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Abstract:

Georgetown Lake is a relatively small reservoir located in southwestern Montana. It receives much
recreational use all year round being the most heavily fished lake in the state for its size. The present
study was part of a larger limnological project to evaluate the limnology of the reservoir. This
particular study was undertaken to determine the extent to which the sediments may provide nutrients
to the overlying waters, Suring the ice free period Georgetown Lake did not exhibit chemical
stratification. During the ice cover period at the deep water station oxygen declined until the bottom
waters became anaerobic and the water column became chemically stratified. At this time certain
elements such as ortho-phosphorous, ammonia, iron, silica, bicarbonate, etc. were released into the
bottom waters from the sediments. With the advant of ice-out and the reintroduction of oxygen, the
stratification disappeared and iron and manganese precipitated causing some phosphorus to be
precipitated. As a result of turbulent mixing orthophosphorus and iron appeared to be suspended in the
bottom waters during the summer.

In the sediments iron oxides, aluminum oxides, exchangeable manganese, exchangeable zinc, inorganic
phosphorus, and exchangeable ammonia decreased during the ice cover period but increased at ice out.
Only exchangeable manganese followed this trend at the shallower station. At the deep water station
iron oxides and aluminum oxides appeared to be associated with the same particles. At the shallower
station where macrophytes were present, aluminum oxides and iron oxides were associated with
different particles, probably because of iron accumulation by the plants.

The proportion of the initial volatile solids attributable to organic carbon varied with the season
because of the rate of benthic decomposition. During the ice cover period organic phosphorus regulated
the total phosphorus because of detrital deposition the previous autumn. During the ice free period
inorganic phosphorus determined total phosphorus trends because of macrophytic uptake. There was a
potential for much phosphorus to be released into the water under the right conditions as exchangeable
phosphorus makes up 14 to 25$ of the sediment inorganic phosphorus.

Although organic nitrogen makes up the majority of the total nitrogen, it was less important than
reported in the literature. This was a result of the shallow depth of the lake which makes the bottom
environment more conducive to microbial mineralization. This is supported by the C:N which was
31:1.

Because of the deep-water withdrawl of the dam, much nitrogen and phosphorus was discharged during
anaerobic conditions in the bottom waters. This is indicated by the C:N:P of 469:31:1. This results in
an annual loss of both total nitrogen and total phosphorus from the lacustrine ecosystem.
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ABSTRACT

Georgetown Lake is a relatively small reservoir located in south-
. western Montana, It receives much recreational use all year round '
being the most heavily fished lake in the state for its size, The
present study was part of a larger limnological project to evaluate
the limnology of the reservoir, This particular study was undertaken
to determine the extent to which the sediments may provide nutrients
to the overlying waters,

Suring the ice free period Georgetown Lake did not exhibit chem-
ical stratification. During the ice cover period at the deep water
station oxygen declined until the bottom waters became anaerobic and
the water column became chemically stratified, At this time certain
elements such as ortho-phosphorous, ammonia, iron, silica, bicarbonate,
etc, were released into the bottom waters from the sediments, With
the advant of ice-out and the reintroduction of oxygen, the stratifi-
cation disappeared and iron and manganese precipitated causing some
phosphorus to be precipitated, As a result of turbulent mixing ortho-
phosphorus and iron appeared to be suspended in the bottom waters

during the summer,
' In the sediments iron oxides, alumirmum oxides, exchangeable man-
ganese, exchangeable 2inec, inorganic phosphcrus, and exchangeable
ammonia decreased during the ice cover period but increased at ice
out, Only exchangeable manganese followed this trend at the shallower
station, At the deep water station iron oxides and aluminum oxides
appeared to be associated with the same particles, At the shallower
station where macrophytes were present, aluminum oxides and iron
oxldes were associated with different particles, probably because of
iron accumulation by the plants,

The proportion of the initial volatile solids attributable to
organic carbon varied with the season because of the rate of benthic
decomposition. During the ice cover period organic phosphorus regu—
lated the total phosphorus because of detrital deposition the previous
autumn, During the ice free period inorganic phosphorus determined
total phosphorus trends because of macrophytic uptake, There was a
potential for much phosphorus to be released into the water under the
right conditions as exchangeable phosphorus makes up 14 to 25% of
the sediment inorganic phosphorus,

Although organic nitrogen makes up the majority of the total
nitrogen, it was less important than reported in the literature, . This
was a result of the shallow depth of the lake which makes the bottom
environment more conducive to microbial mineralization, This is sup-
ported by the C:N which was 31:1.

Because of the deep~-water withdrawl of the dam, much nitrogen
and phosphorus was discharged during anaerobic conditions in the
bottom waters, This is indicated by the C:N:P of 469:31:1, This
results in an annual loss of both total nitrogen and total phos-
phorus from the lacustrine ecosystem,



INTRODUCTION

For its size Georgetown Lake is the most heavily fished lake in
Montana, The Montana Fish and Game Department estimates that the
lzke sustains 81,000 fishermen days per year. This is just under
four per cent of the total fishing pressure for the state (George-
town Lake Pre-Study, 1973). In addition the lake is used for boating,
swimming, and water skiing, The drainage basin is ﬁsed for horse-
back riding, camping, snowmobiling, and permaneﬁt and summer resi-
dences, with many of ﬂhe residences being located along the lake shore.
~ The water from the lake is also used for power development, ifriga—
tion, and the reduction works at Anacenda.

Concerned for the status of the lake caused by the increasing
and potential development of the watershed, the county commissioners
and conservation districts from Deer Lpdge and Granite Counties
have undertaken a study to develop an overall land use plah for the
area, One aspect of a general investigation evaluating land use in
the Georgetown Lake drainage basin was a limnological study, It was
initiated in July 1973 to characterize the lake and assess the foles
of the various components of the lacustrine environment, The study
of the lake was divided>into projects to study the water chemistry,
sediment chemistry, phytoplankton, macrophytes, periphyton, and zoo-
plankton, My study was undertaken to investigate the role of the |
sediments in the lake ecosystem. A report has already been published

concerning the water and sediment chemistry as well as the phyto-




plankton ecology (Knight et al., 1976). My thesis includes some of
the water chemistry discussed in the aforementioned report and all

of the sediment chemistry as well as an expanded discussion of the

mitrient sediment chemistry.

The possibility of a winter fish kill has been of concern because
of the low oxygen concentrations during part of the ice cover period.
These low oxygen tensions result from the use of oxygen in respira-
tory processes as well as oxidative decomposition coupled with the
long period of ice cover (generally six months). During the ice
cover period oxidative decomposition is important because of the moder-
ately high production during the previous summer. During reducing
conditions sediments may liberate nutrients into the overlying water
which may be utilized in the succeeding year's primary production.
Therefore the sediment study was undertaken to determine the potential

and actual release of nutrients from the bottom sediments,



DESCRIPTION OF THE STUDY AREA

Georgetown Lake is located in the Clark Fork River drainage'near
the divide between Flint Creek and Warm Springs Creek (Figure 1),

The lake waé formed from the impoundment of Flint Creek by a dam
which is about 27.4 km (17 miles) west of Anaconda, Montana.

In 1885, a small earthen dam was built across Flint Creek at the
present dam‘site by the Montana Water, Electric, and Power Company to
produce power for the Bi-Metallic Mining Company. The area flo§ded
was a large hay meadow which was virtually free of timber., The dam
wés purchased in 1901 by the Anaconda Copper Mining Company who built
a masonry dam to an elevation of 6L42L4.5 feet above mean sea level. In
1919, the dam was raised to its present level of 6429.5 feet above mean
sea level, The Montana Power Company, which had acquired the dam in
1925, strengthened the dam with concrete and built a two-lane highway
across it in 1967 (Beal, 1953 and Georgetown Lake Pre-Study, 1973).

The dém has a crest length of 94.5 m, a top width of 2,2 m, ahd
a maximum base width of 10,0 m, The lake has a storage capacity of
5.9 x 107 o (47,924 acre feet), énd floods an area of 1479.2 ha
(2990 acrea),

At maximum pbol elevation, the lake has a length of 7.1 km
(Lol mi.) and a maximum and mean breadth of 3,6 km (2.3 mi.) and 1.7 km
(1.1 mi.) respectively., Mean depth is 4.9 m (16.0 ft.); however, it
reaches a maximum depth of 10,7 m (35.0 ft.) directly upstream from

the dams Morphometric data for Georgetown Lake is summarized in
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Figure 1, A map of the state of Montana showing the location of Georgetown Lake,




Table 1.

The reservoir has a drainage area of 13,728 ha (33,920 acrea),
which is mostly upland terrain, The two major streams that enter the
lake, North Fork Fiint Creek and Stuart Mill Creek, make up 36% and
31% of the total drainage area, respectively. The remaining area pre-
sumably discharges groundwater into the lake, In addition to these
sources, backflow water also may enter from Silver Lake via Hardtla
Creek, Georgetown Lake anmually receives aboﬁt 18 inches of precip-
itation in the form of rain and snow. Snowfall averages about 130
inches anmually,

A general geological description of the study area can be foundv
in A1t and Eyndman (1972). The principal soil type in the drainage
area is gravelly loam,

Five permanent sampling station were éstabiished within the
lake (Figure 2), Station I was located near the dam, This station
was located in the deepest part of the lake (8 m) and was in the
limnetic zone. Stations II, III, and IV were all located in the
littoral zone, the depth being sbout 6 m. Station IV differed from
'Stations IT and III because it was more protected from wind, Station
V was also located in the littoral zone but its depth was only 3 m,
This station also differed from thé other stations because Stuart
Mill Creek discharges into this bay and it receives the greatest

wind disturbance.



Table 1. Morphometric data for Georgetown Lake at maximum pool
elevation (1959.7 m).

Maximum Depth | , 10.7 m (35;0 ft)

Mean Depth* ' | 4,9 m (16.0 ft)

Maximom Length 7.1 kn (4.6 mi)

Maximum Breadth | ‘3;6 km (2.3 mi)

Mean Breadth* , ‘ 1.7 km (1.1 m})

Surface Area 7 - 1479.2 ha (2990 acres)
Volume 5.9 x 10’ n> (47,924 acre-ft)
Length of Shoreline 30.4 km (18.9 mi)

* Definition of these parameters in Reid (1961).
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METHODS

Water Chemistry

Water samples were generally collected biweekly during the period
5 June 1974 through 24 September 1974 at all the stétions whenever
possible. During the periods 12 September 1973 — 25 April 197k and
25 November 1974 - 13 January 1975, Station I was sampled on a
monthly basis. During the period of 21 Jamuary i97h -~ 25 April 1974
Stations IV énd V were sampled monthly whenever poséible.

Water samples, with the exception of those for dissoiied oxygen,
were collected with a‘3-lit¢r pol&vinyl chloride Van Dorn typé watér
bottle, Samples for analysis of dissolved oxygen were collected
with a Labline Inc, BOD-sewage sampler, Water samples at Station I
were collected at 2-meter intervals from the surface to the bottom, At
all other stations, sampies were éollected ét 3-meter intervals from
the surface to the bottom. All sample bottles were rinsed with dis-
tilled-deionized water and sample water prior to the sample collec-
tions.

immediately upon collection of a water sample a 300 ml BOD boftle
was filled and fixed for Winkler dissolved oxygen determinations as
described in Standard Methods (APHA, 1971). A 500 ml water sample
was filtered through a Gelman type A glasé fiber filter and the fil-
trate put in a 500 ml glass stoppered Pyrex bottle, A 250 ml glass

stoppered Pyrex bottle was filled with unfiltered water for further
analysis,




9

The cohductivity was measured in the laboratory using unfiltered'

water, It is measured at a frequency of 1 KHz with a Yellow‘Springs
Instrument Co. AC conductivity bride (Model 31) eqnippéd with an
Industrial Instruments Co. dipping cell (Model CEI~-S2), Specific

conductance was computed and reported as umhos e cm"1

at 25°C,

Total phosphorus and soluble inorganic phosphorus were deter—
mined using the Single Reagent Method described by the Environmental
Prdtection Ageﬁcy (1971), Combined phosphorus was then computédbas
the difference between total and soluble inorganic phosphorus. Total
phosphorus includes particulate, dissolved organic, and dissolved
inorganic phosphorus. Combined phosphorus includes particulate and
dissolved organic phosphorus. |

Nitrate was determined by the method of Mullin and Riley,'as
described by Barnes (1959). Nitrite was determined using Hach
Chemical Company's NitriVer(R) resgent. The method of Strickland
and Parson (1972) which includes amino acids was uséd for the ammonia
determination énd for the detefminationbof total Kjeldahl nitrbgen.
Combined nitrogen was then computed as the difference between fbtal |
Kjeldshl end the sum of the ammonia and mitrite nitrogen. " Jotal
Kjeldahl nitrogen does not include nitrate but does include"particu~
late, dissolved organic, ammonia and nitrite niiroéen. Combined
nitrogen includes particuléte and dissolved organic niﬁrbgen.

Total soluble iron was determined by the FerroZine method using




10
FerroZine(R) provided by the Hach Chemical Company., Silica was
determined using the molybdosilicate method (APHA, 1971). Total
organic carbon was determined from unfiltered water using a Beckman

Laboratory Carbonaceous Analyzer,

Sediment Chemistry

Sediment samples were collected from 12 September 1973 to
7 Jamiary 1975, generally at the same time and place as thé water
samples, OSingle grab samples were collected with an Ekman dredge.
The sampler generally collected a sample to a depth of 8-10 cm.
However at Stations II, III, IV, and V during periods of large
macrophytic growth sampling was more difficult, At these times the
.dredge only penetrated the bottom sediment a few centimeters, there-
fore, 3~4 grab samples per station were composited into one sample,

Sampling error may be much greater when collecting sediments
than when gathering water samples because water is generally more
homogeneous horizontally than sediments, Since it was not possible
to mark the stations with permanent markers, the sampies were ﬁot
always collected iq'the same exact place, Analyses were sometimes
not comparable as a result of the great variability of the bottom
sediments. Station I was generally sampled in the same area as it
was located near a dock, although the station was moved approximately
50 meters on 5 June 1974, However, at the other stations the

sampling area was much larger, thereby inéreasing the sampling errors.
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After sediment samples were collected, they were dried in an
oven at 60°-70°C and ground with a porcelain mortar and pestle to
pass through a 100 mesh sieve,

Total, inorganic and organic phosphorus were determined by the
sequential acid and alkall extractions of the sediment and ahalysis‘
of total and inorganic phosphorus in the combined extracts (Mehta
et aley 1954)e Total phosphorus in the extract was converted to
inorganic P with persulfate digestion (EPA, 1971). It was stated in
Standard Methods (APHA, 1971) that perchloric acid digesﬁion gives
total P values slightly higher or equal to the values from persulfate
digestion. However, for safety reasons persulfate digestion was
useds The inorganic P solubilized was analyzed by the Single Reagent
Method (EPA, 1971). The difference between the total P and inorganic
P in the combined extracts was reported as total organic phosphorus,

The phosphorus extracted by this'procedure as total P may not
include all the phosphorus in the sample, The portion not extracted
may be attributable to inorganic P that is tightly occluded within
certain minerals, However, Wildung and Schmidt (1973) found that
although the more rigorous Na2003 fusion method gave slightly higher
total P results than the Mehta, et al. (1954) method, but there was
no statistical difference between the two methods,

Total inorganic phosphorus was fractionated using the methqd
of Chang and Jackson as modified by Frink (1969a). The inorganic
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P in the neutralized NHACI' NaOH, and HCl ext:acts was determinedbA
using the Single Reagent Method (EPA, 1971), The NH,F and CDB ex-
tracted inorganic P was determined using the stannous chloride method
as described by Frink (1969a).

Williams, et ale, (1971a) reported that this fractionation scheme
gives erroneously high phosphorus results in the NaOH fraction in
calcareous sediments but not in noncalcareous sediments, From analysis
of a few varied samples the sediments of Georgetown Lake proved to be
noncalcareous, the CaCO3 content being less than 10 per cent,

It should be pointed out that this entire phosphorus mineral
fractionation scheme is based upon known solubilities of model com—
"pounds and that dissolution of discrete mineral forms by each extrac-
tant is probably not possible in the complex bottom sediment system,
In fact, only apatite and possibly vivianite have been substantiated
as discrete phosphorus compounds in sediments, With this in mind,
it is still useful to know the relative chemical solubilities of
these various mineral components,

The difference between the total inorganic phosphorus and the sum
of the inorganic P fractions was reported as residual inorganic P,
This fraction most 1likely included the inorganic P which was tightly
occluded within certain minerals,

Total nitrogen was extracted using the Kjeldahl method and deter-

mined using steam distillation (Bremner, 1960), Exchangeable



13

ammonium=-N and nitrate-N were exﬁracted with 2N KC1 and determined by
the method of Bremner and Keeney (1965)s Total Kjeldahl nitrogen does
not include the oxidized nitrogen forms. Sincé from a few varied
’samplesvit was found that no nitrite~N was present, the nitrate-N
was added to the total Kjeldahl N to give the total N concentration
in the sediments, |

Organic N was determined by thé acid hydrolyzation method of
Bremner (1965) in conjunction with steam distillation., The acid

hydrolyzation method fractionates organic N into hexosamine and amino

acid fractions, The amino acids described by this method only include

amino acids with an o<~amino group. The fraction of organic nitrogen
not identified was reported as unidentified hydrolyzable nitrogen,
The difference between the total N and organic N was reported
as total inorganic N, Inorganic N is present primarily as ammonium.
The ammonium extracted by acid hydrolyzation (Bremner, 1965) is re-
ported as hydrolyzable ammonium, The difference between hydrolyzable
ammonium-N and exchangeable ammonium-N is reported as nonexchangeable
ammonium=N, This includes nonoccluded ammonium-N, The difference
between total Kjeldahl N and hydrolyzable ammonium-N is reported as
nonhydrolyzable N, This fraction is not well understood but is be-
lieved to be part of the soil humin-N (Bremner, 1967). |
Organic carbon was determined using the Walkley-Black method
as modified by heating the sample to 150°C (Allison,‘l965) which



14
actually estimates the chemical oxygen demand, Organic carbon was
determined by multiplying by a correction factor of 1l.12 as recommended
" for soils of western United States (Allison, 1965),

The initial volatile solids (IVS) were determined by weight
loss after ignition at 600°C for one hour. Prior to combustion the
samples were dried at 110°C, Initiel volatile solids includes most
organic matter as well as organic carbon,

Iron oxides were extracted using the sodium dithionite method
of McKittrick and Hope (1963). Exchangeablé iron was extracted with
neutral 1 N ammonia acetate (Chapman, 1965). The iron extracted by
these procedures.was determined using the orthophenanthroline method
of Olson (1965).

Aluminum oxides were extracted using the sodium dithionite
method (McKittrick and Hope, 1963)s Exchangeable aluminum was ‘ex-
tracted with 1 N KC1 as described by Syers, et al., (1971). The alu=
minum extracted by these methods was determined using the methyl-
thymol blue method (4rshad, et ale, 1972),

Exchangeable calcium, magnesium, manganese, ard zinc were ex=
tracted with newtral 1 N émmonium acetate (Chapman, 1965), Concen-
trations of these cations were determined using atomic absorption
spectroscopy as described by APHA (1971).

The hydrogen ion activity was determined with a Beckman Expanded

Scale pH meter (Model 76) on the samples which had been frozen and then
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thawed,
A1l colorimetric determinations for both the water and sediment
chemistry were made with either a Klett-—Summerson colofimeter or a

Bausch and Lomb "Spectronic 20",



RESULTS AND DISCUSSION

The sediments of a lake can be influential in determining the
concentrations of certain chemicals in the lake waters, Many workers,
including Rittenberg, et al. (1955), Keeney (1973), Syers, et al.
(1973), and Sanville, et ale (1974) have shown that sediments and
interstitial water usually contain higher chemical concentrations
than the overlying water and may partially regulate the chemical
content of the lake waters by sediment-water interchange of eléments.
These higher concentrations may cause sediments to act as a buffer
system in the lacustrine ecosystem,

The mud-water interface separates two very differentAdomainsjof
exchanges In all but the upper few centimeters of sediment, diffu-
sion is controlled by motions on a molecular scale with correspbnd-
ingly low diffusion rates. In the water, exchange is regulated by
much higher and extremely variable turbulent diffusion rates (Morti-
mer, 1971).

Sediments can be divided into two layers, The bottom zone is the
historical layer., This zone represents the older sediment deposited
years earlier, It generally includes the area deeper than 20 cm below
the mud surface where essentially no mixing takes place, therefore
virtually no exchange occurs, Some molecular diffusion may occur but
its contribution to sediment-water exchange is probably negligible,
The top zone is the active deposition layer, This zone is in contact
with the overlying water and contains the most recent sediment, This
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layer experiences considerable mixing from physical, chemical, and
biological sources, It is with this layer ﬁhat sediment-water éle—
mental interchange occurs,

The most important regulatory feature in the exchange processes
is the mud-water interface and itsboxygen content, The oxygen content
is governed by three factors., The first is the biological oxygen
demand arising primarily from the metabolism of bacteria, fungi,
planktonic invertebrates that migrate to the interface, and sessile
benthic invertebrates, The second is a chemical oxygen demand arising

2+ and Mh?t‘that accumulate in the

from such inorganic elements as Fe
sediment from decomposing biological structures, accumulate in reduced
form. Reduced iron and manganese also migrate upwards from deeper
reduced sediment, The third is the diffusion of oxygen into the inter-
face either passively or actively (Mortimer, 1971); Howeller and
Boulder (1971) estimated that in undisturbed sediments, 50% of the
oxygen consumption at the interface was a result of metabolic respir-
ation and the rest was caused by chemical réduction. Most of the
chemical reduction was attributed to immobile reduced compounds: only -
3-16% being attributed to mobile reduced compounds,

During periods of high oxygen concentration at the interface, an
~oxidized microzone is maintained, Mortimer (2941, 1942) has shown
that this is very important in controlling the exchange rates between

the sediment and overlying water, This microzone is not completely
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understood but is thought to consist principally of iron and man-
ganese, possibly as precipitated hydroxides, There is some evidence
thaﬁ an organic constituent, possibly humic in nature, may be impor-
tant in this complex, This was indicated by Mortimer (1941) who ob-
served a rise in color and substances reducing permanganate after
the mud surface became reduced, Iron and manganese in their oxidized
form are very insoluble and readily adsorb certain elements, especially
phosphorus. | v

Mortimer (1942) suggested that the oxidized microzone was a result
of the slow diffusion of molecular oxygen into the surface sediments
with the resultant oxidation of iron to Fe (OH)B' Gorham (1958)
reported that the oxidized microzone is a result of turbulent mixing
of the surface sedimerts into the overlying water, oxidation of iron,
and a precipitation of the Fe (OH)3 onto the surface of the mud, The
depth of oxidized microzone is dependent upon the degree of sediment
mixing into the overlying water, but generally varies from 5-15 mm,

As the oxygen content of the mud surface decreases to near zero,
concurrently with the immediate'overlying waters, the oxidized micro~-
zone is destroyed, As a résult of the disappearance of‘oxygen, the
bottom environment changes from an oxidized to a reduced one, The
ferric hydroxide or ferric hydroxide complexes then undergo reduction
and the reduced iron and manganese become water soluble.' The reduction

destroys the adsorptive capacity of the oxidized microzone and allows
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certain compounds to be liberated into the overlying waters, The
majority of the liberated elements come directly from the interstitial
water and not the soil particles,

The exchange rates of chemical constituents across the sediment—
water interface are influenced by many factors, Some of these are the
biological activity in the sediment, the turbulence within and over the
distribution of chemical constituents in the sediment, various physio-
chemical parameters such as pH, redox potential, viscosity of the
interstitial water, and the minerél composition of the sediment,



Water Chemistry

Figure 3b shows the oxygen isopleths at Station I in Georgetown
Lake. During the summer the oxygen concentrations in the bottom
waters were always great enough to maintain the oxidized microzone,
never being less than 3,5 mg.lfl. Although organic production was
relatively high, the lake was shallow enough to allow gereral mixing
of the entire water cblumn. This was evidenced by the lack of thermal
stratification (Knight, et ale, 1976). However, duriné ice cover the
oxygen concentration decreased and by 18 February 1974 oxygen was unde-
tectable in the bottom waters, This was probably a result of sediment
oxidative decomposition of detritus from the previous summer and fall
and planktonic respiration in the water as well as some benthic
respiration. Both of these processes were active during the summer
but during the ice cover period general mixing of the water was
greatly reduced, resulting in the depletion of the oxygen in the
bottom waters, |

Figure 3a illustrates the conductivity isopleths at Station I,
During the summer the water is generally homogeneous with respect to
conductivity, but conductivity was slightly higher in the bottom
waters, ‘This could be evidence of the surface sediment being sus—
pended in the bottom waters by turbulent mixing, At the beginning of
ice cover, this trend ceased, substaﬁtiating the contention that in-
creased conductivity during the summer was due to suspended sediment.

During ice cover the amount of mixing would be greatly decreased,
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At Station I the lake began to stratify at the end of January
and stratification becomes more pronounced through the remaining ice
cover period, This period of stratification correlates well with the
disappearance of oxygen in the bottom waters (Figure 3b),

Although the redox potential was not measured, Mortimer (1942)
has shown that low oxygen levels are indicative of low redox poten-
tials, He found that at an oxygen concentration of 0.5 mgolfl the
redox potential (E%) was 0.2} volts, which is approximately the poten-
tial at which iron is reduced,

The increased conductivity in the bottom waters during late
winter appears to be a result of the breakdown of the oxidized miéro—
zone, When the microzone is destroyed certain chemical constituents
are liberated thus increasing the conductivity in the overlying water, .
Released elements include Fe, Mn, Si, POh, NHB' HCO,, among others,
Mortimer (1941) observed that most of the increased conductivity was a
result of an increase in the total alkalinity. This would include
iron and ammonia combined with bicarbonate, as well as other bases,
The increase in bicarbonate in the bottom waters during chemical
stratification was illustrated by Knight, et al, (1976).

At the end of May, the stratification ceased as the ice cover
disappeared and oxygen reentered the entire water column, The iron,
and to some degree manganese, were oxidized to Fe (OH); and M'nO2

which then precipitated, removing with them adsorbed elements such
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as phosphorus from the overlying waters, This formed the oxidized
microzone which then removed other ions from the water thus reducihg
its conductivity. Some elements such as manganese do not precipi-
tate immediately, Mortimer (1942) and Gorham and Swaine (1965)
observed that manganese remains in the water for a period of time
after oxygen has been reintroduced. This may partially explain why
on 5 June 1974 the conductivity was higher in the bottom waters. This
may also be a result of suspended sediment caused by turbulent mixing
during overturn. Unfortunately the concentration of manganese was
not determined in the water,

As shown in Figure La, total soluble iron at Station I followed
the same seasonal trend as conductivity, During the summer iron con-
centrations were relatively low, generally ranging from 10-20 ug-ﬁ-1.>
Since the oxygen content was always above 3,5 mgolrl the iron would
have existed in its oxidized form. Stumm and Morgan (1970) illus—
trated that total soluble ferric iron exists as Fe (OH); and at normal
pH ranges should not exceed concentrations of 1 ug Fe per liter,
However, it is well established that oxidized iron readily complexes
with organic bases, At normal pH ranges, this colloidal iron is
much more soluble,

The filters used to filter the sample water allowed colloids
to pass through, therefore most of the 6bserved iron was probably

in colloidal form, The increase in iron to L4 ngolfl in the bottom
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waters durlng July may have been assocliated with sediment suspended
by turbulent mixing., This sediment would have contained more organic
matter, some of which could be complexed with iron, Suspended sedi-
ments were also indicated by the aforementioned conductivity rise
in the bottom waters during the summer,

During the latter pert of ice cover in Jamuary, the iron in
the bottom watérs began to rise rapidly.. As with conductivity this
was caused by the breakdown of the oxidized microzone. Previous to
this time the iron in the surface sediment had been present as insol-
uble ferric hydroxide, When the bottom waters were reduced suffi-
ciently, the ferric iron was reduced to ferrous iron, Iron initially
rose rapidly and on 21 Jamary 1974 its concentration was 135 ng.lfl.
This initial rise was primarily due to the reduction of iron in the
surface sediments, especilally the oxidized microzone. Iron in the
bottom waters continued to increase until it reached a high of 740
pg'lrl on the last sampling date during the ice cover period, which
was 25 April 1974, The source of this iron after the initial rise
was probably iron which diffused from the deeper sediments, Howeller
and Boulder (1971), in undisturbed cores, observed that iron moved in
the interstitial water at a rate of 0429 = 0,73 x 10-6 mg.cnflosec'l.
The liberation of this mobile iron is very dependent upon the concen-
tration gradient between the surface sediments and the water, The

continued rapid increase of iron in the bottom waters through Febru-
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ary, March, and April would indicate that the concentration gradiert
is large,

Following the destruction of the iée cover, the waters were com-
pletely oxygenated (Figure 3b)e This caused the oxidation of ferrous
iron to ferric iron. The iron then rapidly disappeared from the water
as it precipitaied to form the oxidizéd microzone,

Figure Lb also illustrates the siliéa isopleths, During the
summer, silica concentrations ranged from 2,7 mg-Lfl to 5.7 mg-LTl.
The water was generally homogeneous with respect to silica, However
during the period of chemical stratification silica increased in the
bottom waters while remaining nearly constant in the upper waters,

Silica concentrations reached a high of 13,1 mg-I."'1

on the last
sampling trip during ice cover, This probably was due to the liber-
ation of silica from the sediments during reducing conditions,

The release of silica during reducing conditions has not been
as well documented as iron or phosphate, Mortimer (1942) observed
a liberation of silica from the sediments during stratification,
However, Kamp-~Nielsen (1974) did not observe an influence of redox
conditions upon silica.exchange rates and did not attempt to explain
why his results differed from those of Mortimer,

Although the release of silica from sediments is not well under-
stood, some discussion in the literature can be found, Mattson (1935)

suggested that in peaty podsols the adsorptive complex at the mud-
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water interface is a ferri-silico-humate, Stumm and Morgan (1970)
state that silica may be adsorbed on iron oxides, Since it has been
well established that iron oxides make up part of the oxidized micro-
zone in lake sediments, adéorbed silica may also be present, Silica
in the bottom waters of Gebrgetown Lake did appear to increase
slightly when the oxidized microzone was destroyed, This could be
silica that was adsorbed on the iron oxides of the oxidized micro-
zone, Silica did not appear to increase initially as fast as iron,
phosphate, or ammonia (Figures La, 5a, and 5b); however, its rate of
release seemed to increase later, This later increase was also ob-
served by Mortimer (1942). Wetzel (1975) states that dissolved

silica in th; interstitial water is in equilibrium with chemically
bound or adsorbed silica. Since silica concentrations in the bottom
waters only increased slightly with the destruction of the oxidized
microzone, adsorbed silica did not seem to be present in large

amounts in the surface sediments., Since the amount of adsorbed silica
is not large, the interstitial silica in the surface sediments may

not be present in concentrations significantly greater than those in
the overlying waters, In fact, Harriss (1967) observed that inter-
stitial silica concentrations increased with the depth of the sediment
in some lskes and rivers, He found that the interstitial silica
corcentrations in the surface sediments were similar to those found

in the overlying waters, If this were true in Georgetown Lake, there
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would not be a concentration gradient between the interstitial silica
of the surface sediments and the overlying water; therefore, silica
would not diffuse into the overlying water, When the oxidized micro-
zone is destroyed, the silica system's equilibrium is consequently
destroyed, This would cause the higher concentrated silica in the
deeper sedimeﬁts to diffuse towards the surface sediments and even-
tually into the overlying waters, The net result of this.would be a
delay in the appearance of silica in the overiying waters,

The exchange of phosphate in the sediments with the overlying
waters has been intensively studied in the last ten years, It is
still not known whether the sediments of a lake act as a sink in
which the majority of the sediment phosphorus present is refractory,
i. e.y not available for exchange, or whether the sediments act as a
buffer in thch phosphate concentrations in the overlying water are
controlled by sediment-water exchange'reactions. i, eﬁ al, (1972)
otserved that inorganic phosphorus in lake sediments had a hiéh degree
of exchangeability which rénged from 19-&3% of the sediment inorganic -
phosphorus.

Figure 5a depicts the phosphorus isopleths at Station I. They
exhibif the same seasonal trend as conductivity, iron, and silica,
During the early part of the summer phosphorus was very low 3 ngoIfl)
and urdetectable at times but increased dﬁring August and September,

During the later part of the ice cover period, phosphorus increased
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greatly in the bottom waters while anaerobic conditions existed,

During the ice free period, phosphorus was much lower than during
. the late winter because of the existence of the oxidized microzone,
The ability of the sediments to reﬁain phosphorus beneath the oxidized
microzone is related to several interacting factors, Much of the
organic phosphorus which reaches the sediments is decomposed and hy-
drolyzed, Most of the sediment phosphorus then is inorganic, such
as apatite and as phosphorus adspibed onto clays, humus, and ferric
hydroxides., Additionally, phosphorus can coprecipitate with iron,
manganese, and carbonates (Harter, 1968), The oxidized microzone
forms an efficient trap for iron and manganese as well as phosphorus
which is adsorbed on and complexed with ferric oxides and hydroxides,

The initial increase of phosphate in August and Séptember could
be due to the recycling within the water column of combined phosphorus
from planktonic production. Since the allochthonous loading of phos~
phorus is low during the summer (Knight, et al., 1976) it seems that =
the phosphorus must have earlier come from the lake sediments, It is
well documented that some phosphorus may be released during aerotic
conditions, Gahler and Sanville (1971) observed, in the extremely
shallow Upper Klamath and Agency Lakes, that exchange of nutrients
during aerobic conditions maintained eutrophic conditions, |

From Decemter to February total phosphorus in the water increases
although combined phosphorus tends to decrease (Figure 6), lee (1970)
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stated that the hydrodynamics of the water and sediment is often the
rate-controlling step in exchange reactions, Althoﬁgh diffusion may
be important in the sediments, the oxidized microzone greatly reduces
diffusion into the overlying waters, The most important méthod of
releasing phosphorus into the water when an oxidized micrbzone is
present 1s the suspension of sediments in bottom waters by turbulent
mixing, Williams and Mayer (1972) observed that the bottom sediments,
at a depth of 11 meters, in Lake Erie were disturbed by wind action,
Surface sediments in Georgetown Lake were suspended during the summer
as evidenced by increases in both conductivity and iron in the tottom
waters, Phosphate did not show an increase in the bottom waters |
during the summer but this may have been a result of the rapid assim-
ilation by the phytoplankton, Hayes (1953), Pomroy, et al. (1965),
and Kamp-Nielsen (1974) found that, during aerobic conditioné,
phosphorus exchange was not importaﬁt in undisturbed.sediments but
that, in disturbed sediments, rapid exchange occurred, Golterman,
et ale (1969) demonstrated that algae, suspended in the water with
various'particulate inorganic compounds of extremely low solubility
(es go phosphorus sorbed on suspended ferric hydroxides), were capable
of extracting sufficient phosphorus for active growth, Therefore,
it seems that during the summer surface sediment is being suspended,
principally by wind-caused turbulance. Phosphorus is then immediately
assimilated by the phytoplankton froﬁ the suspended prerticles, As
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the phytoplankton standing crop decreases in late summer, the organic
phosphorus is being mineralized to inorganic phosphorus and phosphate
accumulates in the water column (Figure 6),

As shown in Figure 5a, phosphate in the water column decreased
in the early part of the ice cover period. Since total phosphorus
was also decreasing at this time, this phenomenon may have been caused
by adsorption of phosphate by the sediments. It has been mentioned
earlier that the oxidized microzone is capable of chemically ex~
tracting phosphate from water by adsorption reactions, It has also
been shown that during aerobic conditions bacteria at the sediment -
interface can increase the microbial transport of phosphorus to the
sediments significantly (Hayes, 1953, and Hayes and Phillips, 1958).
This was probably happening during the entire summer but the suspen-
sion of sediment by turbulent mixing helped offset phosphate movement
to the sediments, With the onset of ice cover, the turbulent mixing
was greatly reduced, thereby causing a net movement of phosphate into
the sediments, |

Phosphate concentrations increased greatly during the latter part
of the ice cover period in the bottom waters (Figure.Sa). As with
other ions, phosphate is liberated during reducing conditions when
the oxidized microzone is destroyed. Stumm and Morgan (1970) state
that phosphorus is readily adsorbed by ferric hydroxides. Although
some of the liberated phosphorus is a result of the reduction of
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iron in the surface sediments, most of it comes from deeper sediments,
This is dissolved phosphorus in the interstitial water. Inorganic
phosphorus associated with sediment particles regulates the inorganic
phosphorus status of the associated interstitial water through inter-
related adsorption-desorption and exchange processes, Inorganic phos-
phorus in the interstitial water in turn influences the dissolved
inorganic phosphorus levels in the overlying waters, The magnitude
and direction of the exchange is dependent upon the relétive concen=
trations of dissolved inorganic phosphorus in the interstitial and
overlying water, Inorganic phosphorus concentrations in the inter-
stitial water generally exceed levels found in the overlying watef
(Syers, et ale, 1973).

Lee (1970) stated that the interchange between interstitial and
lake water was mainly regulated by mixing in both the sediments and
overlying water, This may be true during ice free periods but not
during ice cover periodse During the winter, sediment mixing caused
by turbulent mixing of the overlying water would be very much reduced
because of the absence of wind-caused turbulence, Also, biological
action would be reduced because of the low temperatures and lack of
oxygen., This contention is supported by laborétory studies showing
the absence of bacterial mediation of exchange rates under anaerobic
conditions (Hayes, 1963; Pomroy, et ale, 1965; and Kamp-Nielsen,
1974). Exchange rates are not largely determined by mixing; however,
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it may play a minor role in thelr regulation, Likens and Hasler
(1962) using radioactive sodium observed that at the sediment inter-

face there was significant current of several cmosec_'l

during an
ice cover period,

Probably the most important mechanism in regulating exchange is
diffusion, Gorham (1961) suggested that the driving force in diffu~
sion may be ion exchange, He theorized that adsorbed ions may be
replaced by hydrogen ions generated in the mud through the oxidation
of carbon and sulfur compounds, Howeller and Boulder (1971) formu=—
lated a specific theory for phosphate diffusion. They thought that
the reduced portion of the sediment may have a higher pH than the
surface sediments, This would make phosphorus adsorbed on aluminum
and iron unstable; thus, it would be released into the interstitial
water, This would greatly increase the dissolved interstitial phos—
phate in the reduced sediments, Phosphorus is also increased in the
interstitial water by the mineralization of organic phosphorus in the
sedimentse The net effect of these reactions would be to establish
a concentration gradient between the sediments and the lake water,
Hynes and Grieb (1970) observed that in undisturbed sediments phos—
phorus moved towards the surface sediments at a rate of 10 cm in
2~3 months,

As can be seen in Figure 5a, the phosphate concentration'

(2 ngLfl)_was low in the bottom waters just prior to the destruction
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of the oxidized microzone. When the oxidized microzone was destroyed,
phosphate readily moved into the overlying water, The concentration
gradient was partially maintained by the cunrents caused by the deep-
water withdrawl of the dam as reflected in the high concentrations
of phosphate, iron, and ammonia in the outflowing water (Knight,
et aley 1976)e The contimnued rapid increase of phosphate in the
bottom waters through February, March, and April indicated that the
concentration gradient was indeed maintained,

The phosphate concentrations decreased rapidly when oxygen was
reintrnduced into the bottom waters (Figure 5a) causing iron and
manganese to be oxidized, Some of the dissolved phosphate then co-
precipitated with the iron and manganese, Apparently, a portion of
the liberated phosphorus remained in the water column since the total
phosphorus concentration did not return to levels experienced in
December (Figure 6), Knight, et al. (1976) observed an increase
in phytoplankton standing crop at about this same time, Apparently
a portion of the liberated phosphate, nhich was not coprecipitated’
with the iron and manganese, was incorporated into planktonic bio-
mass,

Whether the bottom sediments act largely as a sink or a reser-
voir for nitrogen is determined by the relative importance of four
processes, Denitrification and mineralization remove nitorgén from

the lacustrine system whereas nitrogen fixation and nitrogen release
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from the sediments add nitrogen to the waters., Keeney (1973) noted
thét the concentration of nitrogen species in water is the net
result of the rates of N immobilization, mineralization, nitrifica=-
tion, and denitrification. |

Figure 5b depicts the ammonia isopleths at Station I, They ex-
hibit the same general seasonal trend as phosphorus. During the ice
cover period, ammonia was high while reducing conditions existed
in the bottom waters, The high ammonia concentrations couid not be
accounted for by nitrate reduction. Part of the increase may result
from the decomposition of plankton and deamination of organic nitrogen
compounds, but most probably originates from the sediment., With the
reoxygenation of the water column in May, the ammonia concentrations
decreased to zero., Ammonia increased somewhat during the summer,

As with the other parameters discussed ammonia appeared to be
released from the sediments during the ice cover period., When the
oxidized microzone was destroyed, there was a rapid rise of ammonia
in the bottom waters (Figuré 5b)s Since ammonium salts are freely
soluble it seems that while the oxidized microzone existed, it ad-
sorbed the ammonia that would have otherwise diffused into the over-
lying water. When the oxidized microzone is destroyed, the ammonia
vhich it had held is liberated, and n&lfurther barrier to the free
passage of dissolved ammonia produced in the mud is present,

Ammonla was liberated but at about the same time as iron. It
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appears that ammonium ion is adsorbed on the surface sediments by
the same complex as iron. This complex may be a colloid, which is
known to adsorb cations such as ammonia and iron, Although the initial
ammonia comes from the ferric complex, the majority 6f the ammonia
liberated during reducing conditions comes from ammonia dissolved
in the interstitial.water. This dissolved ammonia is in equilibrium
with exchangeable sediment amhonia. Since ammonia dissolved in the
interstitial water is usually much higher than ammonia in the over-
lying water (Keeney, et al., 1970) the interstitial ammonia diffuses
into the overlying waters., Ammonia concentrations continued to in-
crease in the bottom waters following the destruction of the oxidized
microzone until the ice melted,

With reintroduction of oxygen into the bottom waters at the end
of May the ammonia concentrations decreased drastically to a low of
1 ug-Lrl on 5 June, Mortimer (1941) also observed this in his studies
but he was not able to explain this occurrence satisfactorily. Part
of the decrease was probably a result of assimilation by phytoplankton
as their standing crop increased from 25 April to 5 June (Knight,
et al.y 1976). Nitrate did not increase yet organic nitrogen only
increased siightly. Apparently, part of the ammonia was adsorbed by
the oxidized microzone,

Ammonia concentrations were low throughout the summer as a result

of assimilation, although they did increase slightly from June to
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September, This increase in late summer and early fall was probably
attributable to a similar recycling as was observed with phosphate,
Since the phytoplankton did not increase in November the ammonia de-
crease was probably caused by sediment adsorﬁtion coupled with a re-

dﬁction of turbulent mixing with the onset of ice cover,



Sediment Chemistry

The sediments of Goergetown Lake are neutral to slightly acidic
and noncalcareous. These sediments could be classified as gyttja,“
appearing soft and hydrous ﬁith a dark color in the fresh state, In
the dry state they are lighter in color. The sediments are largely
autochthonous, originating primarily as macrophytic or planktonic
detritus. The organic carbon content is relatively high (16%) be-
cause the flooded area was originally a hay meadow and the lake pre-
sently supports considerable plant growth, both macrophytic and algal,

The sediments are very heterogeneous throughout the lake, This
is mainly a result of the differential amounts of macrophytic growth
in various parts of the lake, Additionally, prior to flooding, the
area did not consist of a uniform substrate. This heterogeneity made
representative sampling difficult and sometimes gave large sampling
errors,

A weighted mean was calculated for each parameter to obtain a
reasonable picture of the sediment characterisﬁics for the whole lake,
The areas represented by the five sampling sites were estimated in
terms of their percentage of the total lake area, The means are
sometimes biased because on some sampling trips, particularly during

ice cover, only Station I was sampled and aﬁ other times only Stations
I, IV, and V were sampled,

Cations

Table 2 gives the ranges and means of the cations in the sediments



RANGES AND MEANS OF SOME CHEMICAL AND PHYSICAL PARAMETERS OF THE SEDIMENTS OF

TABLE 2,
GEORGETOWN LAKE.
Weighted Mean

Parameters Station X Station II1 Station IIX Station IV Station V of Lake ‘
Pe203 8.500 ~ 22.800 4.125 - 9,250 3.200 - 6.375 1.625 - 4.250 0.460 - 7.350 4.254 -~ 15.464
(ng g 1, 12.426 6.189 4.482 2.806 2.546 8.786
1;1203 0.047 - 0.164 0.045 - 0.120 0.037 - 0.091 0.038 - 0.076 0.002 - 0.068 0.043 - 0.164
(mg-g ) 0.116 . 0.082 0.0062 0.058 0.027 0.084
Ex-Ca_, 2.50 -~ 7.45 - - 1.90 - 13.80 - 2.89 - 12.00
(wg-g 1, 3.93 7.73 5.39
Ex-Mg 0.620 - 1.360 0.600 - 1,163 0.540 - 1.043 0.863 - 1.750 0.039 - 0.688 0.620 - 1.412
(ng.g~1) 0.948 0.890 0.757 1.297 0.478 0.995
Ex-Mn 0.016 - 0.181 0.066 - 0.259 0.099 - 0.313 0.058 - 0.166 0.012 - 0.124 0.041 - 0.197
(vg.g~1) 0.097 0.166 0.141 0.113 0.075 0.110
Ex-Fe 0.001 - 0.022 0.004 - 0,012 0.005 - 0.008 - 0.001 - 0.018 0.005 - 0.010 0.001 - 0.011
(mg.g~1) 0.006 0.008 0.006 0.006 0.007 0.006
Ex-Al 0.004 - 0.019 0.004 - 0.017 0.005 - 0.021 0.007 - 0.020 0.005 - 0.010 0.004 - 0.019
(ng.g~1) 0.011 0.010 0.010 . 0.010 0.007 0.011
Ex-Zn 0.016 - 0.114 0.011 - 0.121 0.006 - 0.086 0.004 - 0.060 0.001 - 0.069 0.008 - 0.096
(ng.g~1) 0.055 0.057 0.039 0.039 0.034 0.049
pH 6.2 « 7.2 6.8 - 7.4 6.9 ~ 7.2 6.7 - 7.2 6.9 - 7.3 6.2 - 1.3

6.9 14 7.0 7.0 7.1 7.0
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of Georgetown Lake,.

At Station I, the concentrations of iron oxides (ranging from
8,500 mg°g-1 to 22,800 mg-g'l with a mean of 12,426 mé.g-l) were
generally twice as high as those found at the other stations, 'Alu—
minum oxide concentrations were also highest at Station I, although
not as high as those for the iron oxides,

Frink (1969b) found iron oxides to be positively correlated with
clay particles, which are typically finely grained particles that do
not readily settle out of the water, Delfino, et al. (1969) have
shown that total iron, which may also be associsted with clay, was
positively correlated with increasing water depth. They attribute
this to current patterns and particle size differentiétion. Davis
(1968) showed that pollen grains were deposited 2-4 times before being
buried deeply enough to escape further disturbance, He stated that
apparently the sediments in the shallower areas aré stirred up and
resuspended, Since Statlon I is located near the dam, major currents
probably would move towards this station because of the deep-water
withdrawl at the dam, It appears that much of the-FeZO3 are asso-
ciated with finely grained particles which tend to settle out in the
deeper part of the lake, i.,e. Station I. Since A1203 are highest at
Station I it seems that they are also associated with finely graiined
particles, |

The iron oxides and A1203 extracted by McKittrick and Hope's
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(1963) sodium dithionite method are crystalline oxides, amorphous
inorganic Fe and Al and organically complexed Fe and Al (McKeague,
ét aley 1971)s The crystalline oxides of iron protably are goethite
and those of aluminum are gibbsite; Iron oxides are positively
correlsted with aluminum oxides (r = 0,96) at Station I. This in-
dicates that these two parameters‘are associated with similar sedi-
ment particles,

Although the iron and aluminum oxides appear to be associated
with clay particles at Station I, this may not be the case at the
other stations where the organic carbon content is higher. Oborn
(1960) has shown that aquatic plants may concentrate iron by re-
moving it from the water and sediments., Since Fe203 are positively
correlated with organic C (r = 0.87) at Station IV it appears that
most of this iron exists as organically complexed iron, However
A1203 is not correlated with organic C. Aluminum oxide and Fe203
are not correlated and therefore appear to be associated with dif-
ferent sediment particles, The low concentrations of érystélline
Fe203 are not surprising since organic compounds inhibit the crys-
tallization of amorphous ferric hydroxides (Schwertmann, et al.,
1968).

- In the lake sediments as a whole, the iron oxides did not show
any particular seasonal trends, Instead the concentrations remained

relatively constant throughout the sampling period, However, at
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Station I, which 1s the deep-water station where the bottom waters
become anaerobic (Figure 3b), Fe203 was lower during the latter part
of the ice cover period, When the ice melted and the oxygen concen-
t;ation in the bottom waters increased, Fé203 increased, although
not to the levels recorded earlier (Figure 7). When the sedimént
Fe203 was decreasing the dissolved iron in the bottom waters increased
greatl& (Figure La). Conversely, when the sediment iron increased
in June the iron in the bottom waters decreased greatly. As will be
discussed later, much of the iron released into the water was lost
from the lacustrine ecosystem via the deep-water withdrawl of the dam.
This may partially explain why the sediment iron did not increase
in June to a level noted earlier,

Aluminum oxides exhibited a seasonal trend similar to Fe203 in
the lake sediments as a wﬁole. At Station I, the trend was also
similar to the trend of Fe203 (rigure 7)e During the latter part of
ice cover A1203 decreased rapidly, but with the ice breakup, the
A1203 increased and remained at approximately the same concentration
throughout the summer, and decreased during the fall, Aluminum is
not known to be liberated into the overlying water during reducing
conditions. Unfortunately aluminum concentrations were not measured
in the water, |

Exchangeable iron was present only in low concentrations., In the
lake it ranged from 0,001 mg-g-'1 to 0,011 mgOg-l with a welghted mean

t
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of 0,006 mgog-l. The low concentrations are not surprising because
exchangeable Fe is present as ferrous iron which in the presence of
oxygen is rapidly oxidized to Fe(OH)B. Since the samples after col-
lection were not kept anaerobic the reduced iron may have been
oxidized,

Exchangeable aluminum concentrations were also low ranging from
0.004 mg.g-l to 0,019 mg-g_l. The weighted mean for the lake was
0,011 mgog_l. Exchangeable aluminum contributes towards the ex-
changeable acidity of o soil. Since the average sediment pH was
7.0, little acidity would be expected. Mehlich (1964) has shown in
muck soils at a pH of 7.0, that the permanent charge exchange sites
are dominated by exchangeable tases which replace B and Al, The exp'
changeable Al is then generally converted to gibbsite, The fact that
these sediments have little exchangeable acidity was confirmed when
exchangeable acidity was determined to be 0,010 meq-g"l on a sample,

Exchangeable calcium was only determined at Station I and IV,
Calcium was higher at Station IV than at Station I, the means being
7.73 mg:g-l and 3,93 mg-g’l respectively, The extractant used also
partially extracts CaCOy (Heald, 1965), Oborn (1964) found that the

symbiotic bacterium, Bactorium precipitétum, can precipitate calcite

on aquatic plants, The higher exchangeable-Ca at Station IV may have
been a result of this process. The higher Ex-Ca corncentrations could

also have been caused by the biogenic calcium carbonate precipitation
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by ﬁhe macrophytes themselves, As shown in Figure 8, Ex-~Ca generally
increased during the summer, This increase may partially be a result
of CaCO3 precipitation which occurs during the summer (Knight, et al.,
1976).

Exchangeable magnesium exhibited the same distributional pattern
as exchangeable Ca, being higher at Station IV than at Station I.
The difference was ndt as great, the means being 0,948 mg.grl and
1,297 mg-g-l for Staﬁions I and IV, respectively. Exchangeable Mg
tended to increase during ice cover period but fell drastically in
June (Figure 8). Throughout the summer, Ex-Mg increased but it never
reached the concentrations otserved during the previous winter months,

Exchangeablermanganese concentrétions in the sediments ranged'
from 0,041 mgeg > £0 0,197 mgeg T with a weighted mean of 0,110 mgeg Lo
Oborn (1964) has found that'aquatic plants concentrate manganese both
intracellularly and extracellularly. The bacterium Micrococcus has
been implicated in extracellular concentrafion. He found that aquafic
plants may contain 30 times as mucﬁ manganese as terrestrial plants,
This concentration process may explain why exchangeable Mn is higher‘
at the stations in the littoral zone, with the excertion of Station V,
even though Delfino, et al. (1969) observed a positive correlation with
increasing water depth,

Dion and Mann (1946) have elucidated the manganese cycle in soils.

Exchangeable manganese (Mn II), the form taken up by plants, is in
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equilibrium with Mny0, (Mn III) and MnO, (Mn IV). Manganese II may
be readily oxidized although the transformation of Mn II to Mn IV
usually occurs only under alkaline conditiens. Although the oxida-
‘tion ef Mn II is chemically controlled and rapid, the dismutation
" of Mn IIT to Mn II is bacterially mediated,
As shown in Figure 9b; exchangeable manganese decreased during
the latter part of the ice cover period at Station I. However in the
teginning of June, the exchangeable Mn increased drastically, This
decrease coincides with the bottom naters becoming anaerobie
(Figure 3b), Although manganese was not measured in the overlying
waters, it has been well documerted (Mortimer, 1941 and 1942; Hutch-
inson, 1957; Wetzel, 1975) that‘during reducing conditions, manganese
is liberated into the water from the sediments. It appears that as the
bottom waters become anaerobic, oxidized manganese is reduced, The
reduced manganese, along with interstitial Mn II, is liberated into
the overlylng waters. Consequently there is ardecrease in the sedi=
ment exchangeable Mn, Reduced Mn (Mn II) is the only form that is
soluble in water, Manganese III is not dismutated to Mn II‘because
the environmental conditions were detrimental to bacterial sction,
With the increase in oxygen contert at ice out, the reduced Mn is
oxidized and precipitates causing the exchangeable Mn to increase,
Gorham and Swaine (1965) and Mortimer (1942) have shown that oxidized

Mn remains in solution after recxygenation for a few days, which may
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explain the increase in exchangeable ¥n from 5 June to 1 July.
As with Station I, éxchangeable Mn in the lake sediments as a

whole decreased during the latter part of ice cover and increased
at ice out (Figure 9a), although the Fe203 did not show this same
trend, Stumm and Morgan (1970) have noted that Mn is reduced at a
higher redox potential than iron., Since the rest of the lake, aside
from Station I, contained more oxygen dufing January to May (Knight,
et al,, 1976), the bottom waters may not have become redﬁced eﬁough
to reduce iron., This was confirmed as dissolved iron in thé water
did not increase at Station IV during this perioé.

| -As shown in Figure 9a, exchangeablé Mn increased during the
summer, This is probably a result of biological concentration and
sedimentation. The plants may be extracting Mn from the deeper sedi-
merts with a resultant sedimertation in the surface sedimenis. If |
this were true the manganese concertrations should decrease with sedi-
ment depth, Olsen, et al., (1967) observed this in sediménts of Lake
Washington, especially in the shallower water, The drastic increase
in September was ﬁrobably a result of the partial die off of aquatic
plants. The decrease from 10 September to 2L September may be the
‘result of the rapid oxidation of Mn Ii. The extremely low concentra-
tion on & November probably is a result of a sampling error,

| Exchangeable zinc was”present in low concentrations although it

was in higher concentrations than either exchangeable iron or ex~
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changeable aluminum. Exchangeable zinc ranged from 0.008 mg-g—l to
0,096 mgeg™L with a weighted mean of 0.049 mgeg L. With the excep-
tion of Station II, Ex~Zn was higher in the deeper water, This same
trend was also obtserved by Olsen, et al., (1967). As with Fe203

and A1203, zinc may be associated with finely grained particles.

As shown in Figure 10, exchangeable zinc at Station I decreaéed
during the ice cover period; Although it is not well documented
that zinc ﬁay be liberated during reducing conditions, Figure 101_
shows that it may have been. If zinc were to be released, exchange~
able Zn would be the form releaseds With the reoxygenation of the

bottom watery exchangeable Zn increased in the sediment and con-

tinued to increase until the fall,

" Organic Matter

The cycle of organic matter in lakes‘and reservoirs consists of
two stages: the production of the organic matter from carbonic acid
ard minerals, and its destruction or mineralization. The bulk of the
organic material in the waters is produced by the primary producers,
i. e, phytoplankton ard macrophytes, aithough some may come4from
allochthonous sources, Some production may occur in the sediments but
the majority occurs in the water (Seki, 1968). The decomposition of
the organic material occurs in the water column as well as in the
sediments, Kuznetsov (1968) and Kajak, et al. (1970) indicate that

only 0.8 to 30% of dead phytorlankton reach the sediments. The rest
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are decomposed by bacteria and, to a small degree, fungi as they sink -
through the water column (Kerr, et al., 1973). Kuznetsov (1968)
found that, in the water column, there waé a direct relationship be~
tween destructive processes and the number of total bacteria.

- The gross biological activity in and on the sediments is a sum
of the metabolism of saprophytic, epiphytic, and free—gfowing organ-—
isms, whose growth is dependent in some way upon the metabolism of
each of the othef types of orgsnisms, The principal organisms are
probably heterotrophic bacteria, This minerélization of organic matter
may proceed by gither aerobic or anaerobic processes, DBecause of the
lack of oxygen in the subsurface sediments, aerobic processes neces—
sarily occur only on the surface sediments, During aerobic processes
the organic mattér is oxidized to carbon dioxide and water, However,
during anaerobic'decomposition the process is more prolonged, the
orgamic matter being first converted to fatty acids and hydrogen,
then to methane, and eventually to carbon dioxide, Reduced end prbducts
of anaerobic metabolism, near the sediment surface, are in a state
of dynamic equilibrium between the rate of oxidation and the rate of
formation., Below a few centimeters the reduced end products are no
longer effectively 6xidized. Instead they accumulate as shown by
increases in concentrations with increasing sediment depth (Pamétmat
and Jones, 1973). Hayes (1953) and Kerr, et al. (1973) reported

higher bacterial activity on the surface sediments than in the deeper
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sediments, This would seem to imply that aerobic decomposition is
much more important than anaerobic breakdown, .Romanenkp and Kuz-—
nétsov (1972) and Culaya and Tyuten'kova (1974) in Russia observed
anaerobic decomposition rates that were L0-50% of the total rates.

Organic carbon and the initial volatile solids (IVS) were con-
sistently highest at Station IV (Table 3). This is contrary to the
findings of Frink (1969b) and Loring and Nota (1973) who found that
organic C was positively correlated with increasing watef depthe In
Georgetown'Lake the deepest station (Station I), with the exception
of Station V, consistently had the lowest concentration of organic
matter. The higher éoncentrations at Station IV apparently were due
to the increaéed macrophytic biomass at this station. The impor-
tance of the macrophytes in influencing organic matter concentrations
is suggested by fhe higher concentrations at the other two littoral
zone stations (Stations II and ITI). Keeney (1973) noted that organic
matter formed by macrophytes is more resistant to mineralization than
organic matter formed by algae and zooplankton, Even though Station
V had a high macrophytic biomass it had the lowest sediment organic
matter content, This seems to be a contradiction of the previous
statement, However, Station V was unusual because the substrate was
much more gravelly than the other stations, Before the lake was
formed this area was in the stream ted of Stuart Mill Creek. Since

this stream originates in a spring close to the lzke it never carries



TABLE 3., RANGES AND MEANS OF SOME CHEMICAL PARAMETERS OF THE SEDIMENTS OF GEORGETOWN LAKE,

Station III

Weighted Mean

Parameters Station I Station Il Station IV Station V of Lake
Organic - C 56.7 - 187.8 120.1 ~ 227.6 75.8 - 211.0 202.1 - 352.7 44.3 - 138.6 56.7 - 268.9
(ag.g™1) 125.5 165.9 149.7 - 276.5 91.0 161.4
Ivs 132.17-312.43 176.08-325.21 ° 167.81-325.16 342.99-669.33 78.08 - 224.43 132.17-423.30
(ng.g"1) 207.86 264.05 243.47 493.22 161.71 270.29
Total - P 0.663 - 1.088 .~ 0.563 ~ 1.606 0.675 - 1.219 0.938 - 1.438 0.306 - 1.163 0.706 - 1.211
(mg.g~1) 0.789 1.150 0.939 1.190 0.680 0.918
Inorganic-P 0.434 - 0.634 0.347 ~ 1,100 0.384 - 0.825 0.522 - 0.919 0.181 - 0.747 0.434 - 0.742
(ng.g~1) 0.522 0.731 0.555 0.646 0.414 © 0.566
Orgagic = P 0.178 = 0.491 0.216 ~ 0.581 © 0,290 - 0.469 0.416 = 0.637 0.109 - 0.416 0.178 - 0.548
(ng.g~1) 0.267 0.419 0.384 0.542 0.265 0.352
Total = N 4.69 - 13.72 9.57 ~ 19.52 9.00 - 15.92 16.84 - 24.84 3.85 - 10.86 4.69 - 20.40
(mg.g™1) 9.02 13.48 12.12 21.18 7.49 12.25
Inorganic-N 0.98 - 2.34 1.33 ~ 2,49 1.23 - 2.33 2.19 - 3.63 0.72 - 1.65 0.98 - 3.05
(ng.g"1) 1.55 2,07 1.81 3.04 1.16 1.85
Organic - N 3.709 - 11,396 8.24 - 17.033 7.766 - 13.674 14.652-21.212 3.086 - 8.405 3.709 - 17.352

7.571

11.357

10.310

18.397

5,704

9.947

99
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much organic matter, even during spring runoff,

As shown in Figufé 11, the seasonal trends of IVS and organic C
for the lske sediments were similar and correlated (r = 0.94). This
is not surprising since IVS éstiﬁatés‘total organic matter, This
organic matter includes carbohydrates, cellvloses, lignins, fats,
waxeg, proteins, etc. Although orgaric C makes up the majority of
these compounds, it is not the only constituent., Nitrogen, phosphorus,
sulfur, etc. are also included in organic matter. Subsequently IVS
. was consistently higherlthén organic C, |

Brady (197.) stated that the organic matter‘content is about
1,7 times the organic cafbon content, This generaily holds true for
the sediments of Georgetown lLake., Since some constiiuents such as
nitrogen and thosphorus decompose more rapidly than carbon (Nichois
and Keeney, 1973), the IVS to organic C ratio méy vary, This hap-
pened in the sediments of Georgetown Lake (Figure 11)., From 17k
December 1973 to 15 July 1974, organic C made up less of the IVS.
than during the period 20 July to 21 December 1974. Several workers,
including Romaneﬁko and Kuznetsov (1972), Culsya and Tyuten'kova
(1973), and Wetzel (1975), have noted that anaerobic decomposition
is not as rapid as aerobic breakdown., Romanenko and Kﬁzﬁetsov
(1972) also noted that decomposition grestly decreased during low
temperatures, During the ice cover period, the bbttom waters of the

lake were aroundkhoc and nearly anaerobic, Therefore, decomposition
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was occurring at a reduced rate, causing the organic carbon to be
less abundant in the IVS than in late summer and fall,

Figurés 123 and 12b illustrate the relationship between IVS
and organic C at Station I and IV, Throughout the sampling periodk
at Station I organic C made up 60% of the IVS but at Station IV
organic C only made up 56% of the IVS, The difference was probably‘
a result of the nature of‘the sedimenting detritus; Station I con-
tained prédominently phytoplankton whereas Station IV contained
macrophytes as well as phytoplankton. Phytoplankton normally con—,‘
tain 2,3% ether extract (crude fats), 7u%'carbohydrates, and 24%
protein (Hutchinson, 1957). Submerged aquatic macrophytes normally
contain 3,6% ether extract, 51% nohfibrous carbohydrate, and 22%
protein, as well as 35% cellulose (Boyd, 1968). Brady (1974) states
- that in soils carbohydrates and proteins are relatively easy to de-
?ompose whereas celluloée and fats are mofe difficult.s At Station I,
it would seem that the‘ofgénic C percentage of IVS should be greater
during the ice free period when the plankton population is largest.,
This is not true, probably because much of the planktonic detritus
reaching the sediments is refractory and lower in organic nitrogen
‘and phosphorus than fresh plankton, This is a result of bacterial
breakdéwn of the easily decomposable fractions during sedimentatioﬁ
(Johannes, 1968),

At Station I, organic C made up a larger percentagé of the IVS
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during the summer than during the winter (Figure 12a), Duringvthe
jce cover period the environmental conditions were not as corducive
to microbial decompbsition. Increased microbial activity could be
expected during the summer months wher. the temperature was higher ard
oxygen presert in the bottom waters. At Station IV the orgaric C
content of IVS was less than at Station I until 29 July (Figure 12t).
This probably reflects the higher percentage of resistant organics
present at Station IV, By the end cf July the rate of decomposition
of macrophytes that had died the previous fall had apparently been
stabilized. This trend continued until the end of September when
sampling was terminated st this station,

Organic carbon was higher during the ice cover period and early
summer than it was during the remainder of the sampling period
" (Figure 13). Some of this organic carbon probably originated from
the die off of macrophytes the previous fall, Although some anaer;-‘.
bic decomposition may occur, Wetzel (1975) noted that when oxygen
was low or absent the rate of carbon mineralization was slower than
when oxygen was abundant. Also, when the sediment temperature is
low, as during the winter, microbial activity is retarded, During
the summer the organic C content decreased as it was mineralized.
During the winter macrophytic production seemed to te low enougﬁ s0
that planktonic production would‘have been a more important contribu-—

tor to sediment organic carbone As shown in Figure 13, during the .
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ﬁinter, the rhytoplankton standing crop trend resembled that of
organic C. The phytoplenkton data was ottained from Knight, et al,
(1976). However during the summer, the resemtlance disappeared.
This indicated thét macrophytic production coupled with organic C
mineralization had a greater influence on the sediment organic C at
this time, Organic C did not appear to increase in the fall as
might be expected with the macrophytic die-off, This was'due to ﬁhe
fact that after 24 September only Station I was sampled, Organic C
was determined in the water but its seasonal trend did not resemble

that of sediment organic C,

Phosphorus
| Total sediment phosphorus is composed of total organic phosphorus

. and total inorganic phosphorus. Organic P exists principally as

' organic esters of phosphoric acid (Williams, et sl., 1971b)s Inor—
ganic P exists as oftﬁopﬁosphate ions which are dissolved in the
inferstitial ﬁétef, adsorbed on the surfaces of phosphorus retaining;
compounds, absorbed within the matrices of phosphorus retaining com-
pounds, and preseht in discrete phosphate minerals,

Although some of the adsorbed phosphorus is precipitatéd oh the
surfaces of soil particles with iron and manganese, the majority is
present in a hydrous gel complex, Shukla, et al. (1971) and Williams,
et al, (1§7lb) postulated that this gel complex largely consists of

hydrated iron oxide along with organic matter, A120 y and associated
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Si(OH) L ard phosphorus. Shukla, et al. (1971) noted that in this
complex, iron would form an isoelectric amorphorus precipitate
with organic matter and associated anions. Gorbunov, et al. (196€1)
demonstrated that an artificial iron oxide gel could absorb lérge
smounts of inorganic P,

Iittle is known of the discrete phosphorus minerals that exist
in lake sediments., Few minerals have actually been demonstrated in
sediments, Stumm and Morgan (1970) list hydroxyapatite, fluorapatite,
variscite, strengite, and wavellite as possible phosphorus minerals
in sediments, Apatite, both hydroxyapatite and fluorapatite, is the
most abundant phosphorus mineral, Apatite, a calcium phosphate, may
form as a precipitate as a result of combining of calcite and phos-
phate, although the reaction is slow, Vivianite, an iron phosphafe,
has also been reported in lacustrine sediments (Syers, et al., 1973).
| It is thought that it is formed under strongly reducing conditions
associéted particularly with the decomposition of organic materials,
Since strengite, an iron phosphate, and variscite, an aluminum phos-
pﬁate, are unstable at pH values greater than 1.4 and 3.1, respectively,
they are probably not present in the surface sediments of Georgetown
Lake, Wavellite has also not been observed in lake sediments, The
bresence of only small amounts of phosphate minerals in the sediments
is supported by the fact that most sediment P is associated with amor-

phous iron and therefore not in crystalline form (Harter, 1968; Shukla,
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et ale, 1971; ard Williams, et al., 19712 and b).

Total phosphorus was generally higher at Station IV than at the
cther stations (Table 3). Station IV also had a large biomass of
macrophytes and the greatest mean organic carbon concentration, The
mean total P concentration at Station II was only slightly less ﬁhan
that at Station IV. However a larger percentage of the total P at
Station II was inorganic P than at the other stations. Total P was
lower at the deep water station, Station I, than at Stations II, III,
or IV, This is contrary to the findings of Delfino, et al, (1969) and
Frink (1969b) who found that total P was positively correlated with
increasing water depth, Neel, et al. (1973) also found in Lake
Sallie, a shallow eutrophic lake similar to Georgetown Lake, that
total P was higher in the deeper waters, Although the general reverse
trend was otserved in Georgetown Lake, thié may partially be a result
of the greater macrophytic growth in the shallower waters, The major
reason may be the removal of phosphorus associated with the deep water
withdrawl. As will be discussed later, the sediments, especially at
Sfafion I, are losing phosphorus on an annual basis through the dam,

Throughout the year ofganic phosphorus accounted for 38% of the
total phospﬁorus in the lake sediments and inorganic phosphorus ace
counted for 624, Changes in total P for the sampling periéd were more
closely correlated with organic P than inorganic P, r = 0,88 and

r = 0,78, respectively, This demonstrates the influence of the heavy
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macrophytic growth on the sediments. The high primery productior in
Georgetown Lake had an important influence on total P concentrétiqns
since it has been found in the literature that organic P is very |
poorly correlated with total P (Williams, et al., 1971b). If the
sampling period is divided int6 ice cover periods and ice free per-
iods differént constituents become important. During the ice cover
periods, total P was correlated much mcre closely withkorganic F-
(r = 0.96) than inorganic P (r = 0,72). However, during the ice free
period, total P was more closely correlated with inorganic P than
organic P, r = 0,91 and r = 0,85, respectively, This indicates that
during the winter, organic P was more important than inorgarnic P in
influencing the levels of total P, Apparently, organic P, resulting
from the previous autumral deposition of organic materials, was only
slowly mineralized during the winter. During the summer; organic P
was being mineralized more rapidly and inorganic P was being utilized
by the macrophytes and the phytoplankton, Therefore, inorganic P
was regulating the total P level in the sediments during the summrer,

Seasonal trends of sediment phosphorus are illustrated in
Figure 14. Total.P increésédrduring the ice cover period primarily
bécause of organic P, Orgénic material accumilated in the fall and
early winter as a result of the death of macrophytes and phytoplankton,
During the summer the total P generally decreased as inorganic P was

incorporated into macrophytic biomass as well as being suspended in
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the water by turbulent minng. At the end of Septemter total P
increased as less inorganic P was being utilized ahd the primary
producers were dying.

Sediment organic P is a result of conversion of inorganic P
to organic matter in the water as well as by the flora and fauné of
the sediments. The organic P status of sediments is a function of
the rate of input of organic P in the form cf plant and animal resi-
dues and of the rate of organic P mineralization and immobilization
processes, The only organic P compounds known to exist in sedimenfs
are inositol ﬁhosphates, phospholipids, mucleic acids, nucléotides,
and sugar phosphates (Cosgrove, 1967)e. As with soils, inositol
hexaphosphate is the major component of sediment organic P,

Organic phosphorus was highest at Station IV as was organic carbon.
As with organic C the large macrophytic tiomass was probably respon—
sible for this, Orgaric P was positively correlated with organic C
(r = 0.86) in the lake sediments, This is not surprising as Sommers,
et al, (1972) found that organic P is associated with organic matter
complexes, Figure 15 protrays the relationship between organic P
and organic C, In the whole lake organic P was also positively cor-
related with organic N (r = 0,90) and IVS (r = 0,86) but no other
parameterse At Station I, which was in the limnetic zone, organic P
was also crly correlated with organic C, organic N-and IVS. However,

at Station IV in addition to these parameters, organic P was also
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pocsitively correlated with iron oxides (; = 0,76)s Since it has
already been shown that iron oxides are correlated with organic C at
this station, organic P may be associated with a complex of organic
matter and amorphous iron, It has been hypothesized that alumirum
.méy statilize organic P and other organic components agéinst decom—
position in soil (Jackman; 1964). Since extractable aluminum was not
correlated with organic P, it appears that‘extractable iron may serve
the same purpose in these sediments.

Figure 14 shows the seasonal trend of organic phésphorus. During
the ice cover period organic P increased to a maximum of 0,548 mg.g-l
on 25 April, Some of this organic P probably originated from the pre-
vious autumnal death of macrophytes. Mineralization during this period
would probably have been slow due to both the low temperature and oxygen
concentration in the bottom waters., During the summer, organic P
generally tends to decrease as it mineralizes faster than the rate of
inorganic P immobilizations. Thompson and Elack (1947) showed that
mineralization of organic P increased with increasing temperatures in
éoiis.A

Organic phosphorus mineralization occurs chiefly through the
kydrolysis of the phosphate ester bond by the phytaée activity of
bacteria, The rate of hydrolysis is chiefly regulated by the faétors
controlling the interaction of organic P with the appropriate enzymes,

Greaves and Webley (1969) showed that inositol phosphate in soil exists
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as part of a complex containing carbohydrates and nitrogenous materials
which inhibits phytase., Since it has been shown that organic P is
closely correlated with organic matter and organic N in Georgetown
ILake a similar complex may be retarding organic P mineralization, It
has also teen shown thét inorganic P concentrations of greater than
0.5 M inhibit hydrolysis of inositol phosphate (Greaves, et ale, 1967).
Since the sediments of Georgetown Lake corsistently have inorganic P
cbncentrations that exceed this level, this phenomenon may also be
occurring in thesé sediments.

Figure 16a portrays the séasdnél trends of organic P at Statibn
I. As with'the sediments at the other statiohs, organic P was higher
during the ice cover period, During the summer, organic P was lower
at Station I but remained stable throughout‘this period, Although
phytoplankton would be settling to the bottom, organic P did not in-
crease, Apparently mineralization occurred at about the éame rate
as depositions Since organic P’Qecreased during the summer.aﬁ'the
vother stations it might be expected that the same would occur at this
éﬁatidn. Mineralization may be retarded more at this station than
othér stations since it contained more clgy miﬁerals. Greaves and
Webley (1969) have shown that clay minerals adsorb the €NnzZymes necesS—
sary for phytasé activity and reduce their activity,

Inorganic phosphorus was higheét aé Station iI with a meén con=

centration of 0,731 mg.g'l (Table 3), - This may be due to highér phos—
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phorus in this area when the lake was formed, as Station IV was con-
sistently higherAin inorganic nitrogen and most other mutrient para-
meters., With the exception of Station V, inorganic P was lowest at
Station I, This station protably has less inorganic P because of the
deep~water withdrawl through the dam,.

Inorganic phosphorus was not well correlated with any other sedi-
ment parameters at all stations, At Station IV, inorganic P was
somewhat correlated with organic P, organic N, organic C and IVS,
Williams, et al.k(l97lb) have shown that total inorganic P is well
correlated with iron extracted by the sodium dithionite method,

* Since this relationship was not observed in these sediments perhaps
organic matter is more important in retaining inorganic P than iron
compounds. rIt has been suggested thét calcium, manganese, and alu-
minum compounds may participate in phosphorus fixation in sediments,
Of the forms determined, all were negatively correlated with inorganic
P at all stations. Iron was positively correlated with inofganic P
at Stations I and IV, T = O,11 and r = 0,45, respectively. Thus it
appears that although organic matter may be the more important deter—
Finant of inorganic P concentration, Fe203 may also participate, but
Cexchangeable Ca, exchangeatble Mn, and A1203 do not,

Inorganic phosphorus increased from Jamuary through June
(Figure 14), probably as a}résult of the slow mineralization of organic

P, Mineralization appeared to increase in June as oxygen became more



Th

abundant and the sediment femperature increased, During the summer
inorganic P fluctuated but there was a general decrease until the end
of September, This decrease was‘pfobably due to inorganic P being
iaken up by the macrophytes as well as being released into the water
by turbulent suspension of'the sediment. Inorganic P was higher in
the fall due to the rapid miﬁerélization of organic P from decom-
posing macrophytes and algae as noted by Nickols and Keeney (1973).
At Station IV a similar seasonal trend wés observed (Figure 16b),

Inorganié phosphorus at Station I had a somewhat different sea-
soral pattern than at the other stations (Figure 16a). During ice
cover inorganic P decreased until April, although mineralization was
probably proceeding at a slow rates As shown in Figure 5a, inorganic
phosphorus increased in the bottom waters at this time, As discussed
earlier, although some of this phosphate may have originated as
pﬁosphorus precipitated with hydrous ferric oxides, the majority came
from adsorbed inorganic Ps 1Ii, et al. (1972) found that the total
exchangeable phosphorus in sediments was the same under aerobic and
anaerobic conditions. This supports the statemert that this inorganic
phosphorus was not present as an iron mineral complex because there
would be a dissolution of the crystalline phase under anaerobic con-
ditions and exchangeable P would increase, Ii, et al, (1972) hypo-
thesized that there must be a gel complex instead and that during

anaerokic conditions there is an alteration of the oxidation state of
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iron which'changes the position of the equilibrium between adsorbed

P and solution P, It is the solution P, i.e. phosphate dissolved in
the interstitial water, which is released into the overlying waters.

Porcella, et ale (1970) and Harrisor, et al. (1972) have shown
that anaerobic and aeroﬁic bacteria may be partially responsible for the
solubilization of inorganic phosphates in sediments, Aerobic bacteria
are capable of removing phosphates bound to sediment particles by the
production of organic acids which sequester metallic cations, This
is dependent upon the existence cf a sufficient carbon source, This
probably would not be a problem in Georgetown Lake as organic C is
relstively high, especially in the littoral zone, During aerobic
conditions these bacteria store phosphates, . Under anaerobic condi-
tions the bacteria die and the stored phosphates are released, Some
phosphates may be adsorbed on the sediment particles but much is
dissolved in the interstitial water and consequently released into
the oVerlying waters. DBacteria known to mobilize phosphorus are

Pseudomonas, Bacterium, and Chromotacterium (Wetzel, 1975).

Inorganic phosphorus at Station I generally increased during the
summer (Figure 16a). This was probably caused by the mineralization
of organic P, Even though inorganic P increased, organic P did not
decreasey Suggesting that the organic P in the decaying algae were
being mineralized as fast as they were sedimented, Inorganic P had

increased at the beginning of November although organic P was stable.
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As noted by Knight, et al. (1976), phytoplankton declined drastically
‘at the end of September., Nichols and Keeney (1973) noted that organic
phosphorus may be mineralized rapidly in fresh decaying plant matter.

Inorganic phosphorus may be fractionated using different extrac- .
tants td remove different forms of inorganic P, .The idéa was first
developed for soils by Chang and Jackson’(1957). Since then ﬁhe method
has been refined and modified for sédiments. Table 4L giﬁes the ranges
and means of the various inorganic P fractions.

Phosphate extracted by NHLCl includes phosphate dissolved in the
interstitial watér as well as phosphate lons weakly adsorbed by sedi-
ment components, This phosphorus may be considered mobile as it is
the principal form that is liberated into the overlying waters, Phos~
phaﬁe extracted with NH, C1 was higher at Station IV, ‘This may have
been caused by sediment bacteria solubilizing inorganic phosphates
faster at Station IV. The increased bacterial activity is indirectly
indicated by the higher rate of organic P mineralization at Station IV.
At both stations, NHACI-P made up a very small part of the total inor-‘
ganic P. |

Phosphate extracted by NHAF is thought to be phosphorus adsorbed‘
by aluminum components, Harter (1968) observed that this extractant
solubilized alumimm and was well correlated with the extracted
phosphorus, However, Shukla, et al, (1971) and Williams, et al., (1971a)

found that phosphorus extracted with NHAF was not correlatéd with alu-
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Station I

" TABLE 4. RANGES AND MEANS OF SEDIMENT INORGANIC PHOSPHORUS FRACTIONS.

- Station 1V

Inorganic - P
(mg.g™1)

NH,C]1 - P
tng.g1)

NH,F - P

mg.g~1)

NaOH - P1
(mg.g™ ")

Exchangeable - P

(mg.g™1)

CDB - P
(mg.g™1)
HC1l - {
(mg.g™")

Residual - ?
(mg.g~1)

0.434 - 0.634
0.522

0.001 - 0.007
0.002

" 0.006 - 0.056

0.028

0.040 - 0.153
0.103

0.056 - 0.181
0.133

0.119 - 0.327
0.225

0.031 - 0.096
0.064

0.059 - 0.143
0.100

0.522 - 0.919
0.615

0.005 - 0.027
0.013

0.015 - 0.087
0.038

0.014 - 0.090
0.037.

0.049 - 0.189
0.088

0.207 - 0.333
0.240

0.003 - 0.136
0.052

0.169 - 0.281
0.235
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minum but was well correlated with iron, Williamé, et.al. (1971a)
concluded that NHAF could not be used to distinquish between Al and
Fe bound forms of inorganic P in partialiy weathered soils such as-
sediments, Inorga.ﬁic P extracted by this method appears to extract
phosphorus adsorbed by short range order iron or aluminum'in a gel
complex, This phosphorus is in equilibrium with interstitial P and
can easily be exchanged, Harter (1968) found that this fraction was
the most important in exchange reactions with overlying waters, The
NH, F-P was slightly higher at Station IV This may be partially
due to the fact that some inorganic sediment P is lost through the
dam at Station I, At both of these stations NHLF—P madé up a small
part of the total inorganic P, 5.4% and 6,24, respectively.

The phosphorus extracted by NaOH appears to originate from an
iron bourd form, This phosphorus is more tightly adsorbed than the
NHLF extracted fraction but it still is probably associated with a
short-range order Fe-rich gel complex. 'This P would probably be ad-
sorbed on the surface of the retaining complex, It appears that this
form of P is not as mobile as N, F or NHhCI extracted P but it seeﬁs
to be potentially mobile., Phosphorus extracted by NaOH was much higher
at Station I, At Station IV, this form of P may be removed by macro-
Phytes during the growing season. At Station I this form made up
élmost 20% of the total inorganic P but only 6% at Station IV,

Williams, et al, (1967 and 1971a) found that phosphorus solubil-
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ized by N‘HhF may be reabsorbed and reextracted by NaOH, To eliminate
this bias and because the P extracted by NHACI, NHAF, and NaOH is
capable of exchange with the overlying water, these three fréction.s
have been combined into exchangeable P, This exchangeable P may be
associated with amorphous Fe and Al hydrated oxides and amorphous
aluminosilicates, all of which are characterized by .rxumérous hydroxyl
groups in surface positions which readily react with ortho-phosphate
by exchange adsorption of hydroxyl for ortho-phosphate (Williams,
et als, 1971b). This association was indicated, particularly at
Station IV, where exchangeéble P was correlated with Fe,0, (r = 0,58)
and organic C (r = 0.50), Although it appears that most of the phos-
phorus that readily exchanges with the overlylng water is associated
with this fraction, not all of this fraction may exhchange; Bannerman,
et al, (1975) found that the NaOH fraction was 30-60% of the total

32

_inorganic P yet using ““P they found that only 13-18% of the total in-.

organic P was immediately exchangeable,

Exchangeable phosphate composed 25,5% and 14.3% of the total ine
organic phoéphorus at Station I and IV, respectively (Table 4). Al-
though all of this P may not be immediately available for exchange,
this is probably a valid classification since this fraction has the
potential for exchange, Since most of the colle;:ted samples from
Station IV were collected during the macrop'hy'ticv growing season, the
lower values at this station may reflect the fact that the piants are
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extracting this form of the inorganic P,

Phosphorus extracted by citrate~dithionite-bicarbonate (CDB) is
thdught to be derived from inorganic P present within matrices of
crystalline oxides and hydrous oxides of iron (Bauwin and Tyner, 1957)-
This form of P is referred to as nonoccluded P and is less readily
extracted, Sediments generally contain small amoumnts of CDB-P be-
cause of the inhibitory effect of organic components, inorganic P,
and HASioh on the conversion of short range order oxides and hydrous
oxides of Fe to crystalline forms (Shukla, et ale, 1971 and Williams,
et aley 1971b). In terrestrial soils, CDB-P is a more important part
of the total inorganic P (Ii, et al., 1972). The high amounts of
CDB-P in Georgetown Lake sediments may reflect the fact that this is a
relatively recent lake, being formed around 1900, |

Phosphorus extracted by HCl is derived from inorganic P aésociéted
with nonincluded apatite (Williams, et alsy 1967)e The HC1-P is
generally present in only minor amounts as it is probably of primary
origine This form is probably of detritalvorigin and at the prevailing
conditions of pH and Ca and P in interstitial water of noncalcareous
sediments the trend is probably towards dissolution rather than accu-
milation (Williams, et aley, 1971a)s In Georgetown Lake this form of
phosphorus made up only about 10% of the total inorganic P,

Residual phosphorus is that included within resistant minerals
such as feldspars and ilmenite (Williams and Mayer, 1972).
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The seasonal trends of the inorganic phosphofus fractions at

‘Station I are depicted in Figure 17, With the exception of CDB-P

the various fractions did not change greatly during the sampling
period. This agrees with the relative stability of inorganic P at
this station (Figure 1l6a). Residual P and HC1l-P should be relatively
stable as they are components of sediment minerals and, thus, are
resistant to change, Exchangeable-P would be expected to decrease
during the ice cover period when phosphate is liberated into the
overlying waters, Since it increased from February to March this
may indicate that the source of liberated P is the mineralization of
organic P instead of the solubilization of inorganic P, The CDB-P
appeared to increase during the summer momths from aklow of 0.110
mgog-l on 30 March to a high of 0,327 mg-g'l on 10 Seﬁtember. This
seems surprising since inorganic P increased only slightly. Iron
oxides, which were extracted by CDB, were well correlated with CDB-P
during this period (r = 0.92) and increased during the sumher (Figure 7).
. Figure 18 portrays the seasonal trends of the inorganic P frac-
tions at Station IV, Exchangeable P and HC1-P both decreased during
the spring and summer although for differeﬁt reasonse During the
summer the mécrophytes would selectively extract this fraction for
their needs, Oborn (lééh) showed that aquatic macrophytes may accu-
mulate phosphate extraceilularly. When the plants-die in the fall
some of the organié P ié typically regenerated rapidly (Nichols and
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Keeney, 1973)s During mineralization much of this P may be combinedv.
with the precipitated Ca, The HC1-P would include this piiosphorus;
hence, during the winter this fraction would be higher, As men-
tioned earlier there is probably a trend of dissolution of Ca
phosphates in sediments, Since the dissolving of apatite is gener—
ally slow (Williams and Mayer, 1972), phosphorus resulting from the
combination of phosphate with precipitated calcium must not be apa=—
tite but a more easily dissolved form, Thls dissolution results in
a decrease of the HCl-P fraction during spring and summer. The increases
in residusl-~-P and CDB-P are unexpected and cannot be explained at this
“time,

Nitrogen '
Total sediment nitrogen is composed of total inorganic ritrogen

and total organic nitrogen. Inorganic nitrogen genefally exists as
ammonium salts which are associated with sediment particles, Part of
these ammonium salts are adsorbed on hums and mineral clay particles
while some may be held more tightly, such as within the crystal lattice
structure of clay such as vermiculite, illite, and montmorillonite.
Some nitrate and nitrite may be present but usually in small gmounts.
Organic nitrogen in the sediments is principally present as bound

amino acids although smaller portionsrbf combined amino sugars, and
purines'and pyrimidines'are also presernt. Trace amounts of other

organic nitrogen compourds (includinévcholine,‘ethanolamine, creati-
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nine, and allantoin) have been found in terrestrial soils (Bremner,
1967). Kemp and Mudrochova (1972) state that 20-50% of sediment
organic N probably exists as complt?x heterocyclic nitrogen compoundse

Total nitrogen was consistently higher at Station IV than at any
of the other stations (Table 3). This is also the station that was
highest in organic carbon and total phosphorus, As with these two
parameters the high anmual macrophytic production was probably the
major reason total nitrogen was higher at this station. Frink (1969b)
found that total nitrogen in Bantam Lake was positively correlated with
increasing water depth. This was not the case in Georgetown Lake as
the deepest station, Station I, had the second lowest mean concentra—
tion. = Since total nitrogen is usually well correlated with organic
carbon, the higher organic matter at Station IV was more influential
in determining total nitr?gen concentrations than size sorting,

.. Throughout the sample period orggnic nitrogen hydrolyzed by 6N HCl
comprised 62% of the total nitrogen, However, Kemp and Mudrochova ‘
(1972) suggested that the majority of the nonhydrolyzable N was also
organic N associated with the humin portion of the sediments, If
this fraction is included, organic N makes up 83% and inorganic N
17% of the total N, Inorganic N made up a larger percentage of t.he
total N content than most reported studies in the literature, Keeney,
et al, (1970) and Kemp and Mudrochova (1972) reported that inorgé.zﬂ.c N
comprised 2-10% of the total N, The lakes these authors discussed
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generally were deeper than Georgetown Lake, During the summer the
bottom water temperatures are warm and oxygenated in Georgetown Laké,
thus, providing a better microbial environment than in the deeper
lakes, |

Changes in total nitrogen were well correlatéd with both organic |
nitrogen (r = 0,99) and inorganic nitrogen (r = 0,90)s The better
correlation with organic N is partially attributable to the fact tha;c,
it comprised a large part of the total nitrogen. The close cofrela-
tion of inorganic N and organic N (r = 0,87) indicates that they are
closely related and that inorganic N may be agsociated with the organic
matter, possibly adsorbed on the humic colloids. | | -

The seasonal trends of sediment nitrogen are illustrated in Figure
19. Tétal N generally increased during the ice éover period primarily
as a result of increases in organic N. Organic N accumulated in the |
il‘all and early winter as a result of the death of macrophytes and
phytoplankton, During the summer, total N decreased as organic N
was mineralized to inorganic N which was taken up by the macrophytes,
The Yower total N concentrations in November and’ December are an
artifact because only Station I was sampled and it consistently had
lower total N concentrations.

Total nitrogen was much greater than tbtalr ‘phosphorus throu.ghout
the lake (Table 3). The weighted mean of total N was 12.25 mgeg ™k and
the weighted mean of total P was 0.918 mgog-l. "I'he toﬁal N to total P
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ratio for the whole lake averaged 31:1s This ratio is much higher
than N:P ratios usually associated with phytoplankton or macrophytes
which is 21:1 (Wetzel, 1975)s As will be discussed in the next sec-
tion, nitrogen and phosphorus are being lost from the lake sediments.
It appears that phosphorus is 5eing lost more rapidly than nitrogen.
This may be due to utilization by the macrophytes, This is al®so ine
dicated by the fact that the Inorganic N to inorganic P ratio was
higher at Stations III and IV than at Station I (Table 5),

The average C:N ratio for the lake was 15:1, This ratio is
larger than for many lake sediments reported in the literature (Kemp,
| 1971‘; Isirimah, 1972; Neel; et aley 1973; and Wildung and Schmidf,
1973)s Even Lake Sallie, which 1s a shallow eutrophic lake with abun-
dant macrophytes similar to Georgetown Lake, had a lower ratio, 12:1
(Neel, et als, 1973). Although nitrogen may be regenerated faster
than carbon another factor éeems to be important, Because of the
déep—water withdrawl organic C was accumulating in the sediments but
total N was being loste This is especially evident by the fact that
S‘Eation I had the highest C:N ratio. Isirimah (1972) noted that a
C:N ratio of 20:1 was critical in estimating net mineralization or
net immobilization of .nitrogen. Ratios less than 20:1, as observed
in Georgetown Lake, indicate there is an abundance of N reéidues; |
therefore, :net mineralization was probably occurring. |

The average C:N:P ratio in the sediments was 469:31:1 (Table 5),



TABLE 5. MEAN ATOMIC RATIOS FOR THE SEDIMENTS OF GEORGETOWN LAKE.

.pl . N3 N ph
N:P NI.PIZ C:N - C:N:P
Station I 26.1 6.8 16,2 424:26:1
Station II 26.8 6.5 14.4 385:27:1
Station III - 29.5 7.5 14.4 425:30:1
Station IV 40,7 10.8 15.2 620:41:1
Station V 25.2 6.4 14.2 357:25:1
Weighted Mean ,
of Whole Lake 30.5 7.5 14.9 469:31:1

1. _Total N: Total P
2. Inorganic N: Inorganic P
3. Organic C: Total N

4, Organic C: Total N: Total P
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' This ratio is much higher than those reported in the literature.

| Neel, et al, (1973) reported C:N:P ratios of 286:2}:1 and Wildung
and Schmidt (1973) reported ratios of 236:30:1 in the sediments,
The C:N:P ratio for algal protoplasm is usually quoted as 105:15:1
(Strickland, 1960). Garrett (unpublished data), using some pre-
1iminary data observed a ratio of 442:29:l, which is similar to the
sediment ratio. This seems plausible as most of the primary pro-
ducers are macrophytes.' The C:N:P ratio at Station I is also
umusually high (TabléIS). This again is evidence that because of
the deep-water withdrawl organié C 1s being accumulated while nitro-
gen and phosphorus are being lost from the lacustrine system,

The seasonal trend of nifrogen for Stations I and IV is por-
trayed in Figures 20a and 20b, At both stations inorganic N was
relatively constant throughout the sampling period, On the other
hand organic N fluctuated much mores Much of the inorganic N is the
result of mineralization, i.e. amonification of organic N compounds.
Anmonification takes place principally by the deamination of amino
acids resulting from the decomposition of proteins and polypeptides,
Inorganic N concentrations are also influenced by assimilation or
immobilization by microorganisms. | |

During the period 17 December to 30 March 1974, organic N de-
creased at Station I (Figure 20a), Tnorganic N did not increase but
instead decreaséd 'sligh’c.ly. Aé shown in Figure 5b, ammonia was being
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released into the overlying water at this time, It seems that at
this time all of the organic N was being mineralized and some of the
existing inorganic N was being 'released. Keeney (1973) noted that net
mineralization mey occur under anaerobic conditions and low tempera-
?ures due to the lower efficlency of conversion of organic C to gll
inorganic C by heterotrophic anaerobes, Thé sudden decrease in organicr
N on 5 June was probabl& caused by a slighf movement in the sampling
site, This was also observed for organic carbon and phosphorﬁs. This
shows the heterogeneity of the sediments as the distance moved was
small,

‘During the summer the phytoplankton population was higher at
Station f than during the winter (Figure 21), The phytoplankton data
was obtained from ﬁnight, et al. (1976)e The general increase of
organic N at this station during the summer was probably a result of
phytoplankton detritus, The increase in organic N in the first part
of September was probébly a result of the deposition of Anabaena
flos—-aquae, a known nitrogen fixer, During June and July inorganic N
also increased but during Augus; and September it decreased, Isiri;ah
(1972) noted increased immobilization at about this time in Lake
Wingrae .

At Station IV, organic N and inorganic N were higher during late
winter than during-the summer (Figure 20b), This nitrogen was probably

a result of the deposition of macrophytes during the previous autumn,
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During the summer both organic N and inorganic N declined uﬁtil the.
end of August as a result of the uptake of inorganic N by the macro—
phytes. Since organic N as well as inorganic N was decreasing it
appears that more inorganic ﬁ was being assimilated by the macrophytes
than was being formed by mineralizatidn. From.Figure 20b it seems
that in the sediments net mineralization was occurring as epposed
to immobilizafion by microbial and benthic processess, This was sup-
" ported by the facf that C:N ratio was less than 20:1, therefore net
mineralization should be occurring.

Inorganic N was fractionated into exchangeable ammonium-N,
nitrate-N, and nonexchangeable ammonium-N. Exchangeable ammonium-N
is ammonia adsorbed on surfaces of sediment particles such as clay
and humic colloids, This fraction also inclﬁdes ammonia which is
dissolved in the interstitial water., Although the nitrate determined
is technically exchangeable nitrate because it is extracted by the
same extracting procedure as‘exchangeable NHL-N, it is the only form
of nitrate that has been detected in soils (Bremner, 1965). Several
s§mplqs were analyzed for nitrite-N but none was found, Nonexchangeable
ammonium-N includes ammonium ions that are fixed within the lattices
of expansible clay minerals., Some ammonium in soils is fixed by
organic matter such that it is not exchangeable (Brady, 1974). This
form would also be included in nonexchangeable NH,~N. Not all clay-

K
fixed ammonium is extracted by hot acid in terrestrial soils (Bremner,
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1967), but Kemp and Mudrochova (1972) found that in s§diments the
fixed ammonium is included in the hot acid extraction., Since most
of the sedimen£ in Georgetown Lake is autochthonous the clay frac-
tion is probably low., Therefore, it seéms probable that the nonex-
changesble ammorium-N includes all of the fixed ammonium-N. Nor-
exchangeable ammonium probably also includes a small portion of |
ammonium formed by the hydrolysis of amino acids of proteins and
peptides and deamination of hydroxyamino acids and amino sugars
(Keeney, et alsy 1970).

Nonexchangeable NHLfN was the predominate form of inorganic N
in the sediments (Table 6)e It made up a larger percentage of the
total inorganic N at Station IV than Station I (89% and 76%, respec—
tively). Since Station IV had a higher content of organic matter
the ammonium~N may be more readily fixed.

During the period December to February at Station I, e;changeable
ammonium=-N decreased in response to the release of ammonium~N into
the overlying waters (Figure 22a), The released ammonium-N directly
comes from the interstitial water which is included in éxchangeable
NH,-No This NH -N is in equilibrium with exchangeable NH ~N. Since

L
net mineralization was occurring during this period exchangesble NHE-N
increased in March, The bottom waters at Station IV were not as
reduced as at Station I so exchangeable NHLfN at Station IV did not

decrease appreciably during ice cover (Figure 22b), Exchangeable
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TABLE 6. RANGES AND MEANS OF SEDIMENT NITROGEN FRACTIONS.

Parameter Station I Station IV
Inorganic - N 0.98 ~ 2,34 2.19 - 3.63
(mg.g™1) 1.55 3.04
Exchangeable NH,-N 0.131 - 0.494 0.165 - 0.489
(mg.g™1) 0.327 0.309
Nonexchangeable NH,-N 1 0.776 - 1.958 1.953 - 3.366
(mg.g~1) 1.208 2.714
Nitrate - N 0.00 - 0.034 0.00 - 0.030
(mg.g™1) 0.020 0.010
Organic - N 3.709 - 11.396 14.652-21.212
(mg.g~1) 7.571 18.397
Hexamine - N 0.288 - 1,084 0.932 - 1.973
(mg.g~1) 0.737 1.319
Amino Acid - N 1.973 - 4.395 5.571 - 9.515
(ng.g~1) 2,964 7.686
Unidentified Hydrol. - N 0.702 - 3.546 3.028 - 5.773
(mg.g~1) 1.995 4,483
Nonhydrolyzable - N 0.72 - 3,22 3.29 - 5.68
(mg.g~1) 1.88 4.89
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NHh—N did not increase in June as Fezo3 and exchangeable Mn did
because most of the ammonium was assimilated by algae, During much
of the summer exchangeable NHh-N and nonexchangeable.NHh-N :crb Stat.ioni
I increased in response to mineralization of organic N, Isirimah
(1972) observed increased immobilization in the fall after deposi- |
tion of detritus. This may also be happening at Station I in the
fall as exchangeable NHb’-N decreased,

During the summer, it would be expected that exchangeable NHA-N
would decrease in résponse to uptake of ammonium by macrophytes, Ex~
cept for June, e#changeable NHA-N appeared to increase during the
sumer at Station IV (Figure 22b), Instead, nonexchangeable NH, =Ny
which is pot available to macrophytes, steadily declined during the
growing season. This fgilure of exchangeable N'HL’-N t.o dec:ease durihg
the growing season was also observed in Lake Wingra (Isirimah, 1972),

Nitrate-N was only present in small amounts when it was present
at all (Table 6). The presence of nitrate-N is a result of the process
of nitrification, the biological’ conversion of ammonium to nitrate,
This is largely dependent upon two genera of microbes, Nitromonas and
Nitrobacter, which are facultative aerobes, Therefore, nitrification
only takes place on the surface sediments during oxygenated conditions.
Two processes remove nitrate from the sediments: immobilization and

denitrification, as well as diffusion into the overlying waters,

Denitrification is the biochemical reduction of NOB-N to molecular
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nitrogen, Denitrification is an anaerobic process; thus, it can occur
in the deeper sediments all year, Isirimah (1972) found that 60% of
added NOB—N was denitrifiéd and 30% was immobilized. Because of the
small amounts of sediment nitrate it appears that net nitrification
is only proceeding slowly. |

On all the sampling dates but one nitrate was present at Stétionv
I (Figure 23). Since nitrate was present during the winter, even
though all the sediments were anaerobic, it appears that denitrifi-
cation ahd immobilization must have been proceeding at a slow rate,
Nitrate concentrations did decline to some extent in March and April,
During the summer, nitrate was higher indicating nitrification must
have been proceeding faster than denitrification or immobilization,

At Station IV, nitrate was only present during the winterl'
(Figurg 23), Its presence again probably indicates that denitrifica~
tion and immobilization were only proceeding slowl& if at a11, The
complete disappearance of nitrate during the summer may have been a
result of macrophytic uptake, Terrestrial plants are known to take
up nitrate from the soil and, since rooted submerged macrophytes are
relatives of terrestriai plants, it is probably ; safe assumption that
macrophytes will extract nitrate from the sediments,

As with organic phosphorus and organic carbon, organic nitrogen
was highest at Station IV, This again is related to the heavy macro-

phytic growth in this area, The relationship between organic N,
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organic P, and organic C in the whole lake sediments is portrayed
in Figure 15, Organic N was well correlated with organic C (r = 0.94),
much more closely than was organic P, This indicates that organic N
was a more important constituent of organic matter than organic P,

Organic nitrogen was fractionated into 6N HCl hydrolyzed and non-
hydrolyzed organic N, The hydrolyzed fraction was further divided into
hexosamine~N, amino acid-N, and un;gentified-N rertions,

The amino.acids released by hot acid probably come from bound
amino acids instead of free amino acids (Kemp and Mﬁdrochova, 1972).
This amino acid-N probably existed in the form of peptides, proteins,
and humoproteins, Some of these combined amino acids probably come
from mucopeptides and teichoic acids (Bremmer, 1967) since these sub-
stances are components of bacterial cell walls,.

As with amino acids, hexosamine probably existed as bound material
and not free hexosamine, Hexosamine comes from proteins, peptides
and chitin (Bremner, 1967). The only two types of amine sugars that
have been identified in either soils or sediments are glucosamine and
galactosamine, Hexosamines form a large percentage of bacterial ceil
walls, Hexosamine-N comprised 10% of the total organic N at Station
I and 7% at Station IV. The relatively large percentage of hexo-
samine N found in sediments has been attributed to the large-scale
turnover of organic matter by microorganisms (Keeney, et alo, 1970).

The large hexosamine-N may also be due to chitin from zooplankton
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carapaces since chitin is more resistant to decomposition than the
hexosamine linkages in bacterial cell walls.

Amino acid-N made up the largest percentage of total organic N:
39% at Station I and 12% at Statioh IV, These percentages are higher
than those obtained by Keeney, et al, (1970) or Kemp and Mudrochova
(1972)s This may indicate that the high amino acid-N content of
Georgetown Lake sediments are due to the high protéin content of
plankton and macfophytes together with a low microbial turnover of
sediment organic matter., This low turnover may be a result of the
long periods of low oxygen tension and low temperatures §ince amino
acid N content declines more rapidly under aerobic than anaerobic
conditionsvin soils (Keeney and Bremner, 1966).

A small part of the unidenpified hydrolyzable~N was probably in
the form of purine and pyrimidine bases but little is actually known
of this organic N component (Bremner, 1§67).

Since all the fixed ammonium-N was probably extracted by hot acid
the nonhydrolyzable-N must be organic in nature, This fraction has
not been identified but is thought to be part of the soil humin
(Bremner, 1967). Kemp and Mudrochova (1972) speculated that part of
this fraction contained some amino acids,

Unidentified hydrolyzable~N and nonhydrolyzable~N together com—
posed about 50% of the total organic N, The higher content of non—

hydrolyzable-N may indicate that increased humification occurred in



103
the sediments,

The seasonal trends of the organic nitrogen fractions for Sta-
tions I and IV are presented in Figures 24a and 24b. During the ice
cover period amino acid-N flucuated but during the summer it cloSely
resembled the trend of total organic N at Station I (Figure 20a).
During the period 5 June to 12 August, amino acid-N appeared to
increase, This corresponded to the time of highest algal population
in the overlying waters (Figure 21), As the algal population de-
clined, the sedimentation of plankton detritus declined and amino
acid-N decreased as it was mineralized, Unidentified hydrolyzable-N
decreased during the winter but nonhydrolyzable~N increased., This
indicates‘ that humification may have béen occurring during this period. _
During the summer these two fractions fluctuated, Changeé in non-
hydrolyzable-N seemed to be in the same direction as unidentified
hydrolyzable~N but there was a lag period., This may indicate a cause
and effect relationshipe This trend was not as pronounced at Station
IV, The fluctuation of unidentified hydrolyzable-N at Station I may
indicate that sedimenting detritus as well as benthic organisms may
vary in organic matter composition with the exception of the propor-
tion of amino acid-N,

At Station IV amino acid-N steadily declined during the summer
until September (Figure 24b), Since the predominant producer at this
station, macrophytes, do not generally die and decompose until the
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fall, net minerélization may be more important here than at Station
I, Apparently during the summer much of the mineralization was _
the deamination of amino acids. During June the unidentified hydrol-
yzable-N also declined but during the rest of the sampling period it
increased, It is possible that only part of the mineralized amino
acid-N was immobilized into the unidentified hydrolyzable-N fraction.
During the summer, part of the nonhydrolyzable-N may havg been
mineralized as it decreased during this period.

At both Station I and IV the seasonal trends of hexosamine-N
closely resemble those of amino acid-N (Figure 25), This is veri-
fication that these fractions are found in similar compourds, i.e.
proteins and pept;des. This relationship may indicate that much of
the hexosamine-N in sediments was a result of deposition of chitin
of zooplankton and benthic fauna instead of being derived from'bac-
terial cell walls, In the surface sediment, bacterial hexosamine-N .
may be more‘important since they normally have a higher bacterial
population (Hayes, 1953 and Pomroy, et &l., 1965) but my samples

included deeper sediment layers,
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- SEDIMENT TRENDS

To estimate the anrmal trends of the sediment parameters, their
net gain or loss from the sediments was coﬁputed. To obtain these
trends, the chahges for each parameter between consecutive sampling
dates were determined., The differences were then summed for the
year 17 December 1973 to 21 December 197l to obtain an anmual trend,
Trends for specific periods of time within the year were also
determined in this way. This method will only give gross quanti-
‘tative and qualitative changes in the lake sediments,

A11 the cations did not exhibit a uniform trend during the year
~ (Table 7). Iron oxides, A1,04y Ex-Mg, and Ex-Mn increased in the
total sediments. Exchangeable Al and exchangeable Zn decreased.

At Station I, with the exception of exchangeable Mn, the anmila
trends were not as great as for the whole lake, Only aluminum
ox;des and Ex-Mn increased, Oborn (196h) showed that macrophytes
can concentrate iron, manganese, and calcium both intracellularly
énd extracellularly, Therefore, the macrophytes may be extracting
these parameters from the deeper sediments and dePositing them on
the surface sediments when they die at shallower stations,

Organic carbon and IVS are both accumilating in the sediments
of the‘entire lake, This is the result of the natural aging process
of a laké. On an annual basis, more biomass is synthesiéed and de-
posited in a lake than is mineralized. This conclusion is substan—

tiated by Knight, et al. (1976), who found that photosynthesis
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TABLE 7. TRENDS OF SOME CHEMICAL PARAMETERS OF THE SEDIMENTS FROM
17 DECEMBER 1973 - 21 DECEMBER 1974; + INDICATES AN ANNUAL
GAIN WHILE - INDICATES AN ANNUAL LOSS IN mg.g’l.

Parameter Station I | Whole Lake

Fep0y  0.000 +8.719
ALy, ~ +o.0u 4+ 0.056
Ex—-Ca - 0.200 + 6.250
Ex-Mg - 0.187 ' + 6.250
Ex-Mn '. +0.101 +0.056
Ex-Al - 0.014 - 0.025
Ex-Zn - 0.045 - 0.116
Organic - C - 44.20 +27.20
1vs - 64.25 - + 26.86
Total - P | - 0.382 - 0.020
Inoréanic.- P - 0.163 - 0.001
brganic -P - 0;219 - 0.019
Total - N - 4.620 | - 0.630
inorganiclé.N . - 0.800 - 0.310

Organic - N - 3.821 - 0.440
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exceeded resniration in Georgetown Lake, Over a long neriod of time
'this surplus organic matter builds up on the bottom of the lake and
eventually fills the lake, The greatest increases in organic matter -
in the sediments of Georgetown Lake occurred from 12 Sentember to
21 December 1974. This is not surprising as this was the time when
the majority of the macrophytes died. Organic matter appeared to
decrease at Station I, This was caused by the decrease in qrganic
matter from 25 April to 5 June as a result of a location change of
this station. Ignoring this decrease, organic matter actually re-
sults in an accumulation of organic matter annually at Station I,

Total vhosphorus decreased in the sediments (Table 7). This may
seem unusual since Golterman, et al. (1968), Bortleson’ahd Lee (1972),
and Syers, et al, (1973) have observed that sediments act as a sink_ |
for nhosnhorus., This loss seems to be due to inorganic P which is
released into the overlying water and then removed through the dam.
It appears that with the excevtion of Station I, the lake sediments
are accumuleting total P, However, so much nhosnhorus is being re-
moved from the sediments at Station I that there is a net loss of
phosnhorus from the lake, Inorganic vhosphorus does not show an .
annual change in the lake &s a whole but organic P does. Apparently,
more organic P is mineralized to inorganic P anﬁually than is being
formed biologically. This results in a net loss of P from the lake,

However, at Station I, both organic and inorganic P show an annual
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loss. The amounts are larger here than in the lake &s a whole which
again indicates that the deep water withdrawl is causing the removal
of phosphorus. Total nitrogen also shows an.annual loss in the sedi-
ments. As with nhosphorus, nitrogen, both inorganic and organic,
show a greater loss at Station I than in the rest of the lake, In
the lake as a whole, inorganic N shows an annual decrease as well
as at Station I. It annears then, that organic N is being mineralized
more rapidly than inorganic N is being lost through the dam, However,
organic N is being lost more rapidly than inorganic N is accumulating,
with the net result being a decrease in both inorganic N and organic N,

It would seem that the sediments of Georgetown Lake should be
very low in phosnhorus and nitrogen.' The fact that this is not so
is vrobably caused by thé original substrate. As discussed earlier,
this area was originally.a hay meadow. As such, it was probably high
in nitrogen and vhosvhorus., This vhenomenon is vrobably a result of
the dee® water withdrawl at the dam. Wright (1967) has shown that
reservoirs, with deen water discharges, liberate higher concentrations
of nitrogen and phosnhorus than surface water withdrawls, This is
generally true because during summer stratification, higher concen-b
tratioﬁs of N and P are nresent in the hypolimnion than in the
eoiliﬁnion.. This is not true in the summer in Georgetown Lake but
is true during ice cover.. As discussed éarlier,lduring the ice cover

period the bottom waters become snaerobic, thus, causing certain
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sediment chemicals to be released from the sediments. Among these
are ingorganic P and ammonium—N. Becéuse the vater withdrawl is
near the lake bottom, as these chemicals are being released, they
are being removed permanently from the lake, vThis is substantiated

by the high concentrations in the outflow during most of the period

of ice cover.



CONCLUSIONS

.1, Georgetown Lake did not exhibit chemical stratificﬁtion during
the ice free period but did during most of the ice cover veriod. This
stratification coincides with the period of anaerobic conditions in
the bottom waters.

2. During the anaerobic conditions substances such as ortho~
phosphorus, ammonia, iron, ahd siliza; among others,’wefe feleésed
from the sediments into the bottom waters, With the reintroduction
of oxygen at icé out many of these substances greatlj decreased in
the water column,

3. Durihg the summer‘months turbulent mixing appeared to suspend -
the surface sédiments, thus making vhosphorus available to the vhyto-
plankton.k ‘ l

h; At the deep water s£ation iron oxides’and aluminﬁm oxidés
were associated with the same narticles, Atrthé shallow water station
they were associated with different narticlés because of iron uptake
by the macrophytes, |

5. The proportion of initial volatile solids attributsble to
organic carbon varied with thé season because of the rate of benthic
decomnosition,

6. Inorganic phosphorus made un the largest percentage of
the sediment total phosphorus. During the ice cover perio& toéal
phosphorus trends were dictated by organic phosphorus because of the

previous autumnal macrophytic die-off. During the summer inorganic
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phosphorus regulated the total phosohorﬁs trend because of macro-=
vhytic uotake of inorganic phosphorus.

7. Citrate~dithionite-bicarbonate extractable phosnhorus made
up the majority of the inorganic phosphorus. Exchangeable phosphorus
composed 14 to 25% of the inorganic phosphorus, indicating much
phosphorus is available to be released into the overlying waters if
the right conditions exist, |

8, Although organic nitrogen makes up the majority of total
nitrogen, it was less important than reported in the literature, This
was a result of the shallow depth of Georgetown Lake which makes the
bottom environment mbre conducive to macrobial mineralization, This
is supported by the C:N which was 31:1, . »

9. Nonexbhangeable aﬁmonium—N composed the largest percentage
of inorganic nitrogen. Exchangeable ammonium-N made up 10—20% of
the inorganic nitrogen, thus there is much nitrogen available to be

i

released into the overlying waters,
10, Organic nitrogen was a more important constituent of organic
matter than organic phosphorus.
11. The most importaﬁt constituent of organic nitrogen was amino
acid nitrogen.
| 12, Because of the deep-water withdrawl of the dam, much nitro-
‘gen and phosphorus was discharged during anaerobic conditions in

the bottom waters. This was indicated.by the C:N:P of L469:31:1,
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This results in phosphorus from the lacustrine ecosystem,
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