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ABSTRACT

Field and laboratofy investigatéons werelcarried
out to explore ;;diment oxygen demand (SOD) and its
component parts. An in gitu measurement device was
bullt, tested and épplied in Hamilton Harbour. Tech-
ﬁiques were developed to measure SOD and oxygen uptake
by chemical oxidation (CSOD); Sediment samples were
taken from Hamilton Harbour and seven other lakes in.
Northern Ontario and Cape Breton Iéland. All samples
were analyzed for o:ganic content and selected sampléS~;
were plgced in laboratory columng._ Experiments were
‘conducted in which oxygen uptake was meas;red within
the.coluhns under controlled. conditions. Sediment -
-oxygen demand was fractioned_intp portions attributable
to chemica} oxidati&h, biological Tespiration énd
diré;t macroiﬁyertebrate respiration.
f'ﬁodels were selected to descfibe the dependence
oﬁ;éagh portidh of SOb on oxygen concentra%ion and
temperaturc. Where.possible, mechaniétic explanations
are preséntealfor the models selected. Results indicate
that the chemical portion of S0D is‘depepdent on

oxygen concentration in the manner ¢f a first-order

reaction énqrihht it responds to temperature change in
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a manner typicél of a mixed bacterial community. At
high oxygen concentrations, ‘anaerobic metabolic activity
.is found tfo be the limiting factor in CSOD. Bacterial

and macroinvertebrate oxygen uptake are dependent on

oxygen concentration at low conecentrations, following a

.. Monod kinetic form. These fractions respond to tempera-

ture in the same fashion as the chemical portion. Macro-
: . . .
_invertebrates contribute a large part of the ,direct

respiration as well as having a profound effect on the

total community-respiratioh. ' f
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1. INTRODUCTION

The muddy bottom of lakes, rivers and estuaries
is recognized as a region of intense biological
activity. It is a complex ecosystem untc itself and
the_study of this zone can reveal much about the
. general balance of life in aquatic systems.

Organic aﬁd inorganic materilal settles to the
sediment surface and comprises a matg}x inhabited by

f .
organisms competing for food and space. The dominant

life form is usually the heterotrophic bacteria which
oxidizes the organié material in order to derive the
stored chemical energy within. The relatively more
bioresistant material is buried by the continuous

'rain' of fresh material, until'it lies beneath the
extent of penetration of oxygen. Deep within the
sediment, anaerobic heterotrophs continue the decay
process. A measure of the ecological balance of a
sysfem is the degree of organic material accumulation
and oxidation. In eutrophic bodies of water, organickﬁ\

material accumulatés quickly despite high rates of

decay. Organisms are limited in this environment by



space alone. Iﬁ more pristine environments, readily
decomposable material does not accumulate and the
bacterial community is in a constant.étate of competition
for oxidizable organic matter.
The rate of oxygen uptake at the sediment-

water interface, sediment oxygen demand (SOD) otherwise
called total sediment oxygen demand (TSOD), is of
prime conéern in studies of the oxygen dynamics of a
natural water body. TSOD may be divided into two
fractions: the biological sediment oxygen demand (BSOD),
the oxygen uptake by aerobic organisms, and the chemical
sediment oxygen demand (CSOD), the direct oxygen uptake
by purely cheqical reactions. The latter fraction is
defined operationally in this study as the chemical )
oxidation of reduced by-products of anaerobic decomposition
processes.

| The objectives of this study are two-fold.

)
Firstly, SOD is measured in situ. In so doing, the

{echniques_of appl?ing such meéasurements are tested
and assessed. The results of these measurements are
used to determine the degree of spatial and temporal
vafiability of SOD in lakes of Southern Ontario,
Northern Ontario and one lake on Cape Breton Islaﬁd,

Nova Scotia. The measurements alsc provide an indepen-

dent set of data to compare with laboratory measurements
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from the second part of the study. Secondly, SOD is
characterized by fractioning the total rate into its
component parts: CS0D, BSOD and macfoinvertebrate‘

'oxygen uptake (MSOD). The effects of oxygen concen-
traticn and temperature on éhese rates are examined

and modelled. The te&hniques involved in measuriné
TS0D, BSOD, CSOD and MSOD are evaluated and

recommendations for standardization are made.

o e o S L. aea O LTI — - . -
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2. LITERATURE REVIEW

2.1. Introduction

The purpose of this chapter is to summarize
existing information concgrning SOD and to clarify the
methodologie; used in this study. The following
sectionslééal spegifically‘with in situ and laboratory
measurements of S0D, sediment chemistry and structure,
the temperature and dissolved oxygen effect on sedi-
ment apti;ity, the macroinvertebrate community and

the mechanisms of sediment oxidation,

2.2. In situ Measurecments of S0D

. Many attempts have been made to measure SOD
dirgctly using devices which have been developed for
this purpose. In this study, the equipmenf,and
" techniques employed were designed to obtain a first
approximation of oxygen utilization by sediments in
an undisturbed s%atqp Crook and Bella (1870), Smith
‘et al. (1972), Smith et al. (1973), James (1374,
Pamatmat and Banse (19639), National Council fof-the‘

Paper Industry .for Air and Stream Improvement (NCASI)



(1978), and Polak and Haffner (1878) conducted in' situ
measurements in rivers, lakes, estuaries and the sea.
In the studies of Crook and Bella (1970),
James (1974) ahd the NCASI (1978), in situ chambers
were used to isolate a portion-of the substrate from
the mainstream of flowing waters and to observe the
rate of oxygen utilization‘by the sediment. Drawings
of Crook and Bella and James' tunnel-like devices are
reproduced in Figures 1 and 2, respectively. The
system used in the NCASI study is similar to that of
James. The units of James and the NCASI employ a
flange to seal the tunnel into the sediment.  Crook
and Bella's device is 5.64 metres in length, sealed at
both ‘ends and equibped with a variable speed pump
to provide an artificial current within. Water samples
can be withdrawn at any time interval and the rate
of oxygen loss from the watef can then be calculated.
The device used by James is longer (30 metres)
and when aligned with.the flow allows water to.pass
through at the natural velocity. The time of water
passage through the tunnel is accurately‘measured;
then the dissolved oxygen is measured by a probe or
chemical analyses as it enters and leaves. In each

study, consistent results were achieved. The authors
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Figure 1. Closed recirculating respirometer (Erom James, 1970)
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Figure 2. Open tunnel iespirometer(from James, 1970)



did note, however, that their techniques are limited
to shallow, slow moving stream sections.
James (1974) aI;o tested a respirometer, a
devicerin which the effects of biological respiration
can be contained and observed (see Fig. 3). This
devicer differs in shape from the instrument of Crook , »
and Bella (1970) but is similar in operation. A
variable speed pump is used to create an artificial
current over the éediment. Working in the sediments
of an Oregon estuary, Crook and Bella applied linear
velocities of 0.12 to 0.24 m/sec to the trapped water.
A gradual increase in SOD rate from l.% to 2.1 grams )
0,/m?-day was observed. It was concluded that a difeét
relationship exists between oxygen uptake rate and
w%tet velocity over the sediments: in this veloeity
range. This respirometer can be used in deep water.
In the NCASI study, a correlation was developed '
between water velocity and SOD over the velocity.
range 0-0.4 ft/sec. At some sites, almost a two-fold
increase in SOD was observed as velocity was doubled.
Smith et al. (1972), Smith et al. (1973),
Pamatmat and Banse (1969), Smith and Teal (1973),
NCASI (1978) and Polak and Haffner (1978) used respiro-

meters of their own design in deep non-flowing locations.



Smith's chamber is typical and is reproduced in Figure
4. This instrument is fitted with a mixer, a dissolved
oxygen'probe and meter, a recording unit and a power
source. ?he mixer circulates the trapped water past
the probe eliminéting stégnant areas within the chamber
and providing a gentle movement of-water oOer.the
sediment. Smith used divers to place his instrument
.when'in deep, non-wadeable waters. He also conducted
experiments in ceep sea conditions in which the imstru-
ments were lowered by cable to a depth of 1850 metres.
His measurements continued for a period from 2 to 72
hours, depending on the rate of sediment oxygen demand.

Most researchers have provided their devices
with a system for injecting solutions of metabolic
poisons into the trapped water. Smith and Teal (1973)
used formalin after several hours of normal operation.
When -formalin was added to the chamber in the sea at
a depth of 1850 metres, the uptake‘of oxygen ceased.
They concluded.that SOD at that location was totally
due to the direct uptake of oxygen by tﬁe biological
community. ‘

Smith et al. (1972) and Smith et al. (1973)

measured SOD in the sea near Bermuda and the sewage

outfall near Wood's Hole, Ma. At these locations, a
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sdﬁution of penicillin and streptomycin was added to
the chamber as a metabolic inhibitor. fhe inhibitors
Qere added in equal parts and the final concentration
was 50 mg/% of each. Hargrave (196%a) reported that
this solution will stop bacterial activify yet will
not effect the magrdinbertebrate community. Smith's
measurements consiéted of three phases: oneg canducted
under normal cdnditions; one in which étreptomycin.
and penicillin wére added; and a final stage in which
formalin was.added. In this way, the  SOD rate could
be partitioned into the contributions from bacteria,
macroinvertebrates, and non-biological-reactions.

A summary of SOD rates reported by several
authors.éppears in Table 1. TInitial temperafﬁre and
oxygen COnceﬁtrations are included, when available.'
Note that some of the measurcments were made in
laboratories on sediment cores overlain with water.
Certain observations are relevant. The chemical
portion.of the rate, when measured, was found to
constitute a significant portion of thevtotal rate in
ﬁost cases. In fact, Pamatmat (1971) found that the
SOD rate could totally consist pf'chemical uptake in

some locations. There is a large range reported in

the rates (0.024 gm/m%-~day in the East Tropical Pacific
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to 38.16 gm/m2-day in an English stream). Crook and
Bella (1970) observed a large contribution to the total
~rate from worms. ‘They observed SOD rates at locations
‘with worms to be about four times that without them.
Other authors referenced here, with the exception of
James and the NCASI study, reported SOD rates in the
range of 0.1 to 3.4 gm/mz-déy while James (1974)
observed ex%remely high values in English streams and
lakes (1;58 to 38.16 gm/mz-day).ﬂ

Several authors noted high SOD rates after
initial placement of their respirometers. The rate
eventually decreased to some steady value. One possible
explanation for this phenoménon is that during place-
ment tﬂe sediment is disturbed bj the cha&ber‘s edges
resulting in some resuspension of sediment.

In situ measurement techniques are used
extensively and under varying conditions of temperature,
depth, oxygen concentration and substrate type. The
devicegtemployed are similar in design and purpose.
However, opqrati%Féi techniques have not been standard-
ized. There is, as yet, some question as to the
proper duration of tests and the minimum relative
change in oxygen that should be observed in a measure-

ment. Little information is available on the spatial
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wand temporal variability, or indeed, repeatability of
measurements that one might observe in a particular
water body. The use of metabolic inhibitors is common
yet various poisons are used and their effects on the
sediment community can be quite different. Respiro-
meter design and size is highly variable but usually
reflects the conditions encountered in the field, the
handling facilities and the sediment characteristics.

While some authors have successfully compared

SOD rates measured in situ with laboratory measurements,
there is, as yet, no real independent assessment of
the value of this method. The literature does not
contain a discussion of possible errors or probkems

associated with in situ measurements.e

2.3. Laboratory SOD Measurements

Direct measurements éf SOD have been made on
' sediments in laboratories under controlled conditions.
Laboratory procedures involve monitoring the oxygen
loss from the water overlying either disturbed sediment
in a respirometer or an undisturbed sediment core in
a coring tube. The oﬁgrational techniqués, observafions
and conclusions resulting from both methodologies are

L

reviewed in this section.



Mixing schemes within laboratory respirometers
are recognized as an important parameter and tHus have
been a topic of study. Crook and Bella (1970) compared
in situ SOD measurements made in a Toledo estuary with
earlier measurements made on cores in a laboratory.
Their laboratory measurements compared favourably with
core measurements that were made with no mixing but
were about half of the rate of laboratory measurements
made with plunger-type mixing. James (1974) assessed
the mixing in three devices. He found no effect on SOD
rates‘from.loﬁzﬁixing speeds in a stirred core-type
respirometer. However, mixing was positively related
to SOD rate using the in situ device illustrated in
Figure 3. He concluded that when overlying water velocity
exceeds 0.4 m/sec the sediment becomes resuspended,
thus increasiné surface area and SOD rate. Edwards and
Rolley (1965) observed a similar relationship between
mixing and SOD rate. They concluded, as James later *
did, that when mixing exceeds the velocity. required
to cause resuspension of materigl the SOD rate increases.
Pamatmaf (1971) found mixing to be important with
some sediments and attempted to simulate natural mixing
conditions in his experiments. The 1978 NCASi field .

study employed tunnel and chamber type respirometers.
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While variability was high in measured SOD values at
the same site, it was evident from the results that
SOD was a linear function of velocity in the 0-0.4
ft/sec range. Resuspension of bottom material was
eliminated as the cause of increased rates in this

study.

Hayes and MacAuley (1959) examined three methods
of sediment handliné and preparation and th;Er effects
on measured SO0D rates in the laboratory. Théisediment
samples were taken and prepared in the folyowing
structure: 1) in an intact condition; 2) iﬁ a disturbed
condition and allowed to settle; and 3) in a disturbed
condition and settled by centrifuging. Despite the
differences iﬁ preparation the SOD rates were simi
Hayes and MacAuley were able to conclude that after
disturbance sediment systems return to a near-natural
state with respect to the vertical stratification of
chemical and biological characteristics.

Granéli (1978) investigated the ability of
segiment samples to acclimatize to different temperatures.
Various Swedish lakes were sampled for S0D laboratory
measurements. The samples were taken ét regular time

intervals and incubated at the in-situ temperature.

Similar rates were measured on the incubated samples

,J
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as on another setj of samples collected at the same sites

at the same time. The second set of samples were

allowed to acclimatize to the same temperatures as the

first set< " -Similarly, Rolley and Oﬁens (1867) obtained

almost identical rates when they measured SOD on sedi-

ments taken from the same river site during winter and P
!

summer and allowed to acclimatize. to the same temperature. -

Pamatmat (1971) conducted experiments to

determine the varia§ility of SOD-rates with depth in

the sediment matrixb' He measured the SOD rate in an

intact core, then removed the top few centimetres of

material and méasured the rate exerted by the remaining

sediment. An initial higher rate was observed in” the

“second case. However, after a few hours, this rate

decreased to the'raﬁe‘measureq;in the undisturbed case.

Pamatmat partially credited the initial elevated SOD

rate to a sudden and short-lived release of reduced

metal ions which had been buried under the oxidized

zone of the sediments. These results also illustrate

that a degree of vertical homogeneity exists in the

upper zone of sediments with respect to th;ir

oxidizability.

In all laboratory studies conducted at

conditions dissimilar to the natural condition, a time
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lapse was allowed so that the sample could acclimatize
to the new condition. Edber% and Hofsten (1973) allowed
their disturbed cores to acclimatize in their laboratory
.
for long periods of time and observed time-dependent
changes over 20 .days. During this time period, SO0D
rates continued to increase and reached a steady value
after 20 days. They explained that tﬁis phenomenon
was due to the re-establishment of bacterial and macro-
invertebrate populations to near—natpral cgénditions
and numbers.

Pamatmat (1971) avoided acélimatization un-
certainty by on;shipbéard measurements . Shortly after
retrieval, SOD rates were measured on undisturbed: cores
at in situ temperatures. Only the first few hours of
measurement were used to determine the S0D rate.

Several different poisonshhave been used in
sediment‘respiration studies in laboratories. Edberg
and Hofsten (1973) used potassium cyanide (KCN), an
inhibitor of cytochrome oxidase, to measure the SOD
rate which remains after the aeroﬁic organisms are
inhibited. Pamatmat (1971) used formaldehyde (2.5 to
5.0% by weight) to kill all organisms and thereby .
determine oxygen uptake by purely chemical processes
in sediments. -Granéli {1978) poisoned sediments with

1000 mg/% of mercuric chloride (HgCl) to completely
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. halt biological activity. There is a discrepancy

| between the approach used by Edberg and Hofsten and {
that used’ by Pamatmat.and Graneli reéarding the
activity’of the anaerobic bacterial community. In the

long term, Edberg and Hofsten's method results in a
higher oxygen uptake rate for the same sample. The
reason is that the by-products of anaercobiosis are

still being produced and consequently still contribute

to oxygen consumption by chemical oxidation. It is

-

highly questtonable whether a significant difference
would result during the short time scale of an SOD

) . -
measurement.

ﬁiu.Lnd Str%chan (1977) tested various poisons
in a laboraggfy experiment in which sediment samples were
placed in Warburg respirometers and treated with
m-Cresol,™KCN or sodium azide. After an initial
dninhibited period, during which bacteria in the sedi-
ment were allowed to respire normally, the poisons
were added. The m-Cresol was the most effective ir/
almost immediately reducing respiration. The KCN
concentration ‘applied (0.2 ml of 0.1 M solution for

3 grams of dry sediment) was nearly 100% effective

after one hour. The sodium azide produced only minor

, inhibition during the course of the experiment.

— 7\
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In their study, Edberg and Hofsteh (1973) con-
firmed that okygen transfer through the plexiglass
walls &f their core respirometer was negligiblé and /:,
any error resulting from this process could be ignored.

Laboratory measurement methods have been
tested with special emphasis on mixing schemes, sample
handling, incubation temperatures, acclimatization
times and'metabolic poisons. The concensus is that
mixing should simulate natural conditions without
causiﬁg resuspension. Sample handling and preparation
techniques vary from one study to the next; howeﬁer,
evidence suggests that-if samples are allowed sufficient
time to acclimatize, they will return to a condition
similar to the natural condition. In. addition, if
samples are subjected to temperatures differing from
those at the time of sample collection,.an acclimatiza-
tion period of several days should be allowed. Various
poisons have been used to inhibit components of the
total SOD rate. Care must be exercised in interpreting
the.;esults éf“these measurements and in comparing
the results from studies In which different poisdns
were used.

As yet, it 1is difficult to compare the mer%ﬁs

of in situ and laboratory measuréments. No independent



‘("

23

assessment technique exists. Laboratory methods of fer
the investigatpr more flexibility and the facility to
make moré precise visual and chemical observations.
However, measurements made in situ are less subject

to disturbance and resultant errors. More work of

a comparative nature is required, not only to evaluat?
these techniques, bﬁt to establish the best operational

procedures.

2.4%. Sediment Characteristics

L] . '
Sediment composition and structure are investi-

gated in order to address two questions: what is the
importance of sediment-water interfacial reacfions to
the chemical dynamics of the whole water body, and
what descriptive knowledgé of long-term trends can

be obtained by studying sediments? Despite the 1érge
temporal and spatial variability usually encountered
in the themical properties of a water body, surface
sediment characteristics often reflect the prevailing
condition. Conversely, deeper sediments are‘investi—
gated to obtain information about histarical patterns.
In this sectlon,llterature pertalnlng to descriptive

sedlmpntology is reviewed with empha51s .placed on

sediment chemical and biological structure.
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Several researchers have studied sediment
properties at rious depths.within the matrix.
Vandebpoét (1972) dated vgrious strata within sediment
cores from Lake Ontario. This investigation revealed
that the top 10 to 12 centimetres of-sediment.ﬁére
deposited dufing the past 120 yéars. Despite this
time span, chemical properties were homogeneous through-
out the profilé with the exception of the thin top
layer. Bgcterial‘populations, sorted into fundamental-
divisions, were also shown to be similar throughout
the'varioué zZOnes . /&he’fﬁii top layer (2-3 cm) contained
higher aerobic bacterial densities and had a higher
organic content. -

Shapiro et al. (1971) investigated the sediments
of Lake Washington and noted evidence of recent changes
to the water boﬁy whic% was reflected by the sediment.
In 1963, sewége inputs to this lake WEPeveliminated.
This action resulted in a dramatic 1mprovement in water
quallty ‘'which was observed in the follow1ng years.

In 1968 and 1970, significantly higher sediment phos- .’
phorcous concentrations were found at a depth of 4 cm.
These concentrations were similar to surface values

measured in 1?58-59. The higher phosphorous concen-

trations, indicative of pre-1963 conditions, were
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buried by fresh sediments which reflected the new,
cleaner water quality conditions.

Researchers have found that the surface sedi-
ments are generally richer in préanic content and

support more iﬁtense bacterial activity than deeper
sediments. In a Quebec Lake, Coopef et al. (1953)
observed & decrease in the organic content of the sedi-
"ment below the surface layer of sediment. Mortimer
(1942),.Sorokin'(1975) and Vanderpost (1972) observed
a strong relationship between aerobic bacterial popu-
lations and the ek profile in the sediment column.

The sedinments are a zone of intensq activity.
The interstitial water of thelsediments reflects this
activity with high chemical ion concentrations. Weiler
(1973) found elevated concentrations of soluble
reactive phosphorus, nitrate, silica, iron and manganese
in the interstitial water of Lake Ontario surficial
sediments. Gardner and Lee (1965) measured extrgmely‘
high buffering capacity in eutrophic Laké Mendota
sediments. Alkalinity as CaC03 was measured at
260,000 mg/2 while iron and sulphides were in thé fange
of 17,000 to 23,000 mg/% and 1,400 to 3,300 mg/2,
respectively{ Bruskill et wul. (1971) while studying .

six oiigotrophic lakes in the Experimental Lakes Area
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(ELA) of Northern Ontario, found that major ions were
prgseﬁt in interstitial water, in conéenfratidns;that
were 1.5 to 5 times higher than those in the overlying
water. Sorokin and Donato (1975) measured sulphide
reduction rates in thé sediments of subaipipe lakes
as high as 18.2 mg/f-day. These extreﬁely high rates
were found in eptroﬁhic lakes with sediment sulphide
concentrations ranging from 500't6 1,500 mg/2.
The results of invéstigations indicate that

the sediment matrix andlinterstitial water is a zone
of concentrated chemiéal and biological, activity. Thege
high concentratgons: of major idns impart a high-buffeéing
capacity to the sgdiments.

 Many researchers have.investiéated the so-called
"mi?ed zone" at the surface of sediments. This zone
usually.includes only_the fép few'pentimgtres.of the
sediment coﬁpaﬁtment and displéys chemical and biological
conditions'quifg different from the deepér sediment v
strata. Mortimer (194%1) used redox potential to
delineate this mixed and oxidizing 26ne from 'the lower
reduced zones thereby implying that'thgse zones cén
- be differeptiated by their chemica11poteﬁtialﬁ Hargrave
(1972a) found that an eH vaiug of +100 millivolts

correspondé to the deeper'extent of this zone. He:

-
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was able to measure o;idized zones as deep as 3 cm in
x

sandy material while silty sediments displayed-about 2
to 3 mm of mixed zone. Viner (1976) measured the depth
of the mixed zone to be 10 cm in thé sediments of Lake
George, Uganda. <

Gorhém (1958) studied the formation and break-
tdown of the oxidized zdone. In this study, the lower _
extent of the zone ﬁas defined as the depth at which a»
colour changg occurréd from a brown-oranggdxo black.
The brown~orange'colouf is indicative of iron oxidation.
Iron does‘not oxidize-below-this zone, Ofidized zones
were.found to extend from 6 tov38 mm into the,éediment
‘pf a eutrophic English laké. Gorham -took sediment
~cores during an anoxic .period and could find no apparent
oxidized microzone. The water Qverly%ng the cores was
aerated yet still no microzone developed. Howéver, after
the samples were disturbga‘and allowed\ to resettle,
a distinct mixed zone appeared. After 2 months the, |
éone‘had extended its depth to 14 mm. GorK¥am concluded
that in similar lake types, the mixing‘which accompaﬁies
fall turnover is‘essential to the establishment, of the
mixed microzone. . He noted that it is possible for
wind mixing to cause this zone to overturn several

times in one year and that worms, when present in the =

-

a ' . . -

by
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sediﬁents, could extend ghe depth of the zone by their

tunneling action. ,

. r
The organic fraction and the nature of the

organic fraction of sediments has been the object of
several studies. Kemp (1976)Y<8tudied Lake Erie sedi-
ment and characterized the orgaﬁic fraction. This
study shouzd that 896% of Lake‘Erie's organic sediment
is autochthonous. Thi§ organic material waé found to
consist of 24 to ¥1% kerogen material (non-degradeable
matter), 7 to 9% humic material, 12 to 28% fulvic
materia%’and 58 to 71% humins. Humic, fulviq and humiﬁ'
materials are bioresistant. In a study by)Kemp and
Lewis (1968), an estimated 95% éf the organic materiai
in Lake Erie decomposed on settling and did not reach
the la;e bottom.’ The material thch did reach the
bottom was the most bioresistant.

Gorham et al, .(1974) qonfirmed the observation
made by Kemp and Lewis (1968) .- in England's Ethwaite
Water, arsmall eutrophiﬁ lake with a mean depth of .
only 6.3 metres, sediment traps were set at the thermo-
cline and at the lake bottom to compare sedimenfafion
rate apd sedimgnt composi%ion.‘ Very little décomposition
.;occurréd in the hypolimnion since 94% of the mass.

i K P . ‘
settling out of the epilimnion reached the sediment

PR
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surface, Chlorophyll derlvatlves were hlwhly concen-

trated in the surface sediments to a depth of 0.5 cm

and decreased quickly to less than 1/3 of the surface
. \
concentration at a 3 em depth.’' Two deeper lakes were

'-studied and a more even distribution of chlorophyll

derivatives (with depth 1nto the sediments) was observed.
It was concluded that because of Esthwaite Water s
shallow hypolimnion, autochthonous ma?erlal was’
accumulating on the sediment surface, whereas in deeper
lakes decomposition in the hypolimneEic waters reduced
the sediment 'load at the sediment surface.

The sediment compartment acts as a tfap or
'sink' for bioresistadzverganic matefial. Jewei and
McCarty (1971) found that 40% of algal material is
relatively bioresistant. This bioresistant material

is primarily skeletal detritus. Bordovskiy (1965)

suggested that this is ba81ca11y all that renalns of

Correlations between  various sediment character-
isties have been reported by several reéearchers and
are relevant to this review. Rolley and Qwens (1967)
were able to correlate loss on ignition, humic acid,

kjeldahl nitrogen, organic carbon and permanganafe
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value and achieve correlation coefficients greater
“thran 0.875, A regression relationship was.also
“established betweeﬁjpermanganate value (P.V,) and

humic acid (H.A.) as follows:
P.V. = 1,76 (H.A.) + 1.23 (1)

Other cszﬁlations are listed here as ratios. *

‘

Orranic carbon (% of dry weight) . , 4/1. 0 (2)
. f - '

Carbohydrates

e * (Berchakov and Hatcher, 1972)

Organic carbon (% of dry weight\
Less on lgnition

= 0.47/1.0 (3)

L]

(Dean and Gorham, 1976)
r
AN . ' : i
Organic cagxgg (% of dry weight) _
™~ ASRELAY = 8.2/1.0 (4)
: _;37’N¢trogen

(Kemp and Mudrochova, 1972)

gﬁ?Pamatmat and Banse (1969) were also able to show an

LY
- .

inverse relationship between organic matter (as a
percentdge of dry weiéht) and particle size,

In éummary, the available literature describes
the sediménts as a highly éoncentrated, strongly
‘buffered deposit which can be studied in two parts. i
The ﬁpperlzone is mixed and, under oxic conditions,

displays positive ‘eH values. This layer'is dominated

; | - - . ng
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by oxidative chemical reactions and is populated pri-
marily by an aerobic bacterial community. This zone
often displays the brownish-orange colour indicétive
of the fully oxidized state -of iron,

iBelow the oxidized zone is a perpetual zone
of chemical reduction, Redox potential, measured as
eH, is negative and bacterial communitieé are dbminated
by anaercbes. This zone is notreffected by wind or
macroinvertebrate mixing. Decomposi%ion occurs at a
slower rate as th: organic'fraction in this zone is.
much more bioresistant than in the surface sedimentsl
" Reduced chemical species diffuse upward through inter-
stitial water to the oxidized zone. The reduced zone
is often quite homogeneous throughout its depth yet
close investigation of chemical propefties in the
strata can often reveal long term histdricai pﬁ;terns

and past water quality trends.

2.5. Organic Carbon and SOD

Once it had become apparent that SOD was largely
a result of heterotrophic organisms degrading organic
deposits, many. researchers attempted to relate the
. o o

kinetics of SOD to the organic proﬁerties of the sub-

strate. This line of research aimed at answering the
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questions regarding the larsfe variability in oxygen
uptake rates of sediments observed in various water
bodies. Unfortunately, the problem could not -be
resolved. For example, Hargrave (19638b) found no
significant correlation between SOD and total organic
matter, protein and carbohydrate céntent of fhe sedi-
ments in Marion Lake, B.C. Specific measures of
organic content were not reported but allochtonoﬁs
organic inputs were high in the incoming stream. In
1939, Anderson was unable to ‘show a cgrrelamion between
the organic content of undis;irbed sediment and the
80D. A wide ranggfof organit contents of sediments
wefe:used in this studyT“’K;to (1956) éound a positive
correlation between CSOD and organic carbon content

of stirred sediments after poisoning with toluene.
Edwards and Rolley (1965) studied river muds witﬁ B
organic carbon contents of 4 to 13% by ?eight and found
no relationship with SOD. They did no e that permang- -
anate value (a measure of readily oxidyzable métter)
was strohgly related to organic carbon. Edberg and
Hofsten (1973) reported similar results but felt ,that
the quality (biodegfadability) of the organics is | /.
important. One lake in their study had a low SOD and

a largely wood fibre type of sediment. Another lake
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"had a high SOD, a sediment of low organic content and
a thin layer Jf algae at the surface. Pamatmat a#fd
Banse (1969) found no seasonal changes in organic .
carbon or nitrogen in Puget Sound sediment despité
changes in S0D. They concluded that a large portion

of the organics.ﬁgre non-living and refractory when

S0D was low. ‘

Rolley and Owens (lé57) elaborated on the work
of Edwards and Rolley (1965}, anal&zing sediments for
permanganate valué, loss on ignition, humic acid,
organic carbon and kjeldahl nitrogen. They found strong
correlations be%ween the various paffameters but no .
correlation with SOD. ' LA

Lui et al. (1973) used the manometric technique\
to measure the effects of carbohydrate content on the
uptake of oxygen by sediments. They measured carbo-
hydréte'content at different depths in sediment cores
and found that it decreased quickly with depth ffom
5% af the surface to 1.5% at 2 cm and 0.8% at 20 cm.
This suggests that carbohydrates are gradually depleted
in older sediments. Manometric uptake rates for the
different depth slices showed a defiﬁite positive

relationship between carbohydrate concentration, below

1.5% and oxygen uptake rate.. In the San Diego Trough,
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Smith (1974) measured SOD of 0.082 gm/m?-day in sedi-
ments with an organic content of 1 to 3% by weight.
However, Smith noted that Smith and Teal (1973) had
obtained values of 0.017 gm/m?-day in similar depths
where organic content was 0.5%. These reports suggest
that there m}ght be a relationship between SOD and an
organic parameter wheh organic content is low. Un-
fortunately, rfo one has attempted to characterize the
‘thin top 1ayef of sediment. 1In sediments with low
organic content, this thin top layer is likely to
display higher\than average organic content and related
biological activity. However, - Pamatmat and Banse
(1969) studied the top 0.5 cm of sediment in Puget
Sound in winter and found the lowest organic content
at one station was 1.14%. This station also had the
lowest SBB+-" The same results were not obsegved in
summer. |

While éeveral studies indacate that no obvious
relatignship exists between SOD rates and organic

content of the sediment, common sense and some

-research on sediments with low organic content tends
to indicate that there is such a relationship. Perhaps

' 7
the best measure of organic content, or at leaggzk“

readily oxig}kégig)z%ganic content, has as yet not

been found.

.
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2.6. Temperature Effects

Relationships between sediment oxidation rates
and temperature have been widely observed. The con-
sensus is that there 1s a strong-positive temperature

[
relationship in the mesophilic temperature range (10

e,
3’71 - to 30°0).
Arrhenius' law has been used to deécribe the

temperature effects of ‘many elementary reactions:

k E);_E/RT (%)
. (Levenspiel, 1972)
where: k = rate constant )

Y E = activation energy

: " R = ideal gas law constant \\’;3

ég;;§§§ T =.absolute temperaturd

This relationship adequately describes the behaviour

2{ physical and chemical reactions over a broad range

of temperétures. However, in systems involving simul-
taneous, highly complex reactions the use of one value

of E/may be inappropriate. Eﬁpirical models derived from
that ° Arrhenius are often used in these situations.

Researchers in biological waste treatment

processes have aghieved some success using empirical

. temperalure models to describe rates in transient

-
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:
temperature systems; Their work concentrates on a
narrow range of temperatures (0 to 30°C) which most
frequently occur in natural and man-made environments.
The term, Qi has been adapted by them as a parameter
of comparison. Ifﬂis a quotient or factor which
indicates the reﬁ%ﬁive rate change observed as tempera-
ture is increased b?\{gfz. Qip is specific to each |
-
reaction, or set of reactions, and each IOC? tempera-
tufe range. A typical Qi for an elementary chemica;
fgaction might be 1.5 while biological systems can
display a Q;p as high as 4.0, (i.e., rate (20°C) = u x
rate (10°C)).

A summary of Q,, values extrécted_from the work
of various authors for different systems ingluding.sdhe
withlpacroinvertebrates\éi_?eproduced in Table 2.+
Generally, values are high. There is, however, a
large variation at each temperature range indicating
either inconsistency in measurement technigue and/or

ctual variations in sediment community and the
ey :

co Jity’s response to temperature. Both reasons
have.some validity. #abie 3 is a summary of Table 2
Q19 - values reported as means. Variability.of_Qlo'E,
reported as variance, is hig@/yet a similarity exfgfs

between Q;5's in all temperature ranges. No clear
g .
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Summary of Literature Q;,o Values

According to Temperature Range_

/—
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Table 3

»

‘Temperature Mean Qi Variance
range, °C
5-10 2.79 1.33, n = 14
10-15 2.086 0.41, = 17
15-20 2.03 0.52, = 18
20-30 -3;10 0.70, = B
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standard method exists for sampling or measuring
sob. . - | ‘

One difference exists in the method used by
researchers to allow their samples t® acclimatize to
temperature change (sec section 2.3). Duff and Tealss
(1965, Edwards and Rolley (1965), Otsuki and Hanya
(lS??a,bB, Edberg and Hofsten (1973), Hanes and Irvine
.(1968) and Granéli (1378) conducted experiments witﬁ
sediment samples in which they.varied temperatures
from the in situ temperature in order to assesé‘
temperature change effecto._ Brinkhurst et al. (1972) "
did worﬁgﬁn temperature variation effects on macro-
invertebrates. Hargrave (1969) and Pamatmat et al
.(1973) recorded 0, uptake rates on cores at various
in situ temperatures. Edberg and Hofsten. (1973) and
Smith et al. (1972) measured uptake rates in situ o
with respirometers. These four studies inﬁolved.weii
. gqclimatized cquphities and yet théir results are.
widely differeqt in terms of temperature effects.

This suggests that actual community response is a
‘variable. Duff and Teal (1965) confirmed this theory

with their work on two different sediment communities.

One communitvaas in a Georgia salt marsh and normally .

experiences large seafj?a temperature changes. The

e

(3
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»
other community was in a Nova Scotia salt marsh gnd
does not experience large temperature fluctuations.
Low Q;0's were observed in the Georgia marsh community
and high Qlﬁ‘é in the Novg‘Scotia community. It was-
_condluded that the Georgia salt marsh community
adjustéd better to fluctuating temperatures than the
Nova Scotia community. Therefore, the temperatufe_
change dynamicé of a system should be cz;sidered when - -
assessing éemperature effects.

The summary of Q;, values' in Table 3 does not
}ndicate'ahy clear correlations between Q;, and-tgmferé—
ture yet some researchers have noted such trends in
their work. -Haférave.(lgsg) found Q,, to decrease
with increasing temperatures. The evidence suggested
that one should expect higher iﬁépeases in the r;;pira-
tion of indi?iduél microorganisms.in fesponse to a
temperature increase in the spring.as opposed to the
late summer. Duff and Teal.(lgssf concluded that-
incfeasea_in both populétion and -activity accompany *
temperature iﬁcreases but that more stable systems .
display a larger inorease in activity tha;l ;do acclimatized
- communities. Hargrave's coﬁténtjon is that tﬁef.
éimilagéﬁies whiéh.exist between‘differénticommunities'
response fo temperature change can be explained by

the oxygen supply rate. - ‘{:
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Oxygen uptake rate is‘limifed‘by oxygen suﬁply
or diffusiég\fate and it is this rate which changeg
with tgmpergtube in allrzgges. Edberg and Hofsten
(1973) conclﬁﬁéd that Qo values wefe lower at high
temperatures because the community experiencgs a change
in dominant species to a species which reacts more

- moderately to temperature cﬁange (in the new tempera;}
furea}ange)a The new temperature range is closer to
the optimum for.the new dominant species. Q;, values
less than 1.0 have not been reported. This suggests
that all systems studied were observed below the |
collective optimum femberatufe of the communityf

) Pamatmat:et al . (1973) found that Q,,'s for
chemical.oxidation were lower than those fér total
oiidafion but above Q,, for purely chemical or physical
reactio ‘This indicates that chemical oxidation is,
to somex tent, limited by biologicai actiyity. Howevér,

Pamatmat cludes that chemical oxiéatidn is ultimately

controlled by oxygen diffusion. Therefore, a linear
relationship is used to describe the response of
chemical oxidation to femperature change. -

Two facts are cléab from the literature regarqing

temperature change effects on oxygen uptake in sedi-

. ments. Firstly, temperature effects are substantial
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3
and must be taken into account in sediment oxidation

studies. Secondly, a great deal of uncertainty exists

as to the cause of these responses.

2.7. Oxygen Concentration Effects

The uptake rates of.dissdlved oxygen by benthic
éoﬁmunities is used indirectly as a measure of meta-
belic activity or sediment o#idation rate nd directiy
as part.of the toéal hypolimnetic oxygen demand.
Researéhers have, theiffore, been interested in the
effect that oxygen depletion near the sedimept—water
interface has on SOD. \

Harérave (1869b), Edwards and Rolley (1965),
Edberg and Hofsten (1975), Pamatmat (1971), Edbérg
(1876}, Pamatmat et al. (1973), Polak and Haffner
(1978), Abernathy agé Bungay (1972), Knowles et al.
(1962), and Bérgfet al. (1962) have all found .a
correlation betﬁeen oxygen concentration and SOD.
Hafgrave,measured SOD rates in undisturbéd cores at
15°c. His plot of SOD versus dissolved oxygen (see
Fig. 5), shows a sudden decrease in SOD rate at oxygen
concentr@#tions below 2.0 mg/2. The data is somewhat

L}

sparse in the lower oxygen range, however, linear

regression was used on the data with.some success.
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rivers versus oxygen concentration(from Edwards and
Rolley, 1965)
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Edwards and Rolley (1965) used intact cores and observed
a similar trend (see Fig. 6). A logarithmic trans-

formation of their rate versus concentration data Y

, A
yields a breakpoint around 1.5 to 2.0 mg/2 of dissolved

oxygen. The model,

SOD = a -[D.o.lb ‘ (8)

where a and b are constants, was used to fit data. with
some suc;ess. ~This model type was also uigq\b; Crank
(1956) to aescribe a system wherein simultaneous
;reéction and diffusion occur. o '
Pamatmat's (1871) daéa is plotted in Figure 7
as sediment oxygen demand as well as its coﬁppnent
parts, respiration and chemical oxidatiog} The respira-
“tion rate in this cése also 'breaks* at about 1 to 1.5
mg/i of oxygen. The chemical oxidation curve appears
to change from first order at higher oxygen concentra-
tions to less\{ban first order at lower oxygen concentra-
tions'. . ' . 5

C o,
Edberg aéﬁ Hofsten (1973) used the model:

SOD = b + 2 - [D.0.] - t (1) .

S

where is time and b is a constant, to describg the.

loss of oxygen in a sediment-water reactor. The shape

~

~

\
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OXYGEN CONCENTRATION, ml/liler

Figure 7. Component parts and total oxygen uptake {from Pamatmat,

1971).  In situ measurements at 74 m in Puget Sound
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Figure 8. Oxygen consumption versus oxygen concentra?ion
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of this model (see Fig. 8) illustrates, once again,
that at iower 0, concentrations S0D is definitely
dependent upon 0, concentration.

in a later paper, Edberg (1976) compared a
" straight 1iné fit of SOD versus dissolved oxygen to
the form used by Edwards and Rolley (1965), Owens et
al. (1969) and Crank (19%6) in equation (6){V‘§E§
straight line is a first order relationship with\\'

computér selected'cokstants and appears as follows:

k{e) = k(11) - (0.22 + 0.0707 . c) (8)
where k(c¢) is the- S0OD in gm&mz— at an oxygen

concentratf%ﬁ ¢ and k(11) is e SOD at 11 mg/L of

dissolved oxygen (seg Fig. 8): Because of the large

scatter of data in bofh, neither model appéars.to be

cleafly superior. McDonnell and Hall (1969) also used

the model form of equation (6) and achieved a very

good fit (see Fig. 105. )
Early researchers; Mortimer. (1941), Fair et al.

(1941) and Baity (1938) recognized the importance of .

oxygeﬁ tensioh‘to the oxygen dependent reactions in h _

sedimenté. Each of these papers reports a éudden : 1,///A\\\

decrease in oxygen uptake rate as oxygen decreases to e

below 2 mg/L. ~ .

o
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Wurhmann (1960) showed that 1 mg/f of oxygen

50

supports an oxygen uptake of 107" mg ngsec/cmi in
particle f16€> up to 350 w in dlameter. Smal%er plate
shaped flo‘ R lbO y in diameter and 40 u thick, can
maintain thps JLtak51rate in an oxygen conéentratién
of only O.megll. Particle size and shape digtribufion
are, therefore, important. Thesé conclusions are
based on diffusion limited systems. Baity (1838) and
Fair et al. (1941) concluded that above this critical
o%ygen conéentrétion, the diffusion rate of oxidizable
material to the sediment surface is the l1imiting factor
':in SOD. - ‘ ‘\"
Crook and Bella (1970) used computer-aided
sensitivity analysis td‘;SSESS.the important mechanisms
of‘oxygen uptake.. The analysis showed that the passage
.of oxygen into the deposits was at least one order of
’ L

magnitude more importanﬁ than the, release of reduced
species to the oyerlying at?f‘and subsequent reaction
with‘oxygen;

While oxygen 1iﬁita%;gns in sediment oxidation
seem to bé generallylaccepted, there is no concensus
regarding the degree of limitation at either high or

low oxygen concentrations. In addition, the mechanism

is not clear. Some evideqﬁé suggests that oxygen

S
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diffusion into the sediment is the limiting step as
oxygen concentrations decrease below 2 mg/ L. As yef,
only empirical models have been proposed to character-
ize uptake rates as a function of oxygen concentration.
Very.little work has been done to delineate the effects
of oxféen conceetration on the chemical and biological
portions of SOD. |

Macroinvertebrates respond to low oxygen
concentrations in a similar manner\to bacterial communi-
ties. KXnowles et al. (1962) used larographic tech-

" niques to study the oxygen uptake rdtes of river s%di—

ments which centained larg ations of macroinverte-
brates. The measurements yielded the curves in“*igure
11. A definite limitation to oxygen uptakevby oxygen

' concentration Sccurs ;¥m0xygen concentratiﬁ%s below

3 hg/ﬂ. The water,pverlying the cores was stirred

continuously. Berg et al. (19625_measured oxygen up-

take rates (by communities) of known species and numbers
of macroinvertebrates in bottlee. Representative

curves of uptake versus oxygen content are reproduced
from this work in Figures 12 to 15.  This is an
excellent illustration'of oxygen limitations to respira-
tion rates of worms. All curves, al%hougﬁ different

in magnitude, are .similar in shape. This is also a
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P
useful spmmary of individual species unit respiration

rates.

The information summarized above suggests that

bacterial and macroinvertebrate respiration respond simi-’
- P23 - -

larly to low oxygen concentration. Both communities ex-~

perience reduced respiration at very low oxygen tension.

2.8. Macroinvertebrates and SOp = }‘ :
‘ L o ‘ 9
Organic sediments support heterotrophic bacterial

populations which are generally the primérﬁ mechsnism

in the oxidation process. However,‘in po;luted_warepéf

. shall animals flouf%sh*in the profundal zone and contri-
bute;significantly to decomposition. In these situations,

their predators.are virtually non-existent due to low

i

oxygen concentratlons. Several authors have recognized

the importance of burrowlng anlmals in sedlmentsﬁigﬁ
J

have made quantitative assessments of their direct

contribution to SOD and their influence on the total

'sedimenf'szzyem" . ' .
' Cr kX and Bella (1970) measured SOD in an

=]
: estuary whlch was 1nhab1ted by high den51t1es of anlmals.

They measured total uptake rates which were 4 to 6

tlmes hlgher than those rates measured in a. nearhgﬁ\\ [

location whieh showed no visible signs of worms. They

e

N
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, cbncluded that the ﬁajob effect of the aﬁimals was to
-~ increase the mud-water. 1nterfac1a1 area and the rate.
(z:iﬁ\T“transﬂgg of soluble material across the 1nterface

by their burrowing action. Similarly, Edwards (1958)
observed-that'Chiron id rip&rius in sewage sludges (jﬂ
substantially ificreased the depth of thé aerobic zone.
In so doing, {hey had increased the available surface

. . ~
for colgnization by aerdbic bacteria and subsequently

-
( Al

ghe density of bécteria.in fhe lower depths of .the \\“,_,._\\\*_ o
sediment profile. ' | ' i 3
Smith et al. (1972)'partitioned the total

qpmmunity respiration®of ‘the Bermuda seébed into its

component parts by inject¥ng selective_boisons into

an-ﬁasitu réspirometer?_ ;tﬁwas found. that t ;Eécro— )
.- fadﬁa-contributed'ab&giiz;g to 2.6% to the t:tal SOD.
Animal densities were low at 66 fo 84 ihdiviéuals]mz.

LY

In the sediment near Wood's Hole sewage outfall, Smith

et al. (197§) found that the macrofaunal community

contributed-about 20% of the total respiration. Néafby;

©

in the less contaminated Buzzard's Bay, macrofauna -

accounted for 50% of the total uptake of oxygen. In
this'location, the animal biomass was larger ‘and the”
1nd1v1dua1 animals were also larger.- €:anéli (1978).

found Chmronamus plﬁ‘u;s in some south Swedish lakes
: o | - =
- _J ! a 1
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which exented & to 13% of the total aerobic respiration.

Edwards and Roliéy'(lgss) creditedﬁuo% of the respira-

tion in some river muds to the tubificid species,

Ascellus aquaticus and Ezpobdella otoculata.
Individual respiration rates of several species

of macrofauna and the authors who reported them are

“summarized in Table 4. Locations and temperatures are

ineluded when available. Due to the large differences
in animal size, these respiration rates are highl&
variable. Hargrave (1969a) lists the individual rates
for lO\group; of ?rganisms with a diffefence of eight
orders\df magnitude. Brinkhurst et al. (1972) repofts
respiration rates for 3 species of-oligochaefﬁé at

4 temperatureé. In these measuremenfs, healthy animals
were placed in sterile sand ov;;lain with distilled
water. These are then rates of endogenous‘respiration.

Alternately, Hargrave and Smith et al. (1973) reported

oligochaete respiration rates estimated from in situ

measurements. Their .values are higher as they include |
respiration resulting from an actively producing &
community. )

Some authors have observed the indirect effects
of macroinvertebrates in sediments. Edwards and Rolley
(1965) injected lithium chloride (LiCl) into the water

aBove sediments with different densities of larvae =
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(0, 25,000 and 50;000 individuals/m?). Six hours

after the injection, .the s were frozen, sliced

into depth layers and the layers wers nalyzed for

lithium (Li) concentration. A p?sitive relationship
' e >

PN

w§s-demonstrated between animalfdensify and rate of
penetration of Li into the sediment. The researchers
felt that this was due to an increased exchange rate
of soluble material between sediment and water, caused
by the'larvae. L - ‘ \;
Teal and Kanwisher (1961) found that worm
tunnels donstitufed 22% of the total mud-air inter-
facial area in one sediment sample. Nichois (1974)
.recopded worm tunnel depths to 7.cm in sediment with

the average being 4 t6 5 em. Nichols calculated that
it is-théorefically possigle for a typicallcommunity
of‘macroinvertebrates éo completely overturn the
oxidizedizone.in L4 years.

Rhoads’(1973) observed an increase in the
pfoducti?ity of oyster beds and a higher tﬁrbidity in
tﬁe watef due to the polychaete; Pectinaria caifforniensis.
It was felt that the polychaetes significantly increased
'the nutrient concentration of the overlying water by
recycling buried sedimen}_material; Nichols (197H)‘z

_calculated that a typical macroinvertebrate community

could recycle 50% of the phosphorus in buried surfacé

Coe
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sediments to the overlying wa.er. Brinkhurst et al.
(1972) observed that thé feces of macroinvertebrates
is higher in OPganic-contént and célorific_value than
the sediment. Since worms are selecfive-in their
feeding and expel feces onto the top of the sediment
surface they enrich surface depésifs, stimulating
sediment oxidation. !

Sediment macroinvertebrates are generally
tolerant of low oxygen concentrations. This allows

- -

TN “them to survive, and even thrive in an environment
\ff’ﬁﬁich is unsuitable for their predators.. At low oxygen
' .concentrations, their behaviour is-noticeafly altered.
Berg et al. (1962) obserpved that-af low oxygen concen-
~trations (10 to-25%.éaturatipn) worms and lanae become
", physically active, ﬁoviﬁg their pogterior ends rapidly
ﬁbo?e thé sediment. When oxygen concentration is‘high
énd food is not aVailéble, they curl up and restriét
étheir.moveﬁgnt. Several s?ecies hév%.been.shown to
diépléy oxygen consumptipn.cates which are pseudo ]
" first-order with respectﬁtb oxygén concentration when”
goﬁcentrations are 1@%‘?2 25% satyration) (see Figs. '
12-15). Ewer (1342) and Walshe (19u8) obsrved that
the respiration of Chironomus iérvaelis debendeﬁt on

oxygen concentration to a larger extent at low con-

centrations. Edwards and Rolley (1965) concurred in
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their study, -concluding that when oxygen loncentration

- - - T h—‘-—_-_"/”_
is above 1.5 mg/f macroinvertebrates display zero-order

uptake.

Respiration rates for macroinvertebrates,
measuéed by Berg et al. (1962), responded posifively
to temperature chaﬁge with Qi1¢'s of about 2. The Qi

-

of the measuggd vélués'décreased at higher temperatures.
Endogenoﬁs respiration'rates of oligochaetes was shown
“to increasenwith temperature, yielding Q,¢'s of 1.5 to .
2.5 (Brinkhurst et al., 1972).

Sanders (1958) characterized the ﬁabitat of
some groups of macroinvertebrates in general terms.
The filt?r feeders (amphipods) dominate'sandy'sedihents
while deposit feeders (polyéhaetes) are most predominant
‘in silty sediments. Smith et al. (1973) observed that
.smaller aniﬁalé, with low speciés'divérs}ty, domipated
rich organic sediments, such as those at the Wood's Hole
outfalliiwhilellarger animals with larger diversities 1

“dominated sandier regions. - oA

-~
[}

In summarx, the Work of fhesé researchers has
'clearly shown that macroinvertebrates contribute signi—“
.ficantly to sediment oxidation. Firstly, the direct
respiration by these animals can be a large part of
the total oxygen dehand of sediments. This is particu-

larly'important in the rich organic sediments of

A



polluted waters. Secondly, their activity ends to
w

accelerate bacterial community activity by increasing
the depfh of th§ aerobic zone and increasing soluble
material transfer across.thé sediment-water interface.
Th§rdly, macroinvertebrates cauée the_ehrichqent of‘

surface depogits by selective feeding and deposition

of rich organy material and lead to more complete

ion by recycling.buried material.
,oiﬁvertebrafe respdhse to temperature

change follows tféqu{ similar to bacterial communities,
in terms of activify._ They usually only reproduce once
_annually. .In all temperature gelﬁted studies the
pésﬁlations were constant.

Many species of macroinvertebrates are very'
tolerant of low oxygen%concentrétion, in fact, respira-
tion appears to be independent of oxygen concentrations
above luS‘ﬁg/Q. ‘

More quantitative reseérch isurequired, however,
to charagterize the indirect effects of macroinverté—
brates on total community respiration. This wprk'should

explore the intefspecific relationships between the

macroinvertebrate and bgcterial communities.

™~
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2.9. pBediment Oxidation

(

authbr§\attempted to obtain a more fundamental under-

In the study of sediment oxygen uptake, several

standing of the mechanisms of sediment material oxidation
rather thag to merely measure 0z flux across the sediment-

water inteiface in relation to various water parameters.

i A
Pamatmat e% al. (1973) writes:

"The biggest gaps in our knowledge
concern the rates of the various processes
and the quantitative effect of conditions
in nature that effect these rates. It is
now widely recognized that these gaps are
critical in considering many aspects of
man'sguse and management of the earth's
natural resources."

o .
\ i o
To understand these rates and mechanisms one

must fraction SOD into at least two parts: the biological
réspiratory uptake, including baéteria and macroinverte-
brates, and the chémica} upfake which accounts for the
oxygen uptake due to inorganic reactions. The latter
results, at least in part, from the anaerobic decompo-
sition of organic material, found deép within the sedif
ments where feducing conditions exist. Pamatmaf‘(lSBS)
stated that all reduced substances are the result of
mieroorganism activity ana, therefore, no purely inf
ogganic oxidation occufs-in sediments.

P 8
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Hargrave (1972a) studied lakes high in sulphides
and)found that when eH was low, chemical oxiflation was
. the major oxygeﬁ uptake process. Edberg (1976} stated
that even when anaerobic conditions prevail in sediments
the evolved reduced specles cause a significapt oxygen -
demand in the overlying water. Graetz et al. (1973)
observed that even as sediments stabilize and-gzcome
anoxic, ammonia is released to the overlying water and

buildslup in the interstitial water. On aeration,

ammonia is oxidized to nitrite and nitrate, constituting

an oxygen demand. The pfemise is that anaerobic de-

composition occurs -at all times so there will eventually

be oxygen uptake when melecular oxygen becomes, available.

Vanderborght and Billen (1975) found nitrate
concentrations to be-highgr in the inferstitial water
of sandy-sediments than in muddy sediment. It W?é/ﬁ\\
felt that the availébility of oxygen and diffusion of
oxygen are important in oxidation.. Pamatmat (1971)
found high rates of denitrification éna nitrate uptake
by anaerobes utilizing nitrate as an electron acceptor.

Otsuki ahd”Hanygx(lQ??) observed the anaerobic
decompqsition of algae. It was found that rates were
first-order with respect to available organic carbon
and nitrogen. Also obsenved was a high concentration

of dissolved organic carbon.in equilibrium in. their

—~
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reactors. Dissolved organic carbon tied up in organiec
acids would then ferment and release methéné.

The consensus among résearchers is that CSOD
is .a result of anaerobic decomposition of organic
material. This decomposition takes place under reducing
conditions, thus yielding many.soluble reduced ions
which migrate upward to an .oxidized zong. The reduced
ions react with oxygen. It is not clear whethér the
rate of 6xygen uptake is dependent on dbﬁfusieg of
oxygen into thé sediment or diffusion of reduced ions
upward to the oxidized zsne. It is felt that high
concentrations of reduced ions accumulate in the deeper
zones of the sediment. This would indicaté that the
.ppodqction of reduced ions is not an oxygen uptife
limiting step. This then érgues that either diffusion
of oxygen into'thé sediments or the reaction of oxygen
with these reduced specres is ?pé rate llmltlng step

— e

Hargrave (1972b) studied the dlrect oxidation
of organic sediments by the aeroblc-heterotgophs.
Oxygen uptake rates and the weight of organic material
.in various samples was compared. > This then gave a
measure of Siodegradability and a basis of comparison
betwéen sediment samples. Rates were lower if more

humic sediments. He notes that,

A
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(\\\xvef s
the amount—ef total organic matter

in sediment does not indicate its avail-

ability fb\gmther mlcroorga sms or
invertebrates:’ ﬂg\

Loyer rates of biodegradation occur in sediment with
more bioresistant material such as humics and lignins.

The rate of supplof easily oxidizable material is o »

-
also important and greatly effects the oxygen uptake

rates. The observations of oxygen uptake.by inverte-

brate feces confirmed these ideas. " Initially, the - ..

!

rates of uptake were high whereas on Phragmite leaves

rates decreased scoﬁ after the start and remained low.

4

Organic content was similar in both cases., Hargrave

: »
also shows a correlation between biological activity

and particle size and be@wéeﬁ biological activity ang

‘organic content. He uses the regression:

y = -2.15 + 0.90x € @® (9)

where y is the logarithm (base 10) of oxygen uptake and

x 1is the logarlthm (base 10) of the % organlc content ‘i;
Otsuki and Hanya (1922a) also s;udied aepobic N

decomposition of algae. In their study it was n;;;;ﬁi ///—ﬁ\\\"

that. cell contents.were'ox1dlzed 1ckly Whlle"kf 4 fﬂ)

cell(Z/}l material was degraded much. more slowly In

gener 1 \rates were high for 20 days at which tlme lablle

material becomes exhausted and rates of oxygen uptake

slow down. ‘.
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Foree and McCarty (1870) and Jewell and McCarty

- £

(1971) studied anaerobic and aerobic decomposition of

‘algae,:respectively. In bbfg“; dies, the algae de-
| &

composed quickly at first as the elemental storage pro

’

during which 30 to 70% of the biomass. degraded.
. Y

this period, decomposition was very slow as the refractory«

portion was gradually decomposed One surprising
observatlonvof thesé studles was that both anaerohic
and aeroblc deggmp051tlon occurred at a similar rat%F\
In the\studles oFf Waksmann and, Hotchklss (1937),

Allen et al. (1953) and Volkmann and Oppenheimer (1962),
varying proportions oflorganlc matter was found tosbe -
bioresistant. Wkamanh.aﬂd Hotchkiss suggested that ' f
the rate of oxidﬁti;i of organic matter §hou1d{be-used -

as a measure of the.availabi ’ty'of-the grganic fraction.
Pgmatmat;aﬁafBanse.(195@) stiie that the rate of supplj
of 9rganic~matter is the majof source of 86D variation..
This phenomenon was obsepyéd by:Smith and Teal fl§73)
and Smith et al. (1975),in the ocean at 1850 metres
. and around the sewage outfall at Weed's Hole. .Smith
felt that the very low rates of oxygen uptake at 1850
metres was dLe'to a substrate limitation; while‘in h

- the sewage outfall, both supply of organics, and

organic content of sediments led to-high oxygen uptake. .
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Granéli[(1978) examined SOD variability on a

seasonal basis-énd,tested"the hypothesis that freéh

&
organic supplies enhances SOD.. Part of the water
. . (7]

column in a lake was isolated by placing 2 three-metre

- diameter plastic columns reaching from the sediment.

to the water surface; Placed in one were fish which

]

.would feed on zooplankton and continuously suppiy y

sediment as feces to ihe bottdm. The other column

was left ﬁithéut fish. In the column with fis@, pro-
ductivity was high in the water withﬁ¥réduent algal
blooms bpt the néwl&idepoéiﬁéd sediment had the same
SOD rates as the’sedimenéhin the coluﬁq;without‘fish.
Graneli felt that temperature variatioﬁs could explain’
all the seasonal varlability in SOD,‘ This supports
fhe'qpnclusion of Hargrave (1972a) that SOD rates

reflect long term pfevailing conditions rather than

" the more recent input characteristics.

-Pématmat'et al. (j ) measured elevated SOD

‘rates below fish péns in the ‘ocean. Two months after

the:pens‘were removed SOD rates dropped fraom 4.3 to 0.8

gm 02/m*-day. It was deduced that the pens reduced

circulation thus allowing sédiment.to’accumulate.‘,Alsg

‘noted, was the' fact that the steady supply of fish feces

' prohably enhanced the SOD rate. Pamatmat stated that

-

*
-

b4 "
L]
.n

_,z’"“‘“q}

L]

g

one ‘must differenﬁiate between labile and humic sediments

(4]
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as he had himself observed lower rates of uptake in

‘more humic material.

Pamatmat-and Bhagwat (1973) used dehydrogenase
act1v1ty\gd/a means of comparing activfgé in sediments.
A decrease of dehydrogenase activity with depxh in sedi—
. ment was observed
( Ulen (1969) attempted to relate adenOSinetrlphos-
'phate (ATP) to biomass or activ1ty in sediments When -
the biomass 1e small, the ATP content relates positively
to biomass but that‘when biomass 1is high ATP relates
best to activity.

Pamatmat (1971) concluded that variability in

SOD can be explained by: ' |

1. Unevenness of surface and nqn—homogeneity of sediments;
2. . Organic supply rate;
3. Amount of reduced matter; and

4. Rates of diffusion and compactness of sediment.

Most authors agree with the above summary of
) »

Pamatmat, yet some disagreement exists. More work is
neceSsary. We do know that Sediment characteristics and
organic structure are 1mportant to the SOD. More quanti;'
tative work. must be done to cla531fy lake sediments

-

with rekpect to organic nature and biodegradability..



3. IN SITU MEASUREMENTS

3.1. Introduction

Sediment Oxygen Demand (SOD) boxes, a type of
respirometer, have been used by many researchers
in the past. The versatility of the instruments allows
‘them to be used in lakes, deep rivérs, and in the sea.
.The substrate upbn whichlthey operate may~be'soft or
: ~

hard. In addition, they may be left in place for long

periods of time. As explained in Chapter 2, these

7 devices have beeﬁ used to estimate SOD as well as the
componént parts of the total rate due to bacterial,
chemical and animal oxygen cénsumption. Geneﬁallf,
results have been reliable and dispiay réasonably gqod.

~ . repeatability.

' In this study, an SOD bo as constructed, tested
iﬁ‘lhe_laﬁoratory and operatgd under a vagiety of condi-
tions in several water bodigs. The purpose of this

make some actual . //,f—/A/)

. portion of the study.
THese estimates could then be used as an

measurements.
independent data\set to compare wifth the measurements

e on the digtirbed 'sediment samples in the laboratory.

7 l o A
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It was also hoped that the techniques involved could

be assessed and improved and some insight could be

gained into.the temporal and spatial variability of SOD.
The SOD box is a ﬁelaﬁiﬁely simpléldevice

primarily consisting of an inverted} open box which is

set gently onto the sedimenyfgag}aceT_5a\pﬁoper seal 1is

essential in order that the ‘effects of fﬂé\oxygqn“up—

take activity of the enclosed sediment are limited to

the water isolated within /£he box. Dissolved oﬁygen
monitoring equipment is attached to the box- to keep a
record of the prate of oxygen decrease within. The'rate
at which oxygen leaves the water and diffuses into the
sg?imgnt'métrix, as well as that rate which ié due to -
consumption at the sedimePt surface, is then reported
as areal uptake rate..

The measﬁrement system works best when distur-
%.bances around the bog's“contacting.edge-aré‘yinimiz d

and when the mixing rafe of water inside~the box iéf\;f_,

minimal in order to avoid resuspension of sediment

particles.
3.2.- Design

[ 8

The SOD Box was constructed of common, ine%pensive

building materials: plywood, water résistant glue, L

p paint and stainless isteel screws. A hexagonal surface

-

¥
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shape was used in ofder to reduce the volume of passible
stagnant éfeas within (see Fig. 16). A 3-1nch w1de
cutting edge of galvanlzed metal was fastened to the
bottom edge of the box to limit the disturbances “to the
sediment and to gain a good seal. Abov?/ﬁhe cutting
edge and around the circumferencé of'éhf box\was a 20
inch flange which was designed to llmlr penetration of
the Béx into the substrate. At each qﬁ/* ree alternate
top corners, a brass one-way valve waé fasteped. These

=~
valves allowed water to pass upward , through the box

.

while it was lowered through the water column. It was
felt that Ehe measurements shodld be made with actual
bot'tom water trapﬁed over the sediment rather than
oxygen-rich surfacébwater. This procedure would minimize
shocks’fsffhe sggimént community which might apcquanyvl
a sudden‘change in overlying water dissolved o%ygen'
COncentration: The valves remained closed when the
unit.was in place. -

-The chamber contalned a removable top sectlon
which held a dls§olved oxygen probe and a 6 volt
submersxble stirrer with batterles
| A 1/8 inch nipple on the chamber top could be
copneéted to small diameter tygon tubing leading to
the surface. Metabolic poison'solutionS'cduld.bg\\

injected by syringe from the surface into the trapped
A :




Figuré 16. Sediment oxygeh demand chamber showing

75

mixer.

&
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water whenever desired without disturbing the instru-

ments.

The unit was lowered by rope and cohld‘be tied
at tﬁé surface to a spar or float (éee Fig. 17).

A water and pressure resistant canister was
connected by rope and an unde;water electrical cable
to the SOD box and lowered at the same time. The cani-
ster housed the electronic monitoringland recording

- equipment. This group of compo consisted of a YSI

(Yellow Springs Instrument Co!) dissoclved oxygen meter
(model 54A), a Rustrak recorder, an interfacing amplifier
coupling the meter and ‘recorder plué'a group of 12-volt
batteries to power the recorder and amplifier (see Fig.
18). « The electronic-system was deéigngd to provide
continuous in situ op;ration for up to 48 hours. This
is the time required. in some low temperature situations
to register a significant decrease in dissolved oxygen
concentration.

in general, the unit was designed to operate
in‘a wide variety of situations and conditions of
temperature and pressure. The shape was sucﬂ that
relatively clean sediments would cause a_noticeable

decrease in.trag?ed dissolved oxygen in a short time.

i

T
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Figure 18. In situ equipment elggtronics canister showing meter,

amplifier, recorder and batteriés. .

-
-
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3.3. Equipment Testing

Before attempting to operate this device in
the field, it was tested in a laboratory tank for\water o
tigﬁtﬁess, degree of mixing and the time period over
- which calibration wouid remain true.

Mixing is an important operating parameter and
should closely simulate natural water movement. If
mixing is éoo:slow, then unnatural oxygen gradients will
develop at the sediment-water interface and will result
in depréssed‘rates of oxygen diffusibn into the sediment

matrix. The oxygen probe manufacturer also recommends

that a minimim water velYbecity]l of 10 cm/sec be maintained

past the probe membrane for" oper operation. Alternately,'
iffmixing is too rapid sediment particles will be re-
sﬁspended and SOD raées;will elevate as surface area
is increased,” ?
" To evalﬁate the intepnal mixing pattern, rhoda-

mine WT éye was injected into the chamber while it (ﬁﬁ&ﬁ
rested.éubmergeq in the laboratory tank. In each test,
the dyqywas gently dispersed within.%he box in 5 to |
7 minutes.' Altﬁough'the'cutting eage contactedlfhe
hard tank floor very'iittle'dye leaked from arouné the
boftoﬁ; : ) |

’ »

‘A similar test was carried out with the chimber

suspended-upside down and -filled with water. Dye ™ -

Y



injectedJat the probe was vigually estimated to be.
carried past the probe membrane at a velocity in excess
of 10 cm/sec. The chamber also proved to be watertight
_under these conditions. - +

‘A 48-hour test was conducted to determine tbe
degree to which the probe would diverge from calibration.
The unit was operated in é tank of tap watér and

recorded dissolved oxygen values were periddidally

r

compared to measurements madé by the Azide Modificétion
of the Winkler method for dissolved oxygen analysis
(Water Pollution Control Feder%tion (WPCF), 1975).]
Good agreement was achieved for 48 hours at which time-

the 6-volt stirrer batteries began to wear down and

adequate mixing was no lofiger achieved.

3.4, Methods

The foiloﬁing procedure was used in operating
o T :
the SOD box for the measurement of total sediment oxygen

demand (TSOD) and chemical sediment oxygen demand (CSOD):v
(i) The oxygen probe and meter are calibrated and
visually checked in thq 1aboratory: Fresh

L}

v , ‘

batteries are placed in the mixer shroud. -\

~

(ii) A The chamber with the~probe[aﬁd mixer-in place
is lgwered from a boat and hdld just under

“the water surface.
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(iii) Trapped air bubbles are expelled through'é

stoppered hole on one top corner of the box

aﬁd the stopper is tightly replaced.

(iv) The meter, amplifier and recorder are checked

for proper operation while still in the boat

and then the canister is sealed.
(v) The canister and chamber are lowered
lake bottomlslowly (to allow for the
' passage of water through the'one—way
and gently sef on the Yake bottom.
(vi) The ropes and tubing are fastened to

‘or float and left in pldce for.up to

to the
upward

valves),

a spar

24 hours

(depending on the expected rate of oxygen

decrease within the box) .

“(vii) Metabolic poison is added to~3he chamber water

‘ 5y syringe througPﬂthe tubing and the-chamber

» -
is left for another period of several hours.

3.5. Results and Discussion

-r

From August to October in 1976, seventeen

in situ SOD measurements were made in Hamilton ‘Harbour

‘with the equipment described earlier in this chapter.

Station 1locations dre shown in Figure 19.
®

th"e measurements were made in Gisborne Lake (Cape

Breton Island) in lage August, 1976, Five measurements

= g . - Tt

In addition,
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were made in which KCN was added as a metabelic inhibitor. . -

The results, conditions and KCN concentrations in the
- . ) e

water are listed in Table S.

Initial dissolved oxygen concentrations varied
‘widely (1.1 to 10.7 mg/&) over the period of measurements:

In fact, thermal stratification of the Harbour existed

during some of the early tests and the deeper stations .~
'displayed depﬁeséed oxygen levels. Later tests were

. . |
conducted under well—mlxed condltloﬁs;

.

In each of the flve tests 1in whlch KCN -was —a

added, the resultant rate wds the lowest Sbserved at

.~
.

that location. In determlnlng and 1nterpret1ng these .

results, one‘must take care. On each occagléﬁ that ' / -

poison was adaed,,a time lag was observed from th% time

S8 P

of addiﬁipn until a $mooth line was achieved on'the
gecorder.¥ape. During this time.period (usﬁally lasting
4 to 5 hours), the rate of SOD gradually decreased
until it reached the lowest steédy value, listed in
Table 5. It is apparent from this»phenoméno 5fha{lthe'
poison is not an 1nstant inhibitor of dlrect?%écteriél
oxygen consumptlon. There are two possIble explanatlons.

. for. fhis'delay.‘ Firstly, it is probable that cells

retaiﬁ some oxidase enzyme with which to acquire oxygen
for some short ?ime period after the KCN restrists _~ *

. L] -
their ability to produce more enzyme. Segondiy, there
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will be a time associated with transferring KCN fo the
site of the bacterial‘pommunity. While the surface
cells will contact KCN almost immediately, those cells
just under the surface will be insulated for a short
. time. In fact, if one assumes that these sediments
have a diffusion coefficient of 3 x 10-° em®Ysec (a
liberal assumption) then approximately 10 hours would
be required for 2% of the CN™ to igssh a depth of 2 cm
info the sediment, a depth stilfmkithin the aerobic
zoﬁe. It is this author's contention that at least

5 hours should be allowed for chamber water and éediment
bacleria to adiust—to the addition of poisons.

In interpreting these results, one should

remembe/r{ That since KCN is an inhibitor of bacterial
//dsz:iz%g;;iE;r, the resultant rate is equal to TSOD
mipu. irect oxygen consumption by aerobie organisms
near the surface of the sediment. The inhibitor does
not affect the process of oxygen diffusion into fhe _
sediments to the site of oxidizing agents such as Fe2*.
TSOD measurements were conducted oﬁ 15 occasions
in ﬁgmilton Harbour and Gisborme Lake (see Table 5).
Tt was observed on all recordings that an iﬁitial un-
stable period exists during whish time rates of TSOD
iare unreliable. This conditidn is characterizéd by

4
curved line recordings of dissolved oxygen as illustrated
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by an example in Figure 20. 'During this period, TSOD

rates are gradually decreasing until a condition of
4

astability is reached. Undoubtedly, this phenomenon is

at least in part due to the initial disturbance to the
system caused by the p}acing of'thé:box. As the box
is placed, sediment is resuspehded by displaced water
and the acticn of the cutting edge.. The TSOD,nﬁFe
returns to a more natural rate as the_particie; settle.
It was, therefore, the po}icy in this study to disregard
the first 3 hours of a mecording and to visually con-
firm that a straight Jine recording had been achieved
at higher oxygen concentrations. o T

Results for TSOD at. the.various sites show .
good agreédment with fhe exception of those tests which
had a duration of less than 6 hours and afe possibBly
exhibiting unstable rates. It is 'also in&eresting to
note that stations 252 and 270 have consistently lower
rates of TSOD than do stations 258 and 4, the deeper
stations. This confirms that sediment composition is
not spatially consistent in Hamilton Harbour.

A conclusion from this work is that SOD boxes .
are a useful tool in sediment oxidation studies. Also,

Ty [)

these devices allow for the”fractioning of the TSOD

L] e

into the component parts caused by aerobic and anaerobic

processes (BSOD and CSOD, respectively).
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figure 20.
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The repeatability was not as good as was hoped
in this work and further studies should be done to
determine the cause. Possibly non-homogeneity in sedi-
ment composition in Hamilton Harbour was a.facfor con-
tributing to the variations in rate oBserved.

Initial disturbances of the sediment by the
box causes unstable rates thch‘last up te 4 hours.
This necessitates long measurement times tup to 24 hours)
in order that the initial unstableepériods can be
ignored. Likewise, time must be allowed after the R
addition of poiéons for the system to reflect the

inhibited conditien.
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4. SEDIMENT ORGANIC PROPERTIES

4.1. Introduction \

!
i

" Sediment organic céptent'was determined’ in order
to examine possible relatioWMships between sediment
‘oxidation rates and sediment properties. The objective
in this portion of the study, was-to attempt to isolate
a chemical parameter which would be a good indicator of
sediment oxidative potential. Tﬂis pfocedure involved
investigating some common organic parameters of the
sediments taken for meésurement and of other lake sedi-
ments. The sampling program was désigned to gain some
insigh%'idto spatial and temporal variability of sediment
chemistyry. The latter point is important in charac&erf
izing lake sediments, sampling progréms and extrapolating
‘/in situ meésuremént results to larger areas.
Three analytical methads and parameters were
_investigafed: loss on ignitibn (LOI), organic carbon

(0C) and carbohydrate (CARB). A discussion of the

methods and‘results foliows;

Y

88’
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4.2. Methods

éediment‘samples were collectéd Qith an Eckman
dredge at the site of all in situ SOD.measurements (see
Fig. 19). Also, samples were collected from lakes in
the Ontario Ministry gf the Invironment Lakeshore Capacity
Study area. These lakes included Dickie, Harp, Jerry,
Chub, Blue Chalk and Red Chalk Lakes. Gisborne Lake
on Cape Breton Island is élso included. Each sample
was actually composed of 3 to 4 samples taken over the

side of ‘an anchored boat. Sub-samples for analysis

were kept frozen until analysed (within 60 days).
v

A

Sample prepaqgtioq\zés idenficai‘for all three
.parameters. A small.gubfsample of‘100 to 200 grams
(wethﬁeight) wa;‘}aken from each sample. Tﬁese were
thawed, dpied for 24 hours at 100°C and pulverized
usiﬁg a mortar and pestle. The pulverized samples were
then' passed through a #50 mesh (0.297 mm) and stored

QU

in-a dgssicator.

4.2.1" Loss on Ignition (LOI)

This QarameteE, common in wastewater and sedi-
ment chemistry, was chosen as a measure of the volatile
fraction of the sample. The method is simple and accu-

rate. The procedure used is outlined in Standard Methods

\
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A
(WPCF, 1875). Material lost in the digestion by heat
is termed volatile and includes organic matter and
sdme inorganic salts. Each sample was  analysed in tri-
plicate and the results from this method are reported

as percent by dry weight which. is volatile.

o \

k.2.2. Organic Carbon (0C)

Organic carbon was determined on each sample

. by the Walkley Black Mé%hod (Black eé/él., 1967 ). 1In

| this procedure, the oxidizable fraction of the sample

1s digested by the strong oxidizing agent potassium
chromate (K,;Cr,07). Sulphuric acid is also added in
order to supply the heat of reaction and accelerate the
digestion. After digestién, the residual Cr,0,° is
determined by titration and from this the amount of
sample oxidized is calculated. Some errors are inherent
in this method. The forms of organic carbon‘which

are relatively mgre inert will not- be oxidized in the
course of this.procedure. In fact, 15 to 40% may

rema%n undigested. To account for this a correction
factor must be applied to.éll results. Secondly, -
igorgaﬁic compounds such as the reduced forms of

iron, chlorides and higher oxides of manganese will
interfere with the results. These errors can be minimized,

“and in this study were, by allowing for a sufficiently
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long drying period. The more readily oxidizable in-
.organic compounds will be oﬁidized in a well-vented
drying oven. Chlorides do not exist in large quantities
in the fregh water systems sampled. ‘ .
This method is an easy, reliable determination
of §oil and sediment organic carbon. Samples were
analysed in duplicate and results reported as percent

of dry weight which is organic carbon.
1

4.2.3. Carbohydrates (CARB)’

- The modified Phenol-Sulphuric Acid méthgg of Liu
et al. (1973) was used to determine carbohydrate coq;ent.
‘Carbohydrate analysis was chosen becausc it was felt
that this would be a measure of the readily oxidizable
organic material. The method involves digestioni of
organic material and, witﬁ the aid of phenol, a colour
deéelopment. The sgmple is centrifuged and the super-
natant colour is compared to standards of agar. WAt

* -]
lower carbohydrate concentrations, there is a positive
linear relationship between colgur and concentration.
The method is easy and reliable. Duplicate analyses

were performed on all sediments and results are

reported as percent of dry weight which is carbohydrate.'
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h.3. Resulzﬁ

The data obtaingd from the analytical procedures
previously described are contained in Table 6. A large
number of lakes were sampled in the hope that a large
range of properties would be observed. 1In fact, this
was to be the case.

Temporal- variability of sediment organic pro-
perties can be assesaed-by examining the analysis results
from Hamilton Harbo&‘tions 270, 258 and 4 plus Blue
Chalk, Red Chalk and Chub Lakes since the time period
between samples ;@ans at least four weeks. Station 270
displays considefable variability during the 3-month
sampling period. This variability is evident in the
variance about the mean for all 3 parameters measured.
This could be due to actual temporal or spatiai vari-
ability in the vicinity of the sampling station. The
other lakes mentioned in this comparison display very
low tempofai variability; although in the case of

s
station 4 and Chub Lake, samples were taken only Y

weeks apart. ’ * -“}
: Spatial Variability in any‘qne“lake can be
assessed by examining the fgur stations in Hamilton

Harbbur. All other lakes were sampled at approximately

the safe location. In Hamilton Ha®bour, the sample
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stations display é-signiéicant spatial variation.
Stations 258 and 4 have cbnsistently higher values and

are similar to each other in all three parameters.

'Stations 252 and 270 are also similar to each other

A

but contain ab&ut half of the-ofganic carbon’and.carbo—
hydrates found at stations 258 and 4. One possible

explanation for this difference lies in the location
I

_of the stations. (see Fig. 19). Stations 258 and 4 .are

LS

- deep stations (> 20 m). They‘are loéated'weil below

the thermocline in summef and are not éituated near
effluent outfalls or channels'which'may exbérience.
st%ong'currents.' Stétion 258.is close to the geOgra;
phical centre of the bay and, like station 4, is 11ke1y

a recipient of dep051t10n materlal eroded from the near

shore areas because of its depth and*lpcatlon. Statlons‘

:270 and 252 are subject to transient conditions, sedi-

ment loads and erosion. Station .270 is influenced

by the 1nflow from the channel at the western‘extremlty
of the Harbour. This statlon,51tuated at ;'depth of

15 metres, is sub]ect to considerable dep051t10n of
sedlment ‘from streamflow enterlng from the west.

Station 252 is located near a sewage outfall at a depth
of about 6 to B metres. Th;s station, theréfore, e
receives highly orgdnié andimostllikély(highly degrad-

able material from the outfall. The depth of this



e

96

station is near the thermecline in summer and may at
times be in or out of the hypolimnion depending on
wind direction. Stations 270 and 252 do' not reflect
the Harbour's prevailing conditions. ;
There is a strong relatlonshlp between the

three organic parameters measured (LOI, CARB, and 0C). ~°
Figure leillustrates.the degree of fit of a linear
model, lgterceptingAtﬁe origie, found to describe the
relationship beﬁween organic carbon and the other para-
meters (LOT and CARB). Considering, the large variation
in the sediment properties of the lakes sampled in this
study, this is a discouraging result. The results indi-

cafe that none of the three parameters is an independent

measure of biodegradability. FEach parameter 1is simply

proportional to the total organic fraction. Because of
ifs ease and good repeatability, loss on ignition is

recommendgd-for measuring the relative organic content

J

of lake sedlments.

- ' ' &

Bamilton Harbour sediments had the lowest con-

. centration of organic properties of all lakes sampled

°desp:.te the hlgh effluent loadlng in; the Harbour. ,All

of the other lakes, except Glsborne, are located in
Ontario's Precambrian Shield. They reCelve low nutrient .
loadiﬁgs,and low inorganic loads. Hamilton Harbour's,

highiinorganfc;loading ?nd high sediment oxidative rates
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result in high sediment density. Inorganic loads of -

high density téend to bias the measurement of orgqpic

- concentration by weight. As indicated in Appendix A

the organic ¢oncentration by volume in Hamilton Harbour

is high and s$imilar to those in the Muskoka lakes.
) U
Organic content of sediment should be reported in

volumetric units.

~ ;



5. LABORATORY METHODS

5. Introduction

The methodologies used in this study follow
a fundamental plan commonly used in biochemical experi-
mentation. George W. Salt (1969) writes,
"Hypotheses are generated from observa-
" tions in the field. These are then tested
and quantified by laboratory experimentation.
Experimental reswelts are next used to con-

struct a computer model from whlch predlctlons
of events in nature are generated.'

The laboratory phase of this study involQed
preparing artificial sed%ment-water systems in batch
reactors and conducting experiments under controlled
conditions. The reactors contained six sediment sub-
samples (see Chapter 4). During the period from
November, 1976 to March, 1977, kiﬁetic information was
derived and later related to sediment gharacteristies .
and environmental conditions. Various visﬁal observa-
tions were also made possible.

; . Two methodoldégies exist for the study of sedi-

ment oxidation and in‘particular, sediment oxygen uptake.

In one, SOD is measured in situ or on undisturbed cores

99
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at in situ temperatures withiﬁ minutes of collection.
This method ensures £Eé least disturbance and should,
therefore, be the most reliable method of estimating
oxidation rates under the prevailing conditions. The
other method, involving artificial sediment-water
systems, justifies disturbance in. order to study the
response of these systems to various environmental
conditions. This study employs both methods. In this.
chapter, the methads used to measure SOD rate in the
laboratory are discussed.

Justification for conducting measurements on
disturbed sediment samples has _been supplied by in-
vestigators in recent past. Their work shows that
sediments do réturn to near-natural conditions 1if
allowed sufficient time after a disturbance. The res-
ponse of the system is then typical of natural systems.

A short review of information, taken from
Chapter 2, is included here to clarify the methods and
assumptions used in this study. Hayes and MacAuley
(1959) demcnstrafed that sediment samples, whether
gathered intact or by dredge, would. eventually respond
in a similar manner with respect to oxidation rate in
the iaboratory. Edberg and Hofsten (1975) found that
after 20 days of acclimatization a sediment system

would attain a steady maximum SOD rate. This was the

(
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time period that they discovered to be necessary for
-bacterial and macroinvertebrate communities to re-
establish their numgers and tunnel structure. Pamatmat
et al. (1973) and Vanderpost (1972) through experimenta-
tion and chemical analysis, respectively, demonstrated
a high degree of homogéneity in surfac® sediments which
in turn justifies sediment disturbance. James (1974)
and Edwards‘ahd Rolley (1965) condusted experiments on
faltering the degree of‘mixing in the oveflying water
of sediment-water é§stems. “Their corimon conclusion was
that mixing welocity was unimportant at velocities which
did not exceed that required.to resuspend the sediment.
Therfindings discuséed above, assisted in the experimental
design of this study and justify the following lisf of
assumptionsqused throughout. |
1. After an acclimatization period, disturbed sediment

returnsﬁto a near-natural condition when placed

in coluﬁn§ under lake water. This assumption‘\

refers to the sediment physical structure and
- its biological community. It is important that

the physical structure be similar to the original

sediment structure since fpis structure effects

the rate of diffusion of soluble material within

" the matrix. The biological community is the

prime force causing ¢xidation of sediment organics
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-
and, therefore, the number of individuals in the
community is of prime importance.

The artificial sediment core system continues to

‘vespond in a natural way for the duration of the

experiments (4 months) despite the elimination of
fresh organic inputs as in the in situ casé. This
assumption is valid if the system is not limited
by the availability of biodegradable organic
material. In these experiments, the quanﬁity of
organié material contained in each reactor 1s much
greater than that which would be oxidized. In

fact, if the overlying water is allowed to be con-

sumed ten times over from saturation in each reactor,

then the organic material in no more than.3 grams -

of dry sediment would be consumed (assuming that

1.5 grams of oxygen are-required to oxidize one gram
of organic material). Each reactor contained in
excess of 100 grams of dry sediment.

The bacteria ané macroinvertebrates in these systems
are able to adjust to changes in temperature and
oxygen concentration within a sﬁort acclimatization~
period (2 to 5 days). Bacterial populations should
be sufficiently diverse in these systems that‘if

the acclimatization period exceeds several of their

doubling times, they will.be able to adjustt' The
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duration of these experiments is much shorter than
the doubling time for‘matroinvertebrates'and
therefore their numbers are not expected to change
significantly. ©Provided that the worm tunnels
remain intact; the worms' adjustment to temperature

and oxygen should be rapid (< 1 day).

5.2. Sampling Procedure

Si# different sediments were prepared for the
laboratory phase of this study. Two sediments were
taken from Hamilton Harbour at stations 258 ana 270
(see Fig. 19) on October 12, 1976 after fall.overturn
of the hypolimnion. Three other samples were taken
from Blue Chalk Lake, Red Chalk Lake and Chub Lake
(Muskoka lakes included in the Ontario Ministry of the
Enviropment's Lakeshore Capacity Study). These samples
were_gathered on October 5 and 7, 1976. Organic para-
meters measured on these gamples are listed in Tablé 6.
The sixth sample was prepared as a composite sample
from approximately equal p;rtions of the other five
saﬁples. All samples were gathered with\an'Eckman dredge.

Hamilton Harbour sediﬁents were used in this
study since their origin is highly varied. The Harbour
is characteristic of a warm, eutrophic lake. Bottom

temperatures rise to about 13°C during summer
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stratificétioé. Oxygen depletion of hypolimnetic waters
is complete shortly after summer stratification. Higﬂ
autochthonous sediment rates are encouraged by the input
of treated domestic sewage from three sewage treatment
plants. In addition, the ﬁarbourireceiées urban runoff
f?om 2 cities an& 2 steel mills as well as runoff from
a-heavily cultivated area to the west.

The Muskoka lakes are all small, deep lakes
disé?aying low proéuctivity. Hypolimnetic waters are
generally not aepleted of oxygen during.the summer and
generally ﬁottom temperaturés remain near 4°C during the
summer. Allochthonous inputs to these lakes'are generated
from areas of heavy forést cover in the Precambrian
Shield. A small number of cottages are contained within
the drainage basin of each lake.

E%Sh sample was composed of 4 to 5 separate
'graﬁs' with the Eckman dredge. This device takes
material from 5 to 15 cm below the sediment surface,
depending on the density. Samples were sealed in
plastic bags and kept at 4°C for about 2 weeks prior
to reactor preparation. Water for use in the reactofs
was takén from Hamilton Harbour and filtered through
Whatman #40 filters to remove zooplankton. The water
was also stored at 4°C. The relatively dilute overlying_
water was not expected to significantly effect the

sediment chemistry of the Muskoka sediments.



5.3. Reactor Columns

?

The reactor columns were constructed of plexi-
glass cylinders (inside.diameter = 7 cm, length = 54 cm,
wall thickness = 0.48 cm). The bottom was sealed with
a large rubber stopper. The top was fitted with a
movable airtight and watertight piunger. The plunger
could bé moved up or down to expel collected gas through
a small étoppered hole and to readjust the reactor
volume after withgrawal of water samplesp

Three columns were preparea from each of the six.
sediment types. TFirst, sediment was placed in the
columns to a depth of about 15 cm. Hamilton‘Harbour
water was then used to cover the sediment to a depth
of about 30 cm (see Fig. 22).

The sediment-water columgs were allowed to
settle for one day and then the oveglying water was

' :
gently aerated for one month in a dark room at a con-
trolled temperature of 12°C. It was hoped that this
time period.would be sufficient for the sediment system“
+o become acclimatized to the new conditions. The
hardness of the sediment columns’ overlying.watef was
measured after three weeks. The columns containing
Muskoka lake sediments had alkalinity less than 15 mg/%

as CaC0j;. ° Columns containing only Hamilton Harbour
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Figure 22. Laboratory sediment-water column with plunger style top.
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sediments gontained water with alkalinity of at least
100 mg/L as péCOa. In order to prevent pH depression
in the columns with low water hardness, a phosphate
buffer was added to raise the hardness to ~100 mg/% as
CaCOj3. 1In the natural environment, the buffering
capacity of the entire hypolimnion would be in gffect
to re;}st pH changes at the sediment surface. 'In'fhé
columns with Muskoka sediment,‘howeQer,-only-yhe low
natural buffering of fhe sediment and the small yolume
of overlying water ﬁas available for that purposé. It
was felt that the addition of a buffer would be ﬁhsfified
as it would prevent an unnatural pH depression from
occurring. > -

After acclimatization, one column from each of
the six sets of three was poisoned with enough potassium
cyanide (KéN) to raise the concentration of cyanidé ion
(CN”).in the overlying water to 500 mg/&. These columns
were aerated for one more wéek to allow the inhibitor

to penetrate the aerobic zone of the sediment.

5.4. Experimental Design

»
L]

For convenience, the experimental procedd}es used
in this study are divided into three parts. In the
first part, poisoned columns were monitored and observed.

as the chemical sediment oxygen demand (CSOD) reactors.
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Each column was aerated for the acclimatization period'

and then sealed. All,gisible gases were expelled and

the columns were kept in darkness at controlled tempera-
tures. “ﬁ? regular time intervals, depending on the

rate of-oxygen depletion in the overlying water, each
column wés opened and thg’oxygen concentratgon measuqéd

in the overlying water. Oxygen concentration was measured
with a Yellow Spbings Instruments (YSI) oxygen meter

and probe with én electric stirrer, calibrated daily.

To prevent disturbénce at the sediment surface, a tin

- plate was lowered by wire aﬁout 20 em into the water
below the stirring action during measurements. Yhen

the dissolved oxygen was reched-to legs than O.S,péfﬂ,}
the column was aerated again and the temﬁeraturé was
chgnged'by 4 or 6 C°. Poisoned columns wére'monitored

in this fashion at 4, 8, 12, 16 and 22°C.

e »

In another part of the study, measﬁrements

were carried ouf on duplicate unpoisoned columns. fhe
procedure was idénticallt; that used on the poisoﬂ%d
columns. The freguency of diséo}ved b#ygen measurement
was usually higher and in fact, at 22°C, some measure-
ments were made at-hourly iﬁterv&ls to ensure that the
oxygen depletion curve could be smoothly reconstructgd;
These columns displayéd total sediment oxygen demand
(TSOD) rates and experiments were conducted at L, 8, 12,

16 and 22°c.
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The third phase‘bf the study procedure comﬁenced.
whern the TSOD phase, was complete. -A of thg columns
which had visual signs of mécroiﬁﬁertcbrate activity
were separated from the remaining-columns.' This samﬁlg
group included thé sik columns with sediments froﬁ
.Hamiiton Harbour‘stations 258 and 270 ?nd‘tﬁe gompositer
sediment. There were no visual signs off worms in thee':
Muskoka 1akes\sedimenfs and were, therefore, not included
in this portion' of ?he study. Oﬁe of each of the-threé‘
,pairs of columns was sent to the biolog§ iaboratory at
the Stoney Creek ofﬁiée of the Ministry‘of %he‘Environ;
ment (MOE). for macro%nve£tebrate speéiés indentification
and counting. The reméining'three columﬂé were treéted
with sufficient solution 'of equal parts streptomycin.
and penicillin to raise the concentrétion in the over~ .’
' lying water to 50 mg/ L. Eiperimenté were then poﬁdugtea?
as in fhe previﬁus two parts of the.iaborafory-phése,
with these three columns at 4, 12, lBIand'éQOCh

Along with oxygen mohitoring,‘other pertinent.
.observations and measu?ehents we;e made on the sedimqp— i
water systems. An attempt was made to verify that
oxygen diffusion through fhe plexiglass walls of the -
céiumns was insignificant du£ing the course of this

N

study. This was done by placing deoxygenated distilled

water in a column, sealing it in the normal -manner and -

]

N

N
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s}

allowing it to remain untouched for 47 days. After

. \ °
this time period, tWere was no significant increase in
the oxygen concentration of the water within, therefore

this possible source ogkﬂwor was concluded to be

negligible.

Visual observations were mad; cn\thg_gxtent

-

an{\;:iour of the-aerobic zone in'al;\S?Iumns; of
macroinvertebrate activity and tynnel development and
of the production of gases from the sediment. The
colour of the overlyiné’water was observed to deepen,
especially in the #ix Kgﬁ poisoﬁed columns. At the end
:? the CSOD phase of the 1aboratory.stddy, the colour
of the water in these columns was measured in'cobalt-'
platinum (Co-Pt) units uaing a HACH colour kit. ~
Hardnesd and_BH were periodically measured on
water samples taken from each_coldmn to enapre that
pH depression-did not occur. ‘Hardness was heigured
accordgag to Standagg_Methods (WECF, 1975) o
\ ) The oxygen dfmand of the overlying water was
determined at 4, 8% 12,,16 and 22 °c. Water samples
were taken from each column and placed in a standard

BODs bottle. DlStllled water was used to\gsgi:fe t+he

sample volume. These bottles were incubated at~ the

. L .
~various temperatures for several days to estimate a

volumetric oxygen demand potential.
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6. MODFRL SELECTION AND PARAMETER ESTIMATION ’

6.1. Introduction C 3

Procedures used to select models”and estimate

model parameters from the laboratory data are‘discussed

M
!

“in this chaptér. Models were chosen which provide a
suitable representation of the oxygen concentration:
dependent trends of oxygen uptake rates observed in
the laboratory columns. Selected.models were fit to
the study data yielding a set of model parameters which p.
were uséd for comparativé purpoées and as independent
_data sets with which to select appropria%é'mode151to
describe temperature—éependent trends. These methods
were used to establish oxygen concéntration; and tempera-
ture-dependent models for chemical, biolongal and

macroinvertebrate oxygen dptake at the sediment-water

interface.

6.2. . CSOD Oxygen'Model Selection <;a

The literature, as outlined in sections 2.5
and 2.6, describes S0D as a function of temperature

and oxygen congentration. In preliminary graphical

111
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analysis, it was discovered that a smooth curve could
be drawn through the oxygen concentration versus time
_data from the six poisoned dolumns. When transformed
into the rate versus oxygen concentration form, this
data can be closely modelled with a straight line,
intercepting the origin. Typical curves of this form
are illustrated-in Figures 23 and 24%. On the basis
of” this analysis, a first-order model was selected

to describe CS0D. This model appears as:

CSOD = k, * [02) * T (10)
where CSOD = the rate of oxygen uptake due to anaerobic
: processes in areal units (M L-27-1),
k, = the first-order rate constant (T~1),

f = a conversion factor from volumetric to
~areal units (L),

and [0:]

"

oxygen concentration (M L7?).

The above model was fit to 30 experiments (6 sediment
types‘at 5 temperatures) involvipg'CSOD. The computer
program, UWHAUS (McMaster University, Chemical Engineering
‘Department, Appeﬁd;x %& was used to estimate the 'best;

values of ké. This program employs optimization tech-
niques to select values for model parameters which
result in a minimum sum of squares of residuals. Results

of this analysis are discussed in Chapter 7.
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Figure_éB. Typical laboratory column p+0O. versus time data from
laboratory column with chemical oxidation only.
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6.3. BSOD Oxygen Model Selection

The model selection pfoéedure for the BSOD
portion of the study was similar to the CSOD portion.
A graphical approacﬁ was used to examine the shape of
the curves-and to illustrate the trends that'occurred.
Figure 25a is é reproduction of the oxygen concentration
versus time data collec?ed from an unpoisoned colunn
in the laboratory. When this data is converted to
rates and plotted against oxygen céncentration, the
curve in Figure 25b is derived. The upper curve (T)
in this figure represents the total demand. The lower
curve (T-C) results after the subtraction of the poftion
of the uptake attributed éo chemical uptake as iE appears
in Figure 24. This curve (T-C) represents the BSOD
and is therefore independent of purely chemical or
anaerobic processes which are part of the top curve (T).

No simple kinetic expression could be used to
adequately describe the shape of curve T-C as the curve
appears to migrate from first-order at ;ow oXygen con-
centrations to zero-order at higher oxygen concentrations.
For this reason; the kinetics first proposed by Michaelis
and Menton in léla was selected (Levenspeil, 1972).
This model form also—célled Monod kinetics is presented

graphically in Figure 26. This model was first proposed
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Station 270 - 22° ¢

{mg/1.)

® - observed data

Oxygen concentration,

<1 : L) ] T
5 10 15 20
Time From Start (his.)
Figure 25a. Typical total sediment oxygen demand (TSOD)
oxygen concentration versus time trace.

: total
0.54
T . A rotal - chemical
oA~ A =
A
— v
u
T 0.3 A A - individual TSOD
,-;: A A rates calculated
gv : from Figure 25a
J 0.2
-
Pt
n
a *
[ 01+ w
[ "
3
L3 L} 1 T LI T L) T T
1 .2 3 4 5 6 7 B8 ]

Oxygen concentration, (mg/l.}

Figure 25b. Rate versus oxygen concentration form of
Figure 25a showing total and total-chemical
sediment oxygen demand.
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to describe enzyme catalysed reactions or surface cata-
lysed reactions. It is used in situations wherein a
reactant (oxygen) is associated with a limited but
fixed entity (bacterial enzyme surface) and mechanistic
studies have confi?med this shift in reaction order.
The model involyes two constants repfeseqted here és

n and K%.‘ At the extremes of céncentrétion C, the

max

model reduces to the forms:

when CO + w (zero-order) (11) +

Rate = umax
_ Hmax . . T
and Rate = ——= + C, when C, + 0 (first-order) . (12
K%_ . o -
N ¥ o .
The term Emax acts as\a zero-order rate constant in

equation (11) and’ﬁ /K% acts as a first-order rate
max
constant in equation (12). The }(;5 term, called the
half saturation constant, is numerically equal to the
oxygen concentration when the rate is equal to ﬁmaxlz‘o'
With the aid of the program UWHAUS, the 60
experiments involving TSOD were fit to the two models

mentioned. The model took the form:

~y ﬁbmax - [02] . .
TSOD = X, - 521 + k, + [02] £ - (13)

i

where TSOD is the total SOD rate in areal units

(M L=%T"!') and ﬁbmax is the zero-order rate constant

o
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for the aerobic bacterial portion of the SOD (M L7°T™1),
The values for ko were input directly in this stage of ~
the "analysis. The k. value used was predicted- by t%e
temperature model (see section 6.4) for the same sediment
type. '

To simplify the comparisons among the various
sediments it was decided to standardize the K,_5 term
aﬁd rerun the program so that all variations were in-
cluded in the ﬁbmax term. The standard value of Kg
was chosen as the numerical mean of the 60 estimated
values. This procedure is based upon the assumptién
that temperature has a negligible effect on K% ana
that the model is no% highly sensitive to changés in
K%. If t%is is the case, thef the ﬁbmax Values should
change only slightly in the second series of ruﬁs.
This was, in fact, what occurred. In some cases, K%
changed significantly with a relatively shall resultant
affect on ﬁbmax (see Table 10, Chapter 7).
N The rates of oxygen uptake by macroinvertebrates
were analysed in the same way as the BSOD. Maximum

uptake is ternyed ﬁmma The standard value for K%

e

A
was used and the kc values used in the regression were
the values determined for the appropriate sediment

type and temperature determined in the CSOD data analysis.

The kinetics of oxygen uptake by benthic animals,
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observed by Edwards and Rolley (1965), Ewer (1942) and
Walshe (1948), was similar to that observed in the BSOD
portion of this study. The benthic animals exe;t a
lower axygen demand at lgower oxygen concentrations;
however, the uptaké rate is independent of oxygen con-

centrations at high concentrations.

6.4. Temperature Models

The analysis described in sections 6.2 and 6.3
i

resulted in the estimation of 72 ﬁmax values and 30 kg,
values for the six sediment types. It is obvious from
the values calculated (see Table 10, Chapter 7) that

1
temperature has 2 strong effect on oxygen uptake.

-

Figures 27 and 28 illustraté

this trend feor CSOD and
\ .

BSOD as the values of k, and abmax increase substantially

between U ang '22°C. 'Models were chosen to describe
the effects ofztempérature on the CSOD, BSOD and the
macroinvertebrate SODﬂ In the final analysis, these
models each yielded a constant which was independent
of oxygen concentration and dependent solely on sedi-
ment type used. Comparisons can be made among the
sediments with this constant.

Y The model selected for describing temperature
h Y

effects on SOD is of the general form:
- -

KT = K(TY) - {To = T)

(1)
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where K(T) = the rate constant at temperature T (OC),
_‘\ K(T,) = the rate at some standard ‘temperature
"t.\\ TO ( o C ) )
and B = a model constant.

Ll

This model was chosen because it reflécts the significant
effect of temperature on the rafés dbserved and has been
successfully used in models of‘divérsé biclogical systemg
such as those encountered- in naturél waterlsystéms and
biological wasfe treatment réacdtors. The progfam UWHAUS,
was again used to select.values of K(T4), B and T, for
each 6f the si#-poiSPned sedimgnts;' It was intended

that fhié model would be universél, that 1is fhe shapé‘

of the model would be the samesin all.similar systems.
For this reason, the valyes of B and T, must be %he

same fér_all the sediments. The mean of the six Tq
values was very-close to 2000; therefore, T, was set.
equa} to 20°C. The si# program runs wére repea%ed with
To fixed. This set of runs.yielded'six slightly differ-
‘ent values for B. _Tﬁesé six values were averaéed and

B set equal to 0.907. The program was run a final

time with B- fixed to estimate the K(20) values for

each of the éediments. The final model was: S e

k, = k(20) - 0.907¢20 =TV T (15)

ol

The value, k(20) is therefore a parameter of comparisen

among the sediments. used. 1In each.of the runs, it was

.
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gund that the"floating' parameter (k(20)) is not

highly_senéitiye to the adjustﬁent of the fixed para-
,meters (B and T;g. This is apparent because during
”the second and third series of computer runs, relati&ely
small changes in.k(20) resufted when B and To were

- fixed. This -is discussed further in Chapter 7 with
the results obtained.

“femperature models for the BSOD and the MSOD
were derived in a similar manner. The BSOeruné resulted ra

-~
. . -~

in the model:
oA | C oy (T - 25)
ubmax(T) - ubmax(ZS)‘. 1.085

j - ‘ T . . . '
| As in the CSOD experiments, the values of ubmax(25)

(16)

were found to be relatlvely 1nsen31t1ve to substantial
changes in B and To which were cloégly distributed

about:the final flxed values. These results aype-

. +

; _ o expanded upon in Chapter ?. o
' . - Due to fhe small amounti5§'data available from
the macr01nvertebrate columns, the values of B ipd Ty | .
obtalned from the BSOD experlments were used in thef
o macr01nvertebrate‘temperqture model. The model therefore

f . . ' l ’ ‘7 \ ' K

E pears as: .. : _ _ - .

" i (T - 25) -
“mmaxiT) f e xczs) 1.085 | (17)
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The computer analysis yielded 3 values for ﬁ 625)

mmax
and these are presentéd in Table 13 and discussed in’

Chapter 7. These values are only\Yirst approximations
of the relative contribution of worms to .the total
aerobic.community effect on"TSOD. These values can also
be related to the worm densities measuzﬁﬂ on the same
sediments and to animal respiration rates.reported in

the literature.

;
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7. RESULTS AND DISCUSSION ~

7.1. Chemical Sediment Oxygen Demand

The chemlcal oxidation of sedlment was observed
in 30 separate experlments at flve controlled tempera-
tures. As described in Chapter 4, KCN was added to
sixcofumns containing sediments from five ldcations
“and one eomposite sample. Individual expefiments
continued until dissolved oxygen eoneentrations were
low (< 1.5 mg/2) or until epproximately four wegks
elapsed. Experiments condﬁcted at 4 and 8°C often
displayed e#tfemely low uptake rates. Graph}cal_ana-.
lysis of several‘experiments in@%ggted that the
reactions could be represented by a first-order model
wherein oxygen concentration is the dependent varlable.
The first-order rate constant ko was estimated by
computer for each of the experiments (see Chapter 6).
Table '7 lists the k. values derived. ‘fhese conetants_
appear in\?oiﬁmetric units for each column and in
a?eal uhits after being converted by the factor, f
(see Appendix E). Thisrfactor is specifiec to each:
column and is dependent on the depth of overlyiné water

the column. Note that the Ko values.generally

126
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Computed CSOD First-Order Rate Constants, K

127

Table 7

C
Sediment Temp. X, hr~? kgt £ P ,m/day
sample oc m/day :
270 I 8.00151 0.0103
’ 8 0.00264 0.0181
1/ 0.00408 0.0280 0.0482
16 0.00570 0.0390
22 0.00786 0.0519
258 'y 0.00151-  0.0125
' 0.00052 0.0043
12 0.001Y45 0.0120 © 0.0313
16 0.00315 0.0261
22 0.00440 0.0365
4 . 0.00110 0.0078 :
8 0.00155 0.0110
12" 0.00302 0.0214 0.0372
16 0.00367 0.0261
‘22 0.00608 0.0432
Blue Chalk 4 0.00097 © 0.0075
8 0.00091 0.0070
12 0.00124 0.0090 0.0210
16 0.00198 - 0.0150 -
22 0.00320  0.02u6
Chub | Y 0.00077  0.0061
8 0.00377 0.0301
12 0.00377 0.0302 0.0601
16 0.00660 0.0528
22 0.00796 0.0636
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Table 7 128 .
{Cont'd)
)ComPUted_CSOD First-Order Rate Constants, kc
1 .
ediment Temp. kc,,hr*‘1 kc - f P:,m/day
sample oC m/day
p— )
Red Chalk I 0.00057  0.0043
0.00079 0.0060 |
12 0.00201 0.0151. 0.0345
16 0.00338 0.0253
22 0.00553 0.0415
S v
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A
increase with temperature for each column and are highly
variable from one sediment to another.

A sample ANOVA (Anal&e\e of Variance) table
along with the T statistics for‘\&l 30 CS0D experlments
are contained in Appendix D, Tables D-1 and D-2. The F
statistic and-the degrees of freedom were used to
evaluate the level of significance (LOS) which is
achieved by the model and estimated model parameters.
Table 8 is a summary of the least LOS achieved wiﬁh‘
the 1% level being the lowest tested. The 1% level
wae.achieved_in 27 of the 30 experiments. These results
indicate that the model selected is appropriate and .
that the k, values assqpiatedqwith each Jexperiment are
good estim?fes of the constant. The del fit achieved
along ‘with the -95% confidence/igte;ﬁdi for a typ&cal
experiment are ilqufrated in Figure 29. |

The first- order model is dlrectly dependent
on the concentration of oxygen throughout the range of
concentrations. This is strong evidence that.the
reaction is.limited by the supply of oxygen to\the
site of the reaction (usually'l to 5 cm below gié\x
sediment-water interface), at a given temperature, in
a specific column. A reddish zone, about 1 to 2 cm g
below the sedimenk surface, delineated the extent of

the upper oxidized zone in the Hamilton Harbour sediments.
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Table 8

Levels of Significance Achieved by Models

Model Temp. Level of significance (%) by sediment égee
oC

270 258 Comp. B. Chalk Chub R. Chalk

CSOD (oxygen) L 1 1 1 1 -1 1

1 5 5 1 1 5

12 1 1 1 1 1 1

18 1 1 1 1 1 1

22 1 1 1 1 1 1

BSOD (oxygen) U4 1 1 1 1 1 1

4 1 i 1 1 1 1

8 1 1 1 1 1 1

8 1 1 1 1 1 1

12 5 5 1 1~ 1 1

12 1 1 1 1 1 1

16 1 5 1, 1 1 1

16 1 1 1 1 1 1

22 1 1 1 1 1 AR

‘. 22 1, 1 1 1 1 1

MSOD (oxygen) 4 1 1 1l - - -

| 12 5 1 1 - - -

) 16 1 1 1 - - -

| ‘ 22 1 1 1 - - -

dsop - 1 5 1 1 1 1
(temperature)

BSOD - 10 10 1 50 50 >50

(temperature) - 10 10 5 50 >50 50

MSOD 10 25 20 - - -

(temperature)
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CHUB LAKE, 18%¢C
csoo

DISSOLVED OXYGEN CONC, ™|

T

100 200 300 400 500

_ﬁ\\ﬂ//} TIME FROM START (HRS) -

Figure 29. Regression for dissolved oxygen versus time with 95%
confidence limits.
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* In the Muskoka sedlments, the zone was dlstlngulshed

by a light grey zone atop black sediments. .This zone
extended sofme 2 to 3 cm below the sediment surface.

The oxygen demand of the overlying water was
measured on seveyal occasions. Resultant uptake was
negligible in all cases in felation“to the sediment
'oxy%gp demand. This observation is to be expected in
a’%giely chemically oxidizing system since it is generally
accepted that the reaction takes plac:. near the lower
1imit of the sediment's oxidized zone, well below the
sediment-water interface. Each o ’Epe six sediments
studied was subjected to five different temperatures
in order to aéséss the effect of temperature change.

A graphical approach was again used to obtain a pre-~
liminary evaluation of .the system response to various
teﬁggzqggges. Figure 30 illustrates the,;reﬁa’%iund

to by tyﬁical in these sediment-water systems when the

. computer-selected k, values are plotted against-tempefé-
ture. Thegtemperature model chosen is ocutlined in
Chapter 6. It is capable of describing rapid, non-
linear increases in k, due to temperature change. The
procedure followed in estimating the model parameters
P;, P, and P3 is also described in Chapter 6. Estimated

parameter values are listed in Table 9.

] X
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Three separate séts of computer 'runs' were
re§uired to systematically standardize parameters P,
and P3. . After the.firsf‘run, P; values were averaged ;
and a value of 20.0 was assigned to it. The mean
and Qariancg of P3; values .are given in Table 9. The
program was rerun with P; fixed, yielding new values
for P, and P,. Note that these new values are only

.. @
in the first run. In

siightly different than thos
fact, the sum of squares of.residua, does not chanégﬁﬁub
significantly. Thié_is evidence that the model is

not sensitive to adjustments of P,, therefore,ﬂfixing

its value for simplicity is justifiéblé. The parameter
P,, displayed very low variance after the second 'run’
and its value was also stgpdardized at the‘mean of the
six estimated values. 1In the thi;d series of 'runs',

P, was fixed at 0.907 leaving only P; to float. Table

9 shows that in the final series of 'runs'.the values

of P; changed slightly and the sums of squares of
residuals increased by about a 70% average. Table 8
shows the levels of significance achieved By this final
regression with all but one experimenf achieving the

1% level. | - : -2
The success ofdthis model in deséribing the
system response to temperaturé assists in explaining

the important mechanisms involved. The chemical sediment

s
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oxygen demand measured in these experiments was highly
temperature-dependent, yielding a Qio of 2.85 (the
quotient of rates corresponding to a 10°C change 1in
temperature). The dissolved oxygen model described
earlier, indicéted that CSOD was limited by oxygen
supply throughout the normal range of concentpations
at a'specific temperature. The strong temperaturdé-
dépendencéﬁggﬁgests that biological metabolism-is im-
- portant in limsting the reaction and not purely chemical
br physical reactiqns. Diffusion and chemical reaction
would display lower Qo Valués‘(in the range of 1 to
1.5). CSOD is an indirect result of anaerobiosis.and-
lit follows that as temperatures increase so does the
supply of reduced chemical species-frpm the site of
anaerobic reactions. Higher ;eéction rates result in
higher reactant gradients and followiﬁg this, higher
~ reactant transport rates as the system temperatﬁre
increases. The term CSOD 'can be mislgpding and perhaps
a mobe appropriate term might be indirect biolégical 1
‘or anaerobic oxygen demand since bacteria mediafe the
process.

A comparison of the parameter P1, in Table 8,
among the six éediments shows that large differences’
exist in chemical uptake rates after temperature and

dissolved oxygen are eliminated.as:depcnﬂent\{friablés.

.
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1

Figure 31 illustrates fhese differences in the form
of a histogram of P; values. Neither the Hamilton
Harbour sediments nor the Muskoka sedimehts, as a
group, display significantly highér P; values; ‘The ~N
composite sample, however, has a P, value which i
very'neargthg mean of the other five sediments. The
overall rate limiting facfor appears to be integrated . .
in this sedﬁment sample.

Various observations were‘made.df the sedim%nt
systems, of a descriptive nature, which help to explain
the different P, values. Water colour was measured in
.the_overlyihg water of ;ach column. at the termination
of experiments. The results of this measurement appeaf

ES

in Appendix A as éaiohr in cobalt-platinum (Co-Pt)
units. _éhub, Red and %lue'Chalk Laké‘sediﬁents imparted
a dark brown colour to the water, typical of humic lakes.’
Humic acids are relatively bioresisfﬁnt and low rates
of oxidation can be expected in sediments. dominated by
this type of material. This, of course, does not.
explain the hiéh,P; value estimated for the sediment
of_Chub Lake; “’((

The Hamilton Harbour sediments appeared to
" have a larger particyé size thqn thé Muskoka sediments.
JThis most likely resdlts in higher permeability wifhin“

thermatrix and a higher™transport rate of soluble

(/\7/

K
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g }

material. In fact, Hamilton Harbour sedi@ent columnsl
had an oxidized zéne thickness of only about-1 tP 2 cm
while the Muékgkansedimgnts had an oxidized zone thick-
Hessef about 2 to 3 ca; It f&llpwsttﬂat a thinner
oxidizéd zone results in a larger oxygen gradient. This
coulé be a fesqlt of more rapid upward mobility of
reduced ions and less resistance to interstitial move-
ment. This explains higher relative rates in‘the Harbour
. sediments thag in Red Fnd Blue Chalk Lake sediments.

Bubble forhation'was élearly visible in the
Hémiiton Harbour sediments and was not apparent in the
Muskoka sedfments. Theée bubbles, most probably methane,
tend fq grow beneath the sediment surfgce, then rise
up through the water column disturbing and ﬁixing‘the'”
”sediﬁent{ Solﬁb1e maferia1 transport_is drastically
afféctéd when é’iarge bubble rises.

These obsefvations do not explain the high rates

N _
‘measured -in the Chub Le sediment but do emphasize

~

- that there are signific¥@t physical, chemical and

) bi&logical differences anfong saﬁples. Future research
in,tﬁis area ghéuld explore the charaéteristics_of
diffusion, the chemical énd physical structure and the

biological community in the sediments in an attempt

to explain this phenomenon.

N4
-
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*? 7.2. Biological Sediment Oxygen Demand

The total uninhibited (unpoisoned) sediment
oxygen demand (TSOD) of six sediment types was observed
in 60 separate experiments conducted at five temperatures.

All expériments were conducted in duplicate on identical
' k]

_pairs.of sediment samples. These experiments were

allowed to continue until dissoiﬁed oxygen was near the
lower limits of detection or until -four weeks elapsed.
Graphs of dissolved oxygen versus time aided in the ‘

selection of an appropriate model to describe the bio-

logical portion of the sedimentéfxygen demand (BSOD).

The first-order CSOD model, discussed in the prev1ous
sect;\wj was 1ncluded in the TSOD model and the c0mputer—
estimated rates were used to account for this fraction.
The Michaelis-ﬂenton {M-M) model, described in Chapter

6, was selected to represent the BSOD fraction.

‘ The M-M model contains two parameters termed

~

the half- .

oy the specific rate constant, and K

;53
saturation constant. For simplicity, and to aid in
further comparisoms, X, was standardized. This necessi-
tates ‘an additional set of computer 'runs' to estimate

the best value of K%' ‘Table 10 1ists the compﬁter—

selected values 8 1 Yymax and K32 derived in the first ;

/’_/

series of "runs'. . Tor the second series of runs'
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. Table 10

BSOD Oxygen Model Estimated Parameter Values

~ [
l\
Sediment Temp. First run Ky = 1.4
sample o¢c — 2
Ybmax K% Hbmax
270 Y 0.301 0.705 0.336
L 0.741 2.606 0.638
8 0.801 5.099 0.478
8 1.061 1.957 0.969
12. 0.642 0.00U 0.812
12 0.470 0.261 0.58L
16 1.333 1.5 1.306
16 1.181\  1.715% 1.523
22 3.747 0.766 4,250
22 4,706 2.276 4,023
258 4 0.573 1.649 0.589
Y 0.657 1.141 0.723
8 1.096  1.876 0.983
8 . .1.350 - L4.662 0.865
12 0.756 1.575 0715
12 0.535 0.007 ﬁ:isi
16 1.224 0.797 ©1.361
0 16 1.628 0.396 1.965
22 5.595 1.553 5.431 -
22 5.940

8.407

3.418
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Table 10
(Cont'd)

BSOD Oxygen Model Estimated Parameter Values

Sediment Temp. . First run K% ="1.u4
o¢ T T _
ubmax K% ubmax
Composite y 0.404 0.916 0.436
y - 0.410 1.161 0.426
8 0.396 1.586 0. 284
8 0.366 1.118 0.385
12 0.622 0.981 0.662
12 0.271 0.00002 D.354
16 1:163  1.389 1.165
16" 0.486  0.099 o.sagk\\ >
22~ 1.9186 1.306 1.949 -
22 2.280  7.096 1.152
Blue Chalk 4 0.345  0.276 0.415
Y 0.238 0.086 0.306
8 0.436 1.570 0.421
8 0.455 2.210 0.403
12 0.12Y4 0.282 0.127
12 0.25%  1.390 0.254
16 0.220  0.715 0.252°
16 0.258  0.931 © 0.285
) 22 0.592 1.919 0.540 .
, 22 0.583 1.200 0.607
Chub y 0.225  0.008  0.269
- m 0.350 ° 0,569 0.401
8 0.601 4.465 0.405
B . 0.501  2.54Y ro0.422
12 0.276 = 2.1u47 0.246
12 0.252 0.571 0.294
16 0,203  0.167 0.271
16 0.246  0.727 0.28L

- 22 0.474 0.686 . 0.553
' 22 0.u54 0.554 0.549
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(Cont'd)
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BSOD Oxygen Model Estimated Parameter Values

e

Sediment Temp. First Tun = 1.4
sample w» °C — . —

Homax K% Yhmax

Red Chalk 4 0.616  1.682 0.591
4 0.335 0.223 0.401

8 0.178 0.261 0.218

8 0.183 0.316 0.224

12 0:.202 - 2.492 0.171

12 0.221  2.135 0.198

16 0.137 0.213 0.182

16 0.107 0.418 0.132

22 0.318 0.911 0.351

22 '0.480 1.393 0.481

~
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the value of K;5 ﬁas fixed at l.#, the numerical average
of the 60 estimated values. ' Sixty new values of ﬁbmax
were estimated with K% fixed. The sums of squares of
residuals frém &hese final regressions appear in Table
11. Note that in most cases the second set of sums

of squares is onlylslightly higher than those in the
first 'rﬁn' despite some signifiodnt‘changes in K%.
These values indicate that the ﬁbmax value of the M-M

. | . {
model is not highly sensitive to changes in K;ﬁ and, \vﬂ

_thefefore, it is justifiable to fix this term. Table ~\\
10 contains the-final v#lues_o_\\ﬁbmax for each experi-
ment. Note that the ﬁbmax values from duplicate sedi-
ments are generally in'good %;feementﬁgnd increase as
temperatures increase. Coﬁgiderable Qar' on exists
among sediment types?h

A series of F statisties calculated from the
regressions involving tﬁe BSOD 6£ygen model appears
in Abpendix D; Table D-2. The levels of significance
Pchieved by the regressiéns are_summariied in Table 8.
The 1% level was the lowest level tested in this.énaly—
sis. Note that only three of the 60 regressioﬁs did
not safisfy the 1% level -of significance énd these three
.éatisfied the 5% level. These results indicate'that'.
the model selected to describe the biological fraction Qg///

s .
of the TSOD is appropriate and that the ﬁbmax values

-
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' Table 11

B50D Oxygen‘Model Regression Sums of Squares

Sedimenf Temp. Sums of squares of .regression
sample ocC )
ot K;ﬁ floating ‘ Kaﬁ = 1.4
270(1) ' " | 0.07 0.14
8 . 1.52 1.90
12 . 2,77 3.96
16 3.40 3.40 *
22 ' 0.43 ‘ 0.52
270(2) .y 0.21 -+ - 0.28
: ; 0.39 0.42
12 ) 1.22 - 1.59-
16 . 0.90 1.06
22 . 1.22 1.30 .
258(1) Y 3 0.10 . 0.13
_ _ 2.03 2.08
12 6.57 6.38
16 0.43 .+ 0.u48
22 0.84 . <~ . 0.84
258(2) - y 0.46 " 0.2 |
8 0.45 .72 RN
12 2.52 " 3.w8 ’
16 0.42 7 0.62 N
22 . /[ 0.60 . 0.75
o -
» ‘\
Y, o o
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BSOD Oxygen Model Regression Sums of Squares

.

Sediment Temp. " Sums of squares of regression
sample oc N .
1(;5 floating K% = 1.4
Composite(l) Yy 0.u2 0.49
8 0.23 0.24
12 0.21 0.23
16 0.62 0.62
22 1.73 1.73
Composite(2) oy 0.82 0.83
8 0.05 0.07
12 0.32 . 1.00°
16 1.56 1.74
_ 22 | 9.00 9.83,
Blue Chalk(l) Y o 0.98 1.53.
8 0.19 0.19
12 2.30 2.30
16 0.18 0.24
22 0.34 0.35
Blue Chalk(2) 4 2.38 3.52
8 0.48 0.54
12 0.42 0.42
16 0.13 0:15
22 0.46 ™ 0.u48
Chub (1) .68 7.05
- .19 0.71
.36 0.38
.04 0.37
.13

0.18
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Table 11 147
(Cont'd)
Fi

BSOD Oxygen Model Regression Sums of Squares

Sediment Temp. Sums of squares of regression’
sample ocC
K lfloating e Kli = 1.4
=
Chub (2) 4 l- 1.0 1.34
' 0.55 0.69
»
j//’_h_f\o.ou 0.1
5 0.01 : 0.07
22 0.31. : 0.39
Red fhafk(1) 0.18 0.20
8 1.01 1.9y
Y12 0.46 ' 0.70
16 0.30 - 0.58
22 S 0.32 - 0.42
Red Chalk(2) . 1.35 2.5y
- 0.86 ' 1.32
12 0.18 0.22
16 ) -~ 0.860. . 0.86
22 . 0.50 0.52
s
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estimated are accurate for a specific column at a con-
trolled temperature. Figure 32 illustrates a typical
set of dissolved OXYyEgen versus raté data as well as the
model regression with the 95% confidence interval
for the BSOD and TSOD curves.

The M-M model reflects a transition in terms
of oxygen dependency. At low concentrations, the
reaction becofes limited in a first-ord r manner g&
the low supply of oxygen tec the sediment)} surface and
into the thin oxidized layer. At high oxygen con-
centrations, BSOD is independent of oxygen concentration
and some.dthér peactant limits the reaction.

The oxyggﬁ demand of the overlyiﬁg water was
measured on several occasions aspit was in the poisoned
columns. The overlyiﬁg water exerted a negligible

oxygen demand in the colgmns whlch contalned Muskok%

sed;ments In the columns which contained Hamllton

- Harbour sediment, the oxygen demand exerted in the

water was significant and highly variable. ' These columns

also contained substantial populations of macrqinvérte-
L

brates and undoubtedly a strong causal relatiénéhip

‘exists between macroinvertebrate activity and oxygen

‘demand in the water. The water above fhé Muskoka

sediments which contained no macroinvertebrates was g

relatively clear, while the water in the Harbour columns
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was turbid. Mecroinvertebrates are known to excrete

organic material into the water resulting in‘accelerated

oxidation rates and a tfgnsport of sediment erganic <;~—

material (see section 2.8). It was decided that this

compenent of the total oxygen demand of.the eystem

should be included in tﬁe BSCD term since this phenomenon

is sediment related. This zone of accelerated activity

in the ::ater column is likely limited to a shallow

ljayer directly above the sediment surface within the

zone of iﬁfluence of.the macroinvertebrates. The water

in the columns, in question, was clearer near the tep.
-Each of.the‘SiQ sediment types (12 columns)

was subjected to five controlled temﬁfiatufes. To assess

the response of these systems to temperature, the

values were plotted against temperature, as shown

»

ubmax

in Figure 33. The*ﬂbdel form discussed in Chapter

was selected because of its a$p11cab111ty in situa

involving bacterial communiti . Th'sdmodel is ver§

smmliar to that used to desc ibe th response of the

‘

p01soned columns to temperat The modelllng pro—
cedure involved esfimating tﬁfee parametey's: Ri, R:

and R3. - The routine useéeto system fcally standardize
R, and Rj ﬁas’identicel te that destribedin section 7.1.

The R;, R, and R; values estimated for each

sediment in the preliminary analysis along with the
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sums of squares of re51duals and the mean and varlance
‘of R, and R, are llsted in Table 12 The secohd section
in this table 1{sts_new values of R;iand Rg resulting
from regressions hith R; fixed at 25. Note that in
most cases the sum of squaree‘of residuals did not
change desplte some 51gn1f1cant changes in- Ra\(see
station 253(2) and Chub (2), Table 12). The 12 R, values
were theh avehaged and an estimated value of '1.085 was
dbtained.‘ This pahameter had a very low vafianhe %&f
the first two series o% regressioné. The flnal set of
regre551ons with R, and R3 fixed yielded new R1 valdes
and slightly higher sums of squares of residuals. fn
most cases, dupllcate sedlm%ptg'had similar R, values.

| Appendix D; Table D-2 contains the F statistics
for the 12 temperature ﬁodel fegressions. Leyels”of '

4

significance achieved are summarized in Table 8. The

Hamilton Harbour sediments and the composite sample T EJ

e

displayed levels of significance'below 10% while the
regre551ons for the Muskoka sedlments were not accept-
able. The poor results of regression w1th the Muskoka .
sedlments were. due, in part, to the low number of
degrees of freedom 1nvolved. However,oe mechanletlc.
fexplanatlon is also pgssible. The ﬁb ' valdes for.
.the Muskoka sedlments, as recorded in Table 10, generally
‘decrease from‘u_ to Boand 12° ang then increase at 16°

»

152 © ' w
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and 22°. It is possible that during the course of
the experiments a tragnsition in bacterial community
occurred which resulted in a psychrophilic (low ?empera—.
ture?) bopulation dying out to‘be replaced b& a meso-
philic (warm temperature) domlnant populatlon. In
reality, the Muskoka lake sedlments seldom rise above
BOC; consequently, they are likely to support & signifiecant
'psychrophilie bacterial community unacclimatized to large
temperatufe change. In the laboratory this community |
would be partially inhibited at the 8 and 12°c tempera- .
,tures. ‘The mesophilic ﬁopulation would begin to establish
itself at 12 and 16°C and the response to temperature
change in this range wogﬁe be more typlcal of a warm -

water community.

I
B

The regressions on the Hamilton Harbour data
wereJreasonably good and no communi%y transition is
apparent. Hamilton Harbour sediments exceed 12°C |

‘

anhually: A Qip of 2.26 corresponds to the resultant
L v .
model and is typical of aerobic bacterial communities.
Significant differences’exist between the sedi-

ment reaction rates when ﬁb values are compared. ) T
A o “bmax 3 3

‘Table 10 shows ﬁbmai values at 22° Tor station 258 which
‘are more than 10 times greater than those at 22° in

Red Chalk sediments. Undoubtedly,‘the.presence of

" macroinvertebrates in the Harbour sediments has a



significant direct and indirect effect on these rates.

This question is examined in more détail in the following

section. Othér obsérvations made on the poiéoned

“columns (see section 7.1) are also applicable here.

The humic content and the physical structure of the

sediment matrix also strongly influence oxid;tion rates.

It was stated in section 7.1 that the Harbour sediments

aré most likely more permeable énd contained less humic
. : p

material than the fine grained material from the Muskoka

lakes. Undoubtedly, these characteristics influence

ultimate reaction rates of the sediments.

7.3. Macroinvertebrate Oxygen Uptake (MSOD)

L

An attempt was made in this study to estimate
4he prelative contribution of the macroinvertebrates to
the BSOD: Three sediment-water columns were txReated

¥ith streptomycin and penicillin‘to block -bacteriial
e

oxygen uptake. This tpééé;ent réﬁortediy leaves
macroinvertebrate population unaffected. Che@ic 1
sediment oxygen uptake continues as long‘as_r dqced.ions'
exist below the oxidized 1ay§r. Three duplicate columns
were dismantled and.the macroinvertebrate species in |
‘each column were identified and counted. Twelve experi-
ments at U diﬁferent temperatufes were conducted oft

the intact columns. These experiments proceeded in the
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same manner as the préviously disqussed CSO0D and BSOD
experiments. The purpose of this.portion of'the study
was to estimate the relativé contribution of macro-
invertebrate respiration to the total BSOD. No quanti-
g
tative evaluation was made of the indirect effects of
these’ animals on the -TSOD, nor was there an attempt
made-to ‘examine other possible kinetic expressions to
a?describe the oxygen dependency-or temperature relation-
-ships of the macroihvertébrate community. _for simplicity,
the same models were used to‘esfimate the MSOD‘para;‘
'meters,'ﬁmmax and M as dlscussed in sectlon 7.2 for
lBSOD. The llterature regarding macr01nvertebrates (see
sections 2.7 and_2.8) indicates that 51m11a2}t1es exl;t
in the oxygen and temperature kineties of macroinverte-

brates and aerobic bacteria. The models for MSOD,

therfore, appear as:

Bmmax - [02]

MSOD = —TT 757 (18)

ﬁ . '—."Mi" . 1. 085(T - 25)

C - Lmmax (;g?

AU

’ . . .8 2
- The same Kk, values were used in estimating u ..~ a8 were

.used to estimate ﬁbmax

Table 13 llsts ummaxand M; values estimated for

" the 12.experiments 1nvplv1ng sediments from-Haﬁilton-

Harbour and the composite sample. The ﬂhmaxvalues
\.\ .
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Taple 13

MSOD Oxygen and Temperature- Model Parameter Estimates

e

. ) _ Hmmax
ﬁodels used: (Oxygen) 7 MSOD = vy (071
. >_f‘p R o
-~ - A (Temp -~ 257)
. (Temperature) Momax - ﬁl 1.085
Sediment Temp. 1 ax M, L(Residuals)?
sample oC Thim .
™
270 m 0.05% .
w 0.312 .
16 0.323 0.8u4y 0.021
, 22 0.774
258 . Y 0.270 ' :
- 1?2 0.423 2.191 0.613
16 .0.551, . ‘
22 - 2.199
Composite . . U 0.061
! 12 o 0.311 '
16 oluos | 1-067 0.046

22 0.955
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increase with temperature and are highly variable from
one column to another. Appendix D, {able D-2 contains
the F statistics for the 12 regressions used to cgicu—
late the ammax values; 'Table 8 summerizee the levels
of significance achieved by these regressions. . Only
one experimen~ had a level of significance greater
than 1% in this set of 'runs’. The temperature’model
was less successful as M; values were estimated with
levels of significance ranging from a low of.less than
10% to almost 25%. This diseppointing statistic is
undoubtedly due, in part, to the low numberxof data
peints used in these'regreesions and the subsequeént low -
number of degrees of freedom. It is clear from these
results, however, that the macromnvertebrate community
resplratlon is llmlted by low oxygen concentrations and
responds to temperature 1n a manner similar to mlxed
bacterial communltaes.

~ The values of My and the sum ofgsquares of
residuals from these regressmons are llsted in Tablée 13.
The M) value, py definition, is a constltuent*part ‘of
the'RI values When the M; values are compared to R,
values for the corresp0ndlng segiment, it can be seen
that the contribution of macr01nvertebratglresplratlon
to BSOD is significant. ) accounts fer 20% .of R1:

for sediment 270, 40% of R; for sediment 258 and §7%
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of \the composite Ri. Table 1k lists macroinvertebrate

species identified and counted in the three cotumns

(A.W. McLarty, West-Central Region, Ontario Minis ﬁé o .

"l of the Environment, personal communication). Three T
species were identified with the ma}ority of animals
beiﬁg of the species Limnodrilus hoffmeisteri and
Tubifex tubifex. The numbeps found in each éolumnuaret'
li?ted along with the projected density. No clear
relationship~exi§ts b;%ﬁeen déﬁsities and respiration .

» pates as represeﬂted by M;.

‘The observed.réspiration rates can be compared

to those reported in the literature (see section 2.7,
Table 4). Tabie 15 contains the respiration rates’ : T
reported by various authors (at 20°C or summer conditions)
asvwell as the rates of réspiration projectedmfof a

cohmunity of the same density estimgxed in this study.

Brinkhurét et al. (1972) réporteﬁ.respiration rates

Y

(:tﬁfél community respiration by combining the respiration

by species and so it wa;_possible to -estimate %hg :
of each species. of macroinvertebrote. However, |
Brinkhuﬁgt's values représent endogenous ?espiratidﬁf
as his'experiménts were carried out in iﬁorganic
eﬂvironmgnts. The values reported by Sm;;h et al.
(1973) and Hargrave (1969) were derived in natural

environments. The range’of repor®ed values is broad
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Table 14
_ \
Macroigvertebrate Species and Densities
in Laboratory Columns
TN
Species’ Secdiment sample '\
' l 270 258. Composite
. .l. -
Limnodrilus A&éﬁéﬁfﬁjﬁéi 30 77 13
Tubifex tubifex S w7 . 4l 3
» \ - ’
Pelo::zolex multié&?gius 3/} . 6 2
¢
Total density . o
individuals/mz 20800 32240 L700
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but the values predicted from this stuéyauwawell within
the same order of magnitude. ' Kw&f\)
The inqirect-effécts of macroinvertebrates are
also likely significant in contributing to TSOD. Figure
34 is a photogréph of a laboratory column showing worm
~tunnels. The oxidized zone depth in the KCN-poisoned
columns was about 1 to 2 cm while in these columns it
appears to haye been extended to a 3 or 4% cm depth. -
This deepening of'the oxidized‘zone by the worms has the |
effect of ipcreasing the active surface area available
for colonization_by bacteria. These tunnels also act
as channels along whiph oxygen can diféuse and thereby
increase the supply of "oxygen tolthe site of reaction.
Tﬁe macroinvertebrates tunnel with their posterior
"fpointing upward into the water. They excrete maéerial
into the water or onto the sediment syrface. As a result,
the water becomes more turbid; more oxXy en consumption
occurs in the water column and the surface sediments /(/“S\
are enriched with organic material. Worms tend to
overturn the surface layer of Sedimenté, homogenizing-
this layer and making previously unavailabie material
available for aerobic oxidation. The net result of
these activities is to incréése.TSdD and to lead to

more complete oxidation of sediment organics. The

macroéﬁ%ertebrate-bacteria relationship is @ true symbiosis.

S ‘ ( N )
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¥

Figure 34. Laboratory column with visible macroinvertebrate
tunnel network. '
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7.4. Model Predictions Comparcd to In situ Measurements

SOD predictions ar de: for Hamilton Harbour ‘ ~

and\compared t fu measurements in this section.
Table 16 con¥ains the in s7 \;§DB-méasuéemen§Hé?1ues

‘ collected ipp 1976 in- Hamilton Harbour at théysites of

sediment sanple statiops 270 and 258. Predicted values

are calculated by the fourqmodels discussed in this

chapter as follows: ™

CSOD

"A. Temperature model,

- - €y = P, - 0.307¢20 - 12)
. = P, - 0:458 o) ,
‘ >
P; for station 258 = 0.031 m/day from Table 38
and 0.048 m/day for station 270, therefore .
- C3(258) = 0.031 - 0.458 = 0.014 m/day (21).
= 0.qu8 0.458 =

Ci(270)

0.022 m/day = € (22§

[0,] - 0.01% gm/m2-day
[0,) +70.022 gi/m?-day o 115 SR

Predicted CSOD portions of the rate are listed

B. Oxygen mecdel,

CS0D(258)

b]
~ -
N
w
e

CS0D(270;

in Table 16. ‘ ' TN N N v

8! //f/j\ A - ' ) ' | ) A
SV : o -

-
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BSOD
A. Temperature model, 3 1
. 0
e (12 - 25°F -
Mimax ° R 1.085

Ry « 0.3u6

R, for station 258 is 5.516 from Table 12 and

Z'Rl for station 250 is 4.184, therefore,

' # . .
ubmax(2§8) = 5,516 - 0.346 = 1.91 m/eay
. ‘ ubmax(zjo) = q.lauu- 0.3u46 = l.us_m/day
B. " Oxygen mocdel, ]

- 10,1+ 1.81 |
.§SOD(258) * [0,1% 1.9 gm/m ~da¥

~ BSOD(270) =,%82;+ 125 gn/m -day

Predicted versus actual measurements of TSOD are

preserded in Figure 35. Also in this figure are the in

situug;esurements made by Polak andegiffner (1978) at
statlon 270. The values of Polak and /Haffner were J

sfﬂndardlzed to 12°¢C wlth the model in equatlon (25)

Note that predlcted values are generally sllghtly lower

than the measured values.. In addition, predlcted CSOD

values listed- 1n Table A6 are con31stently lower than

actual valueé One p0551b1e explanatlon for thlS 11es
7.

J

gn the fact that macr01nvertebrates ‘were not v1ab1e in

‘.¢[‘

(25)

(286)

127)

(28)

(29)
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Figure 35. Predicted versus in gitu values of Tsop at 12°c
in Hamilton Harbour. .The range of oxygen
Loncentrations over which measurements were made
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the laboratory columns used to measure CSO0D. Thercfore,

.. the indirect effects of macroinvertebrates on CSOD
(tunneliné-and more rapid mixing) were not incorporated
into the CSOD models in this étudy. These factdrs are
important in Hamilton Harbour, however, and undoubtedly
accelerated chemical oxidation in the in situ measure-
ments. The purpose of this study was to explore the
important mechanisms of sediment oxygen uptake through |
modelling. For simplicity, macroinvertebrates had to
be'eliminatéd from the KCN poiso;ed columns. Also,

‘ \Jyhe densit& of animals found in the laboratory columns
may not have been as hlgh as the densities present in

the Harbour whén the in situ measurements were made.

This would-reduce the predicted direct animal respiration’

e

as well as their indirect affect on total communj

rrespiration.



e

. parameters. As well, samples were

8. SUMMARY .

In this work, sediment oxygenlpemand was measured
in the field. Techniques involved were evaluated. To.

complement this work and the labor ﬁ6;;\éxpanimentation, )

sediment samples were collected and\analysed, for onggpic_}m"'

laced in gblumns

in the laboratory and the oxygerl uptake rates were

- monitored under various conditions of temperature and

oxygen concentration. An attempt was made -to partition
' .
the total uptake into the parts due to chemical oxidation,
bacterial respiration and macroinvertebrate respiration.
s _

These reactions were modelled to describe the effects

of oxygen concentration and temperature on egach component
. 4

part of the TSOD and to gain insight into the important

physical, chemical and biological mechanisms involved:

In situ measurement was found to be a valuabl —

- tool for estimating SOD for a specific location under

the prevailing conditions.- It is, perhaps, the most
accurate in that it rperturbs the system the least.

The method is,. however, subject to error, inasmuch as

“

the equipment tends to cause local disturbances.” These

disturbances can be minimized with careful handling )

'

169
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" Hamilton Harbour. As well, large variations existed.
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techniques and proper equipment design. The subsequent -
errors can be redﬁced by allowing measurements to pro-
ceed fof long periods of {ime (24 hours) and allowing
the system to return to near natural conditions.' The
chemical portion (CSODj of the total uptake can bg
partitioned with in situ measurements if,'once ﬁéain,
measurements are allowed to proceed for long-pefiods

of time to allow the inhibitors to be effectivqg/ Repeat-

‘ \
ability in these measurements was only fair. T

is study
<

is not able to conclude whether observed variability
is due to measurement error or actuéllspatial-and-
temporgl Qé%iability in sediment properties. The former,
to some extent, is likely.r .

o

. . . . _
Three organic parametes were used as measures

of sediment orgdnic chargcteristics in an attempt to . a

=i

-measure biodegradability. It was found that loss on
ignition, organic carbén and cérbohydrate analysis were
~not independent of each other despite the la;ée‘sample
set analysed. Each method is ipdicative'of the total
organic fraction.rather thn ;he more readily availagle
fraction of the organics. Considerable spatial vari-
ability iﬁ'thé'érganié content was foundito exist in

at two of the stations indicating that spatial vari- : \

ability, at least in some regions, is significant in
) . v
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the small scale. These stations were subject to local
pollutant_10a§s.and'fluctuations in thellake's thermal
regime. Despilte an appgpent low organic fraction by
welght, the Harbour sediments-were‘found'to contain an
equivalent amoun£ of organic material in volumetric
units to Muskoka sediments which have very high organic
contents by weight. It is recommended that'organic N
fractions of sediments'be reportéd iﬁ volumetric units.

Thé éffé%t of the oxygen concentratidn in the
overlylng water on CSOD was found to be of a flPSt order
type. This dependency was successfully modelled in thls

study indicating that-the reaction is most 1iK limited

L

by diffusion of oxygen hroagh the oxidized zone of

sediments to the site of the/reaction, at a fixed tempera-

ture. As temperature increases; the rate of .CSOD increases.

“This effect was successfully modelled with an expression

¥

which i; typicaliﬁf bioclogical reactions. It {s most
likely.that the metabolic activity of anaerobic bacteria §
1imit the CSOD at a fixed oxygen concentration. , Varia-
tlons in CSOD among sedimenr!s at the same tempera;ure
and oxygen concentratlon is partlal explalnable 1n‘ .
terms of sed;ment physical’ and chemiqal structure.

More research is needed in this area. - _ E%

N The respiration of the aerobic bacterial community

(BSOD) was successfully modelled with a Michaelis-Menton’
- > . -

r
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§
mod~l. The model indicates that at high oxygen concen-
trations BSOD is independent of oxygen concentration.
and as oxygen is depleted, oxygen uptake becomes limited
in a first-order fashion with respect to oxygen concen;
tration. A temperature model, typical of biological

systems, was. found to be reasonably accurate in describing

the resp$nse of the Hamilton Harbour sediment systém

- to temperature change. The same model was not successful

when app;ied to the Muskoka sediments. This result is
possiblyAexplainable, in that, a chaege in bacterial
community, from psychrophilic to mesophilic, may have
taken place during the course of the experiments Sub-
stantial rate increases .occurred in the higher temperature
range for these sediments. Oxygen consumption;in the

overlying water was observed to be significant in columns

- which supported macroinvertebrates. It was concluded

that since this phenomenon was due to sediment-related
activity it should be included in the BSOD term.
Con51derab1e dlfferences exlsted in the SOD of the
various sedlments 1nvolved in this study after the
effectsiof temperature, oxygen concentratlon and the’
direct respiration of macroinvertebrates had been eliminated.
It was. felt that teiie differencee'were due to the

physical and chemic®l differences of the sediments

particularly as they are affected by macroinvertebrates.
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Macroinvertebrate oxygen uptake was successfully
fmodelled with the saﬁe kinétic expressions for oxygen
concentration and temperature as were used to dgscribe
BSOD. Highef levels of significance were due,.in.part,
to a low number of degrees of freedom in these experi-
ments. The worms respond in a similar manner to oxygen

concentration ané temperature as do bacteria. Macro-

h

invertebrat=s were found to contribute as much as half

g
of the BSOD in some sediments in this studyj As well,
the indirect effects 8¢ mécroinverfebrates was observed-
B
and appeared significant in terms of increasing the

depth'and permeability of the oxidized zone, enriching

‘surface sediments, recycling buried organic matter and

pumping material iﬁto:ﬁhe overlying water. Reported
literature respirétioﬁ;rates for similar.densities of
animals at similar temperatures agreed;favourably with
rateé measured in this study. More researZh is needed
in this aréa, par%iéﬁlérlyxinto tﬁéiindirect gffgcts
of macroinvertebrates on SODT

- : \
Model predictions of SOD in Hamilton Harbour,

"basgd on the laboratory study, were éompared to in situ

. . . . A . .
measurements. Correspondence was fair with predicted

values generally slightly‘lewer. This Pesult was

. pM®bably due to the fact that the CSOD predictions

were underestimates in that the indirect effects of

4

,/'7 ‘
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macroinvertebrates on CSOD was not included in the
laboratory study or the CSOD models. Animal densities
iﬁ the laboratory may have been lower than those
encountered in the field. h

| The models develop®d in this study were, in
general, found to be éuccessful in Simul;;XQg tﬁe
response of sedimegt communities to various conditions
of temperature and oxygen céncentratioﬁ and in assi;ting
in the explanation of the important mechanisms involved.
These models are, however, site specificuiﬁ'that no
guantitative account is made of the absolute valués of

~ _ X

potentiél sediment oxidizability in universal terms.

This is the area which deserves the most intensiye

o—

_ .
research in the future.
-

.



ANOVA

BSOD
CARB
C3.

cm

CSOD

LOI

M

. grams

LIST OF ABBREVIATIONS

analysis of variance

biological sedimeﬁt oxygen demand
temperature podel'constant in general terms
carbohydrate |

concentﬂgtion of a reactant in general terms
CS0D témpérature model parameter

centimetres

chemical sediment oxygen demand

conversion factor from.volumetric to areal
units, M-hr-day~ =

F statistic////

Hahilton'Harbouri

hours
. x P

_temperature model rate at temperature T

first-ordér'rate constant for CS0D oxygen

model 7 ' o (P‘\ﬁ

half saturation constant for BSOD and MSOD .
length : B o )
~
litres
loss on ignition
mass i
MSOD temperature model parameter S

metres
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» . V*‘

mm oL millimetreé .

mg/ L concentratioﬁ - milligrams per litre

. MSOD macroinvertebrété sediment oxygen demand

ocC organic carbon -

pH_ negqtive log of tﬁe‘hydrogen ion concentration
Rl, ?2, Pi CSOD temperature model parameters |

Qi ‘increase in rate over a 10°¢ changé of

: temperature .

Ri1, Ra, Raj B50D temperature model constants

SOD sedimené oxygen demand, also.TSOD

STN # station n@mber

TSOD total sediment oxygen demand, also SOD o
T temperature, OC, or time L ' : :
o standard deviation

ol variance 'q o -

X  mean

[X] concentration of X .

® .infinity e

‘u / 'microns

ﬁ . Michaelis-Menton specific rate constant-

ﬁQmaﬁ Michaelis—Menton spégific rate constant for BSOD
ammax "Michgelis-Menton specific rate constaﬁt for MSOD

~
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APPENDIX A

LABORATORY SEDIMENT AND WATE

ANALYSIS RESULTS
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UWHAUS PROGRAM LISTING AND

TYPICAL OUTPUT
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CHAMICAL DEOIANT OX-GEn CEMD (C. 5 O D. ) UAYGEN VERSUS TiME DATR
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" Table D-1
Analysis of Varianve (ANOVAY Example Table

Column: 270, 4°C

Parameter Estimated: k s the'first order rate constant

for dissolved oxygen-time data
fit to the model:

D.0.(t) = D.0. - e K€t
Source of Degrees of Sum oq Mean
variation, freedom square’s s% are
. ] N
Regression .2, 51.63 25.82
Devfbtlons 6 | 2.35 0.392

from regréssion:

F = 65.87
. ‘ . ]
Fz,6,1%4 = 14.54 (from tables)
. . regression is significant at the 1% level of
significance.
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Table D~2.

F/“’

F Values from Regressions

FParameter

- Column 'F value Degrees of freedom
estimated from
t:/zﬁ““ regression dev;ig;?ns
regression

k. (CSOD) STN #-270, u° 65.9 2 6
54,6 2 6
12 230.0 2 4
16 135.0 2 7
22 2596.0 2 7

STN # 25@, 4 67.0 2 5~
8 7.15 2 6
12 25.8 2 I
16 4y .2 2 "

22 1290.0 2 7

Composite, &4 41.8L 2 4y
8_ 18.54 2 3
12 78.84 2 3
\**’E 16 609.0 2 7
22 200.0 2 7
Blue Chalk, 4 283.0 2 3
8 29.3 2 4
112 56.4 2 - 3
16 150.0 . 2 7
22 461.0 2 9
Chub, 4 29.7 ° 2 5
. - 8 54.2 2. 3
12 2510.0 2 3
16 . 451.0 2 6
£ 1870.0 2 9

.22
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Table D-2 F Values from Regressions
(Cont'd) ) .
Parameter _J Column F value Degrees of freedém
estimated from
. deviations
regression fram
regrassion
16 " 690.0 2 7
22 398.0 2 42
VA Composite, U 437.0 2 5
' 2y, 8  5750.0 2
12 244.0 5
16  169.0 2 7
22 56.9 2 11
Blue Chalk, 4 185.0 2 4
(1) 8  2100.0 2 3
' 12 270.0 2 . 10
16 1230.0 2 6
22 1210.0 2 8
Blue Chalk, 4 69.2" 2 5
- @ 8 743.0 2 5
12 1540.0 2 9
‘ 16  2180.0 2 6
22 1020.0 2 8
v e Chub,(13 4 91.9 2 7
8 464.0 2 5
12 1320.0 2 8
16 . 645.0 2 5
22 281.0 2 7
- Chub, {(2) Y 193.0 2 4
8 603.0 2 6
12 2250.0 2 6
16 3490.0 2 5
22 890.0 ‘2 T
. _Red Chalk, 4%  1770.0 2 5
' 8 314.0 2 ‘9
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Table D-2 F Values from Regressions
(Cont'd)
éarameter Column F value Degrees of freedom
estimated from
deviations
regression from
- regression
Red Chalk, U4 30.0 2 - 6
) 8 ©23.9 2 y
- 12 -111.0 2 3
186 1360.0 2 8
22 2070.0 . 8
~ / .
Mbmax STN # 270, 4  2340.0 2 5
(BSOD) (1) 184.0 2 8
12 35.2 2 3
16 112.0 2 7
22 1150.0 2 11
STN # 270, U 692.0 2 3
(2) §  1030.0 2
12 182.0 2 5
16 by, 0 2 7
’ 22 612.0 2 13
STN # 258, U 1470.0 2 3
(1) 8 205.0 2 6
12 17.7 2 3 -
16 140.0 2 2
22 429.0 2 8
*STN # .258, U4 650.0 2 4
_ (2) 8 111.0 2 8
e 12 80.3 2 5
16 181.0 2 3
22 414.0 2 8
Composite, 4 756.0 2 5
(1) 8  2210.0 2 7
12 484.0 2 3

-
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Table D-2 \VF Values from Regressions
(Cont'd) \\\\\
Parameter Column F value Degrees of freedom
estimated from
] deviations
regression from. '
regression
12 623.0 2 B8
16 666.0 2 7
22 775.0 2 7
Red Chalk, U 115.0 2 4
8 335.0 2 8 -
12 2150.0 2 8
16 £573.0 2 9
22 \ 692.0 ® 2 7
T STN # 270, U 192.0 2 5
1 22.1. 2 3
. _AB 100.0 § 2 4
22 44.0 2 3
™~ STN # 258, 4 173..0 2 5
12 368.0 2 3
16 280.0 2 4§
22 129.0 2 .3
Composite; y 508.0 2 6
12 504.‘ ' 2 3
16 1190.2\\\\ 2 u
22 217.0 2 2
Bi(kg vs. STN #.270 104.0 1 3
temp. ) STN # 258 27.3 1 3
Compdsite 160.0 "1 3
Blue Chalk 166.0 -1 3
Chub 212.0 1 3
Red Chalk '110.0 1 3
Pr(fiy, o,  STN # 270(1) 13.4 1
vs. temp.) STN # 270(2) 15.7 1 3

I S

R pag TR
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Table D-2 F Values from Regressions
(Cont'd) - {/)
Parameter : Column F wvalue D;grees Sf\freedom
estimated i from N\ | *
deviations
regression from
' regression
STN # 258(1) - 11.1 1 3
STN # 258(2) ©12.3 1 3
Composite (1) 65.9 1 3
Composite (2)° 24.6 1 3
Blue Chalk (1) 1.90 1 3
/
Bluz Chalk (2) 3.23 1 3
Chub (1) 2.72 1 3
Chub(2) 1 1 3
Red Chalk(1l) 1 3 '
Red Chalk(2) 1 3
P‘(“mmax STN # 27¢C 1
vs. temp.)} STN # 258 1 N\t
Composite )
¥ . 5
4
f 1
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Rates of oxygen uptake from laboratory columns
had .to be converted from volumetric to areal units. T
is a record of the sconversion factors for each column éb

used in this study. Values differ due to differences in

water depth.
—_—

Table E-1

(
R

Sedimant =olumn £, m-hr-day~?

STN # 270 6.8 ¥
y STN # 258

Composite

Blue Chalk ~

‘Chub

Red Chalk

BSOD and MSOD
STN # 270(1) .
STN # 258(1) 7,5
Composite(l) . 7.5,

BSOD only | | \ *
STN # 270(2)
STN # 258(2)
Composite(2)
Blue Chﬁlk(l)
1 Blue Chalk(2)
Chub(1)
Chub(2)
Red Chalk(l)
Red Chalk(2)

*

R S A T . B SR R, |
- - - . . - - .
MR WO Uy
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(gmp’+hr~!) -+ f(m-hr-day™!) = ﬁb N piememT*-day” )

kc(w{“)- f(n;ih'r-?ay“) = ko(m-day™").

-
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MODEL DERIVATION
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" Derivation of Model ' o

Formulation of mass balance for oxygen 1in water
overlying the s dimentsvyields:
) | a
3(V[02]) _ = (021 Ny _ poa 200217 sediment
ot 3 K35 + [05] s @'s 3z water
interface
BIOLOGICAL CHEMICAL
PART _ PART
where V = volumi of water
[02] = oxygen concentration in water
ﬁb = maximum volumetric aerobic oxidation rate
K;i = half-saturation constant
VS = aerobic volume of sediments
Rc .= diffusivity coefficient of oxygen penetration
AS = cross-sectional area of sediment-water interface.
Steps >: :
1. Divide both sides of equation AS
R ' . -2
— . 'S _
2. Let t‘ E = Mpmax
| [02) - [02), .4:r -
3. Let i?z - water sedlment, Az is
z AzZ
thickness between [Ozlwater and [Ozlsediment
b. Let {021, 4iment = 0 ' ' s
-~ . ] Vs
5. Let KC/Azf? K. . o .

LT et KT T L T CE D Pt L AL e

PN Py L SISt



. 233 .

..V d[0;]
Le't@' T at

= Total SOD (gm/m?-day)

This gives simplified equation given in text.
K, is a mass transfep coefficient, units of a

velocity, e.g., m/day.

Note
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