24 0.25 0.36 ‘ 3.1 5.0
”7.4I

_ · 27 ‘ 0.20 0.25 _ 4.1 ‘ 5.0 7.3 '

30 0.10 0.14 5.7 3.0 7.4

33 ' 0.07 0.08 6.5 2.2 6.7

36 0.04 A~0.04 6.0 2.8 7.4
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TABLE XXIV _

4 DATA FROM CYLINDER 5 PORT C EXPERIMENT 2 ‘

DAY CONCENTRATION ‘ DO TDRBIDITY pH
4 Filtered Unfiltered

Start 0.10 0.10 V 4.7 1.0 7.2

3 0.35 0.35 0.3 3.0 7.2

4 6 0.70 ·0.70 · 0.3 6.0 7.3

° 8
4

0.54 1.20
4

5.9 130.0 7.2

. 12 0.63 1.20
4

3.6
4

21.0 7.2

15 0.58 0.63 4.5 20.0 7.5

18 0.49 0.53 4.7 26.0 7.5

21 0.32 0.39 4 ‘ 3.3 7.0 7.1

24 0.25 0.36 h 3.1 5.0 7.4
4

27 0.23 0.27 4.1 4.0 7.3

l 30 0.11 0.16 5.7 3.0 7.4

33 0.09 0.12 6.5 M.2.5 6.7

36 0.04 0.04 4 6.0 „ _ 1.6 7.4
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TABLE XXV _ ‘ ·

DATA FROM CYLINDER 6 PORT A EXPERIMENT 2 ·

·DAY CONCENTRATION DO TURBIDITY pH
Filtered Unfiltered

Start 0.02 0.02 4.8 2.3 · 7.2 ß

3 0.07 0.07 0.3 2.9 7.1

6 0.08 0.08 0.1 4.0
6 7.1

8 0.06 0.25 4.6 200.0 7.0

12
l

0.07 0.13 „ 4.5 125.0 7.3

15 0.04 0.04 5.1 105.0 7.4
1
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U E U
TABLE XXVI

‘

· DATA FROM CYLINDER 6 PORT B EXPERIMENT 2

DAY · CONCENTRATION .DO TURBIDITY pH ~
Filtered Unfiltered _

S1;a1:cU 0.02 0.02 4.8 2.3 7.2

3 0.07 A U0.07 0.3 2.9 7.1

6 0.09 0.09 I 0.1 4.0 7.1

8 0.06 0.25 4.6 200.0 7.0

12 0.05 0.13 4.5 p 125.0 p 7.3
U

15 0.05 0.04 5.1
U

103.0 U 7.4 V
37 0.62 1.00 5.1 72.0 7.2

38
U

0.15 U0.33 . p 5.1 200.0 7.3

41 0.09
U

0.14 5.1 38.0 7.1

U 44 0.08 0.10 .6.4 28.0 7.4 ”

—

48 0.11 0.11 6.7 15.0 7.3 U
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TABLE XXVIT ·

DATA FROM CYLINDER 6 PORT C EXPERIMENT 2
4

DAY _ CONCENTRATTON DO TURBIDITY. pH
Filtered Unfiltered ·

Start - 0.03 0.03
n

4.8 ' 2.3 7.2
4

3 0.09 0.09 0.3 2.9 7.1

p 6
4

0.10 0.10 0.1 4.0 7.1

4
8 0.06 0.25 4.6 200.0

4
7.0

4 12 0.02 . 0.13 4.5 125.0 7.3

« 15
4 0.01 0.04 5.1 105.0 7.4

37 0.62 1.00 5.1 76.0 7.2

38 0.15 0.25 4 5.1 200.0 4 7.3

_ 41 0.10 0.15 5.1 37.0 7.1

·* 44 0.06 0.10
4

6.4 28.0 7.448 0.09 0.11 6.7 17.0 7.3

‘
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TABLE XXVIII
V l .

PARTICLE SIZE ANALYSES

· ‘ SAND SILT CLAY

Occoquan Creek Sediments 30.4% 51.2% 18.4%

Occoquau Creek Sediments _ 26.4% 51.8% 21.7%

Bull Run Sedimeuts 17.5% 59.5% 23.0%

Bull Run Sediments 10.0% 65.1% 24.9%

Bull Run Sediments 24.9% 54.8% 20.4%
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“
TABLE XX1X

’ X

SEDIMENT PHOSPHORUS ANALYSES ·

. TOTAL PHOSPHORUS SALO1D—BOUND PHOSPHORUS
X . V

BR1—1 1.32 mg/8 0.00100 mg/g
BR1—2 1.21 mg/8 0.00100 mg/g

BR1—3
A

1.32 mg/g 0.00100 mg/g «

>'<>k

A

BR2—1 . 1.18 mg/8 0.00100 mg/g
8112-2 1.18 mg/8 0.00210 mg/g

BR2—3 _ 1.05 mg/g ‘ 0.00140 mg/g .v'::'c:'< _ _
OC 1 0.68 mg/8 0.00007 mg/g
OC 2 0.72 mg/8 0.00009 mg/g
0C 3 0.69 mg/g · 0.00010 mg/g

4

‘
* Bull Run Sediments Collected in September 1975.

** Bull Run Sediments Collected in January 1976.
’

*#* Occoquan Creek Sediments Collected in January 1976.
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TABLE xxx‘ 4 l E

V u
PHOSPHORUS REMOVAL RATES

INITIAL REMOVAL RATE LATER REMOVAL RATE4
‘ Cylinder 1 Experiment 1 0.2200 mg/1/d 0.0090 mg/1/d

U

Cylinder 2 Experiment 1 1.1500 mg/1/d 0.0120 mg/1/d
U

Cylinder 3 Experiment 1 0.3200 mg/1/d 0.0100 mg/1/d

Cylinder 2 Experiment 2 0.1400 mg/1/d 0.0200 mg/1/d

Cylinder 3 Experiment 2 · 0.0900 mg/1/d 0.0600 mg/1/d

Cylinder 4 Experiment 2 0.4200 mg/1/d 0.0200 mg/1/d

Cylinder 5 Experiment 2 1.8700 mg/1/d 0.0300 mg/1/d
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2
PHOSPHORUS READSORPTION ON OCCOQUAN SEDIMENTS

_
2

by .

Steven Lee Shugart
I

I 4 (ABSTRACT)
2

.The purpose of this investigation was to determine the extent of

phosphorus readsorption on Occoquan sediments and the amount of sub-

sequent removal because of settling of the particles with time. Occo-

quan sediments were placed in six polyurethane cylinders and sub-
U 2

merged. In two separate experiments, the cylinders were driven an-

aerobic, which allowed phosphorus, previously bound in the sediments,

to release. The sediment—water system was then reaerated and mixed

_ ”with a porous air diffuser. Analyses were conducted before and after

the mixing period.
‘4 4

UI
From the results obtained, the following conclusions were drawn:

2 “ phosphate readsorption occurred upon mixing the system, and as the

A turbidity decreased, the phosphate concentration decreased; phosphate

readsorption occurred in a two—step process; each suspension tended

toward equilibrium after mixing; interstitial waters contributed sig-

nificant amounts of phosphorus upon mixing of the sediment—water ~

systems; Occoquan sediments released variable amounts of phosphorus

even within samples from similar sites; sediments from the Occoquan

Creek arm contained less phosphorus than Bull Run sediments; and

sediments_low in phosphorus concentrations removed greater amounts

of phosphorus in a shorter period of time.


