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ABSTRACf 

Sixteen sediment-water microcosms designed to allow complete gas, liquid, and 
solid mass balances of gases, nutrients, and mercury were studied under dark conditions 
or varying light intensity for a period of 189 days. Results indicated that the microcosm 
technique is a very sensitive method of analyzing microbial dynamics in sediment water 
systems. Gas quantity and composition changes were easy to monitor and were especially 
sensitive to light and nutrient variations. Nitrogen fixation occurred in all lighted systems 
(blue-green algae nitrogen fixers, Anabaena, and others) and was adequate to insure that 
no nitrogen limitation occurred even though nitrogen limitation was imposed on the 
system. Sediments apparently did not act as a significant source of nitrogen. Iron and 
phosphorus were in excess and as such were closely linked as would be predicted on the 
basis of chemical equilibria. Non-equilibrium chemical behavior of such elements would 
apparently result only when appreciable amounts of the compound or element is utilized 
in growth. 

The microcosm technique is an excellent method for showing nutrient dynamics in 
sediment-water systems; the control of environmental variables allows interpreting at least 
some of the major factors which control productivity in lakes. 

ill 
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LITERATURE REVIEW 

Microcosm Experiments 

Previous work performed on sediment-water 
interactions by staff at the UWRL has been described 
elsewhere in this report. Those results showed how 
nutrients cycle and how nutrients were utilized and 
affected by algae and bacteria. Because most studies 
of nutrient interactions in sediment-water systems 
have been very limited, dealing primarily with chem­
ical interactions, there is very little available informa­
tion applicable to natural ecosystems. 

Studies have shown that total available 
phosphorus in sediments can regulate the algal 
productivity (Porcella et al., 1970) rather than solely 
being involved with interstitial waters (Gahler, 1969; 
Stumm and Morgan, 1970). Models of nutrient 
uptake and release from sediments have been devel­
oped (Porcella et al., 1972) as follows: 

Release of nutrients 

dC = k2 C 
dt s 

and accumulation of nutrients in sediments 

dC = _ kl C 
dt 

in which C is the concentration in the aqueous phase, 
Cs is in the sediment phase, t is time, kl is the 
specific accumulation rate (days-I), and ~ is the 
specific release rate which is based on areal release 
(days-l.m- 2

). This model is only a conceptual one 
and more sophisticated mass balance models will be 
used in the report. Because of the complexity of 
interactions involved, highly detailed published mod­
els will not be used at this time because those models 
still neglect many of the interactions involved. 

Use of microcosms for aquatic system studies 
has helped greatly in understanding how nutrients are 
distributed. However, none of these studies has 
attempted to measure materials balances as compre­
henSively as the proposed study. Extensive studies on 
sediments in general, mercury, nitrogen, and 
phosphorus, as well as other elements in the environ­
ment have been performed. Without consideration of 
the interactive role of the compounds of these 
elements with sediment-water systems, which en-

compasses chemical-biological and physical 
phenomena, these studies are of limited theoretical 
value but will not be of practical value to water 
quality management strategies. This study has 
provided practical results as well as data which are of 
theoretical value in the study of complex and 
complete ecosystems. 

Nitrogen in Aquatic Ecosystems 

Nitrogen is an essential el~ment for all living 
things. Although abundant, forms available to plants 
are inadequate in parts of the world. In these places, 
crop production is limited and harvests are often 
insufficient to meet the needs of the people. 

In early history, man learned to apply animal 
manure to the soil to compensate for nitrogen 
deficiencies. In modern agriculture the use of 
chemical fertilizers to meet the demand has replaced 
manure for filling the nitrogen requirement. 

The effects of nitrogen compounds on man 
depend on its form and concentration. Small amounts 
of nitrate and nitrite are added to food products with 
no apparent detrimental effects; r~lfger concentrations 
have been found to cause health problems in both 
man and animals. Reduced nitrogen (usually NH/) 
results in dissolved oxygen problems in streams. Also 
increased inorganic nitrogen can stimulate the growth 
of algae in surface waters, interfering with beneficial 
uses of water as a result of algal scums, odors, 
turbidity, etc. 

With the increased awareness of the problems 
associated with nitrogen in the environment, there 
has been growing concern with respect to nitrogen 
use and control. Consideration of public health 
aspects (USPHS, 1962) which limits nitrates to 10 mg 
N/1 in drinking water, the effects of :Nf4 +-N on 
dissolved oxygen in streams as nitrogenous BOD 
(Stratton and McCarty, 1968; Thomann et al., 1970), 
and the role of nitrogen in stimulating algal growth, 
i.e., the problem of eutrophication must be well 
understood. This study was directed at the eutro­
phication problem. 

Nitrogen fixation and cycling in an aquatic 
system must be understood so that eutrophication 



can be minimized. It is a complex problem dependent 
upon many physical, chemical, and biological condi­
tions existing in the aquatic environment. Researchers 
have only recently turned their attention to these 
complex problems and many questions remain to be 
answered. 

Sediment nitrogen content 

Table 1 shows the distribution of organic 
nitrogen in some Wisconsin lake sediments and also 
shows the forms of organic nitrogen present. In­
organic forms of nitrogen are only a small percentage 
of the total nitrogen in lake sediments, and has been 
shown to be mostly ammonium (Keeney, 1972). 
Nitrate is not found in sediments because of the 
reducing environment normally found in sediments. 
Other nitrogen compounds include various organic 
forms resulting from biological excretion or degrada­
tion which are present as dissolved or solid phase 
(particulate) nitrogen and these organic; forms include 
amino acids, peptides, and enzymes and structural 
proteins, other macromolecules such as nucleic acids, 
and various nitrogenous lipids and carbohydrates. 

The amount of nitrogen available in the sedi­
ments for recycling varies with each body of water 
and depends on nitrogen input, nitrogen fixation 
rates, and the biochemistry of the lake system 
(Porcella et al., 1972; Brezonik and Lee, 1968; Home 
et al., 1972). A variation can also exist within the 
same body of water when conditions are not constant 
throughout the lake. The primary form of nitrogen in 
sediments is organic nitrogen. Austin (1970) found 
8.0 g/Kg of total hydrolyzable nitrogen in deep water 
sediments from Lake Mendota, while shallow water 

sediments contained 9.1 g/Kg of total hydrolyzable 
nitrogen. Sediments from Trout Lake, taken in deep 
water, contained 25.6 g/Kg of total hydrolyzable 
nitrogen. Keeney et al. (1970) in a study of nitrogen 
distribution in thirteen Wisconsin lakes found that 
the total organic nitrogen ranged from 5.2 g/Kg in 
oligotrophic, hard water lakes to 32.6 g/Kg in 
eutrophic, soft water lakes. Data from these lake 
sediments showed a greater amount of total nitrogen 
present in eutrohpic lakes as compared with 
oligotrophic lakes. Porcella et al. (1970) found 
organic nitrogen concentrations ranging from 5.1 
g/Kg to 10.5 g/Kg in sediments collected from lakes 
in California, Oregon, and Wisconsin. Komad et al. 
(1970) in a study of nitrogen. distribution in a 
sediment profile found an increasing amount of total 
nitrogen as the depth into the sediment increased. 
This was probably due to the depositional environ­
ment of the sediments and actual mixing of the 
sediments. More organic nitrogen was probably 
associated with the heavier particles than with the 
lighter, slower settling particles. 

Sediment-water nitrogen interchange 

Physical factors affecting the exchange of 
nutrients between sediments and overlying waters are 
numerous and constantly changing. They include 
such things as currents, burrowing fauna (worms and 
invertebrate larvae), movement of fish, escaping gases 
from sediments, boats, and many other factors (Lee, 
1970). 

Chemical factors that affect the exchange of 
nutrients from sediments to overlying waters are not 
thoroughly understood. One of the primary reasons 

Table 1. Average organic N distribution in some Wisconsin lake sediments.a 

Acid Hydrolyzable N 
Total 

Organic N, 
%of 

Sediment 

(% of Total Sediment Organic N) 

Total Ammonium 

Northern, soft-water, oligotrophic (6 samples): 

Hexos­
amine 

1.53 83.1 15.7 4.2 

Northern, soft-water, eutrophic (2 samples): 
3.26 8004 15.6 4.2 

Southern, hard-water, oligotrophic (1 sample): 
0.52 84.4 15.0 3.4 

Southern, hard-water, eutrophic (4 samples): 
0.80 82.0 19.3 3.3 

aKeeney et al. (1970). 

bUnidentified = 100 - ammonium - hexosamine - amino acid. 

6 

Amino 
Hydroxy-

Acid 
amino 
Acid 

36.3 6.8 

42.7 7.6 

41.3 7.1 

37.7 6.4 

Unidenti-
fie db 

43.8 

37.5 

40.3 

39.7 



for this is the lack of studies to characterize lake 
sediments. Lee (1970) stated, "Based on the current 
state of knowledge it must be concluded that natural 
sediments consist of essentially amorphous materials 
that remain to be characterized." Bortleson (1968) in 
studying nitrogen in cores of lake sediments con­
cluded that there is no identifiable relationship 
between the sediment concentration of nitrogen and 
the concentration of nitrogen available to algae in the 
overlying waters. Bremner (1967) has studied the 
immobilization of nitrogen under varying redox 
conditions and found immobilization greater under 
aerobic conditions. Chemical complexation and 
sorption play key roles in phosphorus recycling but 
appear unimportant in nitrogen recycling. 

Biological factors affecting the recycling of 
nitrogen in lake sediments probably play the key role. 
These biological factors can be divided into four 
areas; nitrification, denitrification, nitrogen fixation, 
and nitrogen assimilation. In addition to these four 
areas, biological activity may affect the chemical 
condition of the water which then directly affects 
chemical factors involved in the recycling of nitrogen. 

Keeney (1972) described nitrification as the 
biological conversion of N into organic or inorganic 
compounds from a reduced to a more oxidized state. 
Alexander (1965) has characterized many algae, 
bacteria, and fungi that have the ability to oxidize 
nitrogen compounds, the most common reaction 
being: 

In soils, nitrification is carried on primarily by 
Nitrosomonas (NH; + NO;) and Nitrobacter (N02-
-+ NO 3- ). Alexander (1965) has concluded that 
optimum conditions for nitrification exist at 30 C 
and a pH near neutral. If the pH is elevated to a basic 
pH then accumulation of nitrite will occur. This is 
due to the fact that Nitrosomonas can adapt to the 
higher pH better than Nitro bac ter. Porcella et al. 
(1972) in a study of Indian Creek Reservoir found 
nitrification-denitrification to be an important 
process in losses of nitrogen in the reservoir system. 
Chen et al. (1972) in a study of nitrification in lake 
sediments found that nitrification rates in calcareous 
sediments were very high (25 p. g N03 -N produced per 
liter of sediment per 24 hours). These studies show 
that the role of nitrification becomes important in 
shallow water sediments which are well mixed. 

Denitrification is a biochemical reduction 
where nitrate or nitrite is converted to a gaseous form 
of nitrogen, a typical reaction being: 

S(C6 H12 0 6 ) + 24(NOa) + 24(H+) -+ 30(C02) 

+ 12(N2) + 42("2 0 ) 

7 

Brezonik and Lee (1968) in a study of Lake Mendota 
found denitrification to be an important sink. Nitrate 
concentration in the hypolimnion decreased steadily 
as the oxygen consumption increased. Approximately 
11 percent of the total annual nitrogen input was lost 
from Lake Mendota due to denitrification. Goering 
and Dugdale (1966) have shown that denitrification in 
lakes produces molecular nitrogen rather than nitrous 
or nitric oxides. Some of the more important bacteria 
that account for denitrification are Pseudomonas, 
Achromobacter, Bacillus, and Micrococcus. The 
predominant controlling factors of denitrification 
have been found to be pH and temperature (Bremner 
and Shaw, 1958). Chen et al. (1972) found that after 
two hours, up to 90 percent of the N03 -N dis­
appeared from a sediment sample from Lake 
Mendota. 

Nitrogen fixation is carried on by a wide 
number of blue-green algae (Cyanophyceae) and to a 
minimal degree in aquatic systems by bacteria. The 
importance of nitrogen fixation in an aquatic system 
is still in question (Keeney, 1972) although in Clear 
Lake it amounts to 43 percent of the annual nitrogen 
budget (Home and Goldman, 1972). Goering and 
Neese (1964) have estimated the nitrogen fixation 
rate of Lake Mendota to be 0.2 to 1.2 percent of the 
combined N. Dugdale and Dugdale (1965) showed 
that the rate of nitrogen fixation may depend upon 
the concentration of nitrate or ammonium. 

Nitrogen assimilation can be defined as the 
incorporation of nitrogen compounds into the cells of 
living organisms. The concentration of nitrogen in 
cells may vary according to the particular species. 
Kuznetsov (1968) concluded that bacteria are the 
most important assimilators of nitrogen in some 
aquatic systems. Dugdale and Goering (1967) showed 
that nitrogen assimilation peaked in late spring and 
usually corresponded to levels of low inorganic 
nitrogen content in the water. 

Microcosm studies have been conducted by 
Mortimer (l941, 1942), Sawyer et al. (l945), and 
Austin and Lee (1973) to determine the importance 
of sediments in the nitrogen cycle. Mortimer 
concluded that the release of inorganic nitrogen 
under aerobic, quiescent conditions was essentially 
nil. Sawyer found that under the same conditions 
(aerobic and quiescent) that 6 percent of the total 
nitrogen from the sediments was released in 100 days. 
Austin and Lee (l973), working with the same lake 
sediments under mixed aerobic conditions, found 50 
times the amount of nitrogen released in the same 
time period. In Austin and Lee's (l973) studies, the 
complete mixing action caused the sediments to be 
suspended at all times. Under these conditions a 
much greater sediment to water contact was main­
tained allowing a greater volume of sediment to be 



subjected to the various processes that would cause 
the nitrogen to release to the water. 

Thus, previous work has shown that the release 
of nitrogen from lake sediment can play an important 
role in aquatic productivity. The ability of lake 
sediments to release nitrogen is dependent upon 
many interrelated factors including nitrogen 
metabolism, sediment mixing, and aerobic and 
anaerobic conditions. These factors and their im­
portance must be evaluated to assess the e€ological 
importance of nitrogen. 

Mercury ~n Aquatic Ecosystems 

For centuries, man has used mercury for a 
variety of purposes without being aware of the 
potential hazards associated with its use. The 
discharge of mercury contaminated wastes is now 
recognized as being environmentally hazardous 
(Grant, 1971; Wallace et al., 1971). The first tragedies 
definitely linked to mercury toxicities as a result of 
discharges of mercury to the environment were in 
Japan in the late 1950's and early 1960's (Goldwater, 
1971). Since then, other outbreaks of mercury 
poisonings have occurred in Sweden, Canada, Iraq, 
and the United States (Bakir et al., 1973; Goldwater, 
1971; Grant, 1971). These outbreaks have all been 
linked to the consumption of mercury contaminated 
food. As a result, Japan, Sweden, Canada, and the 
United States have become very active in experi­
mental studies tracing the path of mercury through 
the food chain. 

Sources of Environmental Mercury 

Natural mercury sources 

The natural occurrence of mercury is common 
and in some soils which overlie deposits of cinnabar 
(HgS) , the surficial level of mercury may be quite 
high. The highest level in soils in the U.S. was found 
by the U.S. Geological Survey in Summit County, 
Utah, and was found to contain 4.6 ppm mercury 
(Shacklette, 1971). 

Swedish investigators have estimated that rain­
fall washes mercury from the ait causing annual 
deposition of as much as 0.5 gm/acre (Wallace et al., 
1971). Most of the mercury becomes associated with 
the upper few inches of soil where it can either be 
revaporized or become bound to the soil. The 
soil-bound mercury is subject to erosion and 
eventually can become part of a sediment deposit. 

Other natural sources of mercury are ground­
water supplies, oil field brines, hot springs, 
geothermal steam fields, mud pots and active 
volcanoes (Wallace et al., 1971). Joensuu (1971) 
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estimates that the natural weathering of soil and rock 
releases as much as 230 metric tons of mercury 
annually-most of which ultimately end's up in 
aquatic sediments. Figure 1 depicts the cycle of 
mercury throughout the environment (Goldwater, 
1971). 

Mercury waste discharge 

By far the largest manmade discharger of 
mercury prior to 1968 was the chlor-alkali industry. 
As a result of legal pressure in 1970, the discharge of 
mercury by chlor-alkali plants dropped 10-100 times 
from 287 lb/day to 40 Ib/day and many plants were 
found to emit no more than traces of mercury. Of the 
other industrial mercury users for electrical and 
laboratory uses in 1968, 520 tons were recycled and 
660 tons were dissipated (Wallace et aI., 1971). 
Portions of the dissipated mercury went to replenish­
ing inventories but much of it was disposed of in 
landfIlls, dumps, and incinerators. 

Of the total U.S. mercury demand in 1968,26 
percent or 745 tons went to dissipative uses (Wallace 
et al., 1971). Not all would have the same effect on 
humans or the ecosystem because of the differing 
chemical formulations of mercury and dissipative 
rates. Mercury based paints utilize considerable 
amounts of mercury but the rate of mercury 
dissipation to the environment is slow. Dental 
amalgams apparently have no effect on the patients. 
Mercury is lost during the manufacture of vinyl­
chloride and acetaldehyde and substantial amounts of 
highly toxic organomercurials are deliberately 
dispersed in seed grains. 

Considerable amounts of mercury are used as 
slimicides in the pulp and paper industry and as a 
result these industries have been criticized for many 
years as a so'urce of mercury pollution. The slimicides 
are used to treat paper-pulp washwater and during the 
washing process mercury is transferred to the 
cellulose fibers and becomes part of the finished 
paper product. 

Municipal and storm sewers are sources of 
environmental mercury. Applequist et al. (1972) 
found that the distribution of mercury in sediments 
of New Haven Harbor, Connecticut, indicate that the 
primary source of mercury is from municipal sewer 
outfalls in the harbor. 

Th e leachate of mercury mine tailings 
contributes mercury to the environment in rather 
large amounts in the immediate downstream vicinity 
from the tailing ponds (Peterson, 1973). Wallace et al. 
(1971) estimate that at a three percent stack loss in 
the smelting of mercury ore, approximately 31 
tons/year of mercury is emitted. As much as 10 
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Figure 1. The mercury cycle. 
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pounds per day of mercury vapor can also be emitted 
by the smelting of ore for other metals (Anonymous, 
1971a). 

Substantial amounts of mercury were found to 
be exhausted through the stacks of municipal in­
cinerators-up to 4500 pounds per year (Anonymous, 
1971b). Here, the most probable source of mercury 
was through the combustion of paper products. 

Fossil fuels contain very small amounts of 
mercury (0.5-3.3 ppm) but the mass consumption of 
fossil fuels is very large. If a conservative estimate of 
1.0 ppm of mercury is applied to the annual worldly 
coal consumption, then 3000 tons of mercury would 
be emitted to the atmosphere yearly (Joensuu, 1971). 
The conservative estimate of 1.0 ppm was based on 
the range of 0.5 - 3.3 ppm of mercury in U.S. coals 
(Wallace et al., 1971). 

Mercury utilization 

The worldwide consumption of mercury has 
risen by about 1800 flasks (68.4 tons) (a flask 
contains 76 Ib of mercury and is used as the standard 
measure) per year with the U.S. demand being 1600 
flasks (60.8 tons). In 1968, the U.S. consumption 
comprised 30 percent of the total world production 
of 257,000 flasks (9766 tons) (Wallace et al., 1971). 

In 1968 the U.S. supplies came from four major 
sources: 36 percent from local mining, 24 percent 
from government stockpiles, 22 percent from im­
ports, and 18 percent recycle. Of the total mercury 
consumed, 26 percent is classed as dissipative, which 
includes consumer products and wastes to the 
environment (Wallace et al., 1971). A major portion 
of wastes to the environment ends up in soils or 
sediments and thereby enters into a very complex 
cycle. Figure 2 shows the sources and losses of U.S. 
mercury in 1968. 

Fonns and Transformations 
of Mercury 

Discharging mercury to the environment in­
volves certain risks and the severity of the risks can 
only be understood if the forms and interconversions 
of mercury are studied. The concern over the 
transformations of mercury arises after one considers 
that mercury can be mobilized from sediments and 
other deposits by a change in chemical form. 

Jemel6v (1969) listed the major types of 
mercury discharges and their sources as: 

1. Metallic mercury, HgO (chlor-alkali and 
electrical instrument plants) 

2. Inorganic divalent mercury, Hg ++ (chlor­
alkali plants) 
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3. 
+ 

Phenylmercury, C6HSHg (paint, pulp, 

4. 
5. 

and paper plants) 
Methylmercury, CH 3Hg+ (agriculture) 

+ 
Methoxyethylmercury, CH 30(CH 2hHg 
(agriculture) 

There are four basic reactions that transform 
mercury from one form to another: 

(1) 

Hg ++ ~ CH3Hg + ~ CH3HgCH3 (2) 

C6 HsHt ~ CH3Hg + ~ CH 3HgCH3 . (3) 

(4) 

The first reaction progresses readily in an 
aquatic system in which oxygen is present or in the 
sediment region where the pH may be less than 7.0. 
The reducing conditions present in some muds under 
anaerobic conditions are also capable of reversing the 
reaction and forming free mercury. Once oxidized, 
the divalent ion has a very high affinity for organic 
muds which is evidenced by the very small partition 
coefficients for different sediments shown in Table 2 
(Feick et al., 1972). 

Table 2. Partition coefficients of ·various sediments 
for mercuric chloride @ 25°C) (Feick et aI., 
1972). 

Sediment 
Descri ption 

Fresh Sand 
Aged Sand 
Fresh Peat 
Aged Peat 
Clay (Kaolin) 
Ground Silica 
Clay + Milled Pyrite 
Clay + 5% Zns 
Fresh Peat + 3.5% NaCI 
Clay + 1 % n-dodecyl mercaptan 

apartition coefficient K 

Partition 
Coefficienta 

1.3 x 10-3 

3.7 x H)"2 
<1.4 x 10-8 

2.3 x 10-6 
4.9 x 10-1 

1.5 
8.3 x 10-6 
1.8 x 10-6 

5.0 x 10-6 
2.0 x 10-8 

[Hg++] H 0 
2 

High levels of mercury were found in fresh­
water fish in Sweden and the first assumption was 
that the mercury present was either in the inorganic 
or phenylmercuric form. This was a reasonable 
assumption since these two forms were known to be 
discharged by local factories. However, Westoo 
(1966) determined that the mercury present was 



--

TAILINGS 
~ AIR 

POLWTION 

t 
MINING 
AND 
SMELTING 

IMPORTS 

36"0 ~ 

220/0 ~ 

U. S. 
STOCKPILES 124 % J 

.. 18 % RECYCLE 

RECYCLABLE USES 

7~ 

.. DENTAl 
AMALGAMS 

33"0 J CHLOR-ALKALI 
INDUSTRY 

a:: 
w r­.« 

z~ ow 
a::r­
-00 

~~ w 
230/0. w Z 

uS 
m r 

CHLOR-ALKALI) 
INDUSTRY 33Ofo) '-_______ , 1,330,000 ~ ~ 

LBS. OW 

o 
tt) ,.... 
.0 

~ 

ELECTRICAL 27~} 
I NSTRUMENTA- UNKNOWN 
TION 11% DISPOSITION 

LABORATORY 30/0 

DISSIPATIVE USES 
i 

PAINT 

AGRICUL­
TURE 

12% 

!)Ofo 

DENTAL 4% I TO THE 
CATALYSTS 2% ·ENVIRONMENT 

PAPER IOfo 
DRUGS IOfo 

t-:E 

Figure 2. Sources and losses of U.S. mercury in 1968 (Wallace et aI., 1971). 



almost entirely in the monomethylmercury form. 
Jensen and Jernel6v (1969) suggested and proved that 
living organisms could methylate mercury. Through 
their experiments they were able to show that 
bacteria could and did transform inorganic and 
phenyl mercury into mono- and dimethylmercury. 
These experiments explained the presence of 
methylmercury in fish when all known sources of 
mercury were either inorganic or phenylmercurials. 
Wood and Kennedy (1968) found that certain 
methanogenic bacteria in sediments could methylate 
mercury using methy1cobalamine (a known methyl 
donor in biological systems). He also found that 
methylcobalamine itself, without other enzymes and 
organisms, was sufficient to cause methylation. In the 
presence of methylcobalamine, methylation proceeds 
at a very high rate (Imura et aI., 1971). Methyl­
cobalamine has been isolated in mammals in calf liver 
and in human blood plasma and methanogenic bacte­
ria. The bacteria are u biqui tous in sedimen ts and sew­
age sludge and contain methylcobalamine in large 
quantities as an intermediate of methane synthesis 
(Imura et al., 1971). Jernel6v (1969) tested samples 
of over 100 rivers and lakes in Sweden and found 
bacteria capable of methylating mercury in all of 
them. The methylation of mercury causes concern 
because ionic mercury that was previously bound to 
sediments becomes mobile-the monomethyl form is 
water soluble and the dimethyl form is volatile and 
vaporizes. Table 3 lists some values for partition 
coefficients of methylmercury in various sediments. 

Table 3. Partition coefficients of various sediments 
for methyl mercuric chloride @ 25°C (Feick 
et aI., 1972). 

Sediment 
Description 

Fresh Peat 
Aged Peat 
Kaolin Clay 
Clay + 5% ZnS 
Oay + 1 % n-dodecyl mercaptan 
Clay + 5% Milled Pyrite 

apartition coefficient K 

Partition 
Coefficienta 

6.8 x 10-4 
2.3 x 10-3 

1.2 
1.5 x 10-3 

8.0 x 10-4 
1.2 x 10-1 

The p'artition coefficients of methylmercury are 
10

2 
to 10

5 
times greater than those for inorganic 

mercury (Table 2). Therefore, sediments are not 
nearly as effective a sink for tnethylmercury as they 
are for inorganic mercury. bottom fauna such as 
plants and burrowing wotms also redistribute 
mercury in sediments but to a lesser extent than 
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methylation. If the conversion of inorganic to 
methylmercury is the rate determining step in the 
natural removal of mercury from sediments, then this 
process could take from 10-100 years (J ernelbv, 
1969). Under anaerobic conditions where the 
predominant form of mercury may be the sulfide 
(HgS), methylation was not found to occur. However, 
methylation could proceed readily in aerobic muds 
after the sulfides were oxidized to sulfates (Jernelov, 
1969). 

Jernel6v (1969) found that phenylmercury 
could be converted to mono- and dimethylmercury in 
bottom sediments: 

His experiments were difficult to duplicate quantita­
tively but it was apparent that the transformation 
followed more than one pathway and that the 
reactions might be competitive. There are repeated 
indications that the discharge of phenylmercury has a 
stronger effect and faster concentration in fish than 
the discharge of similar quantities of inorganic 
mercury (Jernelov, 1969). 

The conversion of methoxyethylmercury to 
inorganic mercury is 

also known to occur (Jernelov, 1969). 

A summary of the natural interconversions of 
mercury is shown in Figure 3. These natural inter­
conversions will be greatly influenced by reaction 
rates. The rate of mercury methylation is dependent 
on a number of experimental conditions: tempera­
ture, pH, redox potential, microbial activity, mercury 
concentration, and organic material levels. Langley 
(1973) found that methylation rates varied from 0.12 
to 4.83 nano-gram (ng) Hg/week/cm2 

• Figure 4 shows 
some of Langley's results of mercury methylation 
rate versUs the concentration of mercury in sedi­
ments. He found that methylation of mercury was a 
maximum at a sediment concentration of 3.8 mg/l of 
mercury compared to a maximum sediment con­
centration of 68.1 mg/l. It is hypothesized that above 
3.8 mg/l the mercury level may be high enough to 
exhibit toxic effects on the methanogenic bacteria. 
The sediments which showed the greatest 
methylation also showed a much greater number of 
bacteria than other sediments analyzed. Langley 
(1973) also found that the dimethylmercury liberated 
from the sediments varied from 2 to 12 percent of 
the total methylmercury generated in the sediments. 
Kolb et al. (1973) showed that dimethyl mercury 
would not remain in the aquatic system very long 
because of its insolubility in water and tissues. 



Figure 3. The natural interconversions of mercury. 
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When Jernelbv (1969) estimated that the 
natural decontamination by microbial methylation of 
mercury contaminated sediments could take up to 

13 

100 years, he made no mention of bacteria capable of 
demethylation of mercury. The demethylation 
process liberated methane and mercuric ion which 
was available for remethylation by methylating 
bacteria. Spangler et a1. (1973) found that bacteria 
isolated from environmental samples could degrade 
methylmercury to inorganic mercury. He analyzed 
207 cultures and found that many could degrade 
methylmercury. Thirty of the isolated cultures could 
demethylate aerobically, and 21 of the 22 facultative 
anaerobes could de methylate mercury. Consideration 
of the de methylating bacteria indicates that 
J ernelov's estimate of 100 years for the natural 
decontamination of mercury containing soils could be 
increased to more than 100 years. 

Jernelov (1970) conducted other experiments 
concerning mercury methylation. He found that in an 
aquatic system without fish or worms or other large 
animals, the formation and release of methylmercury 
occurs almost entirely in the upper centimeter of 
sediment. 

Relation of Microcosm 
Experiments 

The problems and the potential problems of 
mercury discharges to the environment are a very real 
part of todays modern industrial society. The in­
dustrial sources of environmental mercury are fairly 
well documented but little is known about the fate of 
mercury once it leaves an outfall. Experiments 
performed attempted to determine the fate of in­
organic mercury in a system that contained water, 
sediments, and aufwuchs. There were a number of 
basic questions to be answered: (1) Does inorganic 
mercury remain in solution or does it adsorb to 
sediments or organic material comprising the 
aufwuchs? (2) if it adsorbs to sediments or aufwuchs, 
how much goes to each? and (3) How deep does 
mercury penetrate into the sediments? 





MATERIALS AND METHODS 

Experimental Design 

The experimental design for studying exchange 
of nutrients and metals in sediment water microcosms 
is listed in Table 4. The arrangement of the experi­
mental units is shown in Figure 5 and consists of 
sixteen individual microcosms which were studied 
under varying additions of nutrients, mercury, light 
and dark, and variable light input. Thus, a 2 x 2 x 4 
factorial design replicated in time was utilized to 
determine what the effects of some of these variables 
were upon the development of algal populations and 
the mass balances of metals and specific nutrients 
(carbon, nitrogen, phosphorus, and iron). 

The variations included mercury, nitrogen as 
nitrate, and light variations. Additions of mercury at 
environmental levels (50 J1g Hg/l) were made and 
analyses for total mercuty and the organomercury 
compounds were made. the effects of the mercury 

Table 4. Experimental design for microcosm study. 

on the systems and nutrient balances were deter­
mined from the factorial-statistical analysis. 

The levels of nitrate nitrogen added to the 
system provided two points in the nitrogen 
metabolism studies and budgets. The two points were 
zero and 300 J1g NIL The latter is the arbitrarily 
selected level suggested by Sawyer (1947) as being 
the lower threshold defining eutrophication. 

There were four light conditions: Dark, vertical 
light, horizontal light, and horizontal variable light. 
Dark microcosms were utilized as reference points 
and comparative points in conditions where algal 
growth does not occur. Vertical light provided a 
reference point to previous studies performed in the 
light (Porcella et ai., 1970), and horizontal lighting 
sy stems were diurnal and designed to purposely 
duplicate the direction of light penetration into the 
column of water. Thus, there was a comparison 

Treatments 

Metals: Mercury (50 J1g Hg++ /1) No Mercury (Zero) 
Time, weeks 

Ught: Dark Vert. Horiz. Horiz. Var Dark Vert. Horiz. Horiz. Var. 

Nutrients: I II I II I II I II I II I II I II I II 

0 
2 
4 
6 
8 

10 
12 
14 

n 

I is zero nitrate. 
II is 300 P.g/l of nitrate N. 
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between previous studies (vertical light) with studies 
performed under more natural conditions. The 
horizontal variable light had a diurnal cycling with 
specific microvariations in the lighting level. This light 
variation during the light cycle of the day was 
achieved by a timed sequential switch for turning on 
and off lights in a six bulb bank of lights. Ught 
cycling for the horizontal variable system and the 
horizontal system was 16 hours of light, 8 hours of 
dark. Ught intensities outside the microcosm at the 
sediment surface, mid-depth, and water surface are 
shown in Figure 5. 

Ught and temperature conditions were main­
tained as constantly as possible for the period of the 
study. Temperature was maintained at 25°C ± r C 
in the microcosms and light was determined based on 
the configuration of the 97 percent spectrum­
corrected-to-sunlight, Optima 50 fluorescent bulbs 
(Duro Test Corporation). These bulbs put out a 
relatively constant light and only reach 90 percent of 
initial lumens after 125 days. The microcosm cultur­
ing box was placed in an environmental room 
consisting of two 6 mil plastic walls with a 4 inch 
dead air space inside a larger room. It was maintained 
at the appropriate temperature above room tempera­
ture to maintain temperatures within the range of 
22-25°C in the microcosms themselves. The tempera­
tures increased with incident light so it was not 
possible to maintain constant temperature for all sets 
of microcosms. 

Microcosms 

The microcosms were constructed of lucite 
cylinders 75 cm high and 15.5 cm in diameter which 
were completely sealed to the atmosphere (Figure 6). 
These were fIlled to a depth of 15 em with lake 
sediment (2.25 liters). The cylinder walls around the 
sediments were painted black on the inside and the 
outside except for a strip which was taped. These 
opaque walls prevented growth of photosynthetic 
microorganisms in the sediments but the strip allowed 
observation of changes in the sediments as 
appropriate. 

Approximately 9 liters of overlying water fllied 
the microcosms to a level within 2-3 cm of the top 
seal. Provision for capturing gases released from the 
sediments was made by the addition of a small­
volume, low-displacement, gas-trap. The gas trap 
leveling bulb contained a 2.S percent H2S04 solution 
plus methyl red for color (Andrews et al., 1964). 

Each day, 10 perceht of the volume of water in 
each microcosm was removed and replaced with fresh 
media. The addition of fresh med.ia was made through 
the lower input port, using media which had been 
cooled approximately 5° below the ambient tempera-
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ture within the microcosm. At the same time, 
removal of effluent media from the upper port took 
place. The cooling was done to prevent mixing of 
fresh media with the media to be removed. Dye 
studies showed that cooling the input media approxi­
mately 5 ° below the microcosm temperature in­
troduced a thermal gradient into the microcosm. This 
gradient was sufficient near the bottom to allow 
removal of the effluent media at the top port without 
including fresh media. However, within 20-30 min­
utes the microcosm was completely mixed with no 
apparent thermal gradient remaining and without a 
significant net change in temperature. Overall, it was 
assumed that the small temperature perturbation 
(initially ~ 0.5° C) would have little effect on results. 

It was necessary to evaluate the addition of 
dissolved gases with the fresh media as well as the 
known dissolved ionic constituents of interest. This 
was accomplished by calculating the concentrations 
of dissolved gases according to Henry's Law. 

Us in g w ate r -dri ven magnetic-mixers, the 
microcosms were mixed continuously throughout the 
entire experimental time period (13 intervals) even 
during the media exchange procedure. The removed 
samples were utilized for analytical procedures as 
described below. 

Sediments 

Collection 

Sediments were collected at Hyrum Reservoir, 
Utah, at approximately the same sampling point as 
utilized by Drury et al. (1975) in the study of the 
eutrophication of Hyrum Reservoir. Enough sedi­
ments were collected to fiB all the microcosms, and 
to provide sufficient samples for immediate analysis 
as well as for further analysis. Also, some additional 
samples were utilized for special studies as indicated 
below. Sediments were collected in the afternoon 
using an Ekman dredge and placed in a tank (see 
Keeney, 1974). Approximately 50 liters were col­
lected. The sediments were mixed as soon as possible 
(the following morning) by hand in large tanks and 
then subsampled for the various uses. The sediments 
were not collected until the experiment was com­
pletely ready to begin. 

The analyses of fresh sediment included total 
mercury, total phosphorus, available phosphorus, 
total nitrogen, soluble inorganic nitrogen, inorganic 
carbon, organic carbon, and total iron (Appendix A). 
Water content was measured. Some of these tests 
were performed at the Soils Laboratory, Utah State 
University, and others were performed at the Utah 
Water Research Laboratory. 
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Distribution and measurements 

The collected Hyrum sediments were vigorously 
stirred for 3040 minutes in a polyethylene container 
to insure homogeneity of the samples. Then sub­
samples of approximately 1/4 of the total sediment 
to be added to the microcosm were added at random 
from the mixed sample to each microcosm until the 
mark (2.25 £ ) was reached. Each subsample was first 
weighed and then added to a microcosm. The depth 
of sediment was 15 cm. Samples were also drawn at 
random for the analysis of the initial conditions. 

At the end of the experimental run the micro­
cosms were opened and overlying water removed. 
Then core samples were taken from the sediments. A 
16 cm glass tube (2.5 cm inside diameter) was 
inserted into the sediments and capped using a rubber 
stopper. A small piece of glass tubing (5 mm) was 
inserted adjacent to the glass coring device. As a small 
positive pressure was being applied to the small glass 
tube, the coring tube was removed containing the 
core sample; this process relieved the negative pres­
sure allowing the coring tube and sample to be easily 
removed. The coring tube and sample was then 
stoppered on the bottom and placed upright in a 
freezer and frozen. They were later sectioned for 
analysis into various lengths of 0-1 cm, 1-3 cm, 3-5 
cm, 5-10 cm, and greater than 10 cm. The remaining 
sediments in the microcosms were thoroughly mixed 

Table S. Medium constituents and concentrations. 

and replicate samples collected. These samples were 
then dried and analyzed to compare with the initial 
sediment analysis and to estimate any nutrient or 
metal loss during the experimental run. Sediments 
before and after the experiments were analyzed for 
Hg, P, avail P, N, soluble inorganic N, inorganic C, 
organic C, iron and water content. 

Water 

Concentrated stock solutions were made up to 
provide the appropriate nutrients to the deionized 
water used for the daily replacement of the media. 
The deionized water was cooled and aerated over­
night and then the stock solutions containing 
nutrients were added just prior to the media ex­
change. By aerating the deionized water to assumed 
equilibrium, and recording the temperature and pres­
sure, Henry's Law could be used to calculate the gas 
solubilities in the deionized water media for mass 
balance calculations. The stock solutions were based 
on those described in the Algal Assay Procedures 
Bioassay (EPA, 1971), i.e. NAAM (Table 5). 

Nutrient Media Exchange 
Protocol 

Media preparation 

Carefully and completely the appropriate 
concentrated stock solutions were mixed into the 

Final Cone. in Microcosm 
Ilg/1 

Stock 
Compound Cone. in Dil. in Feed No Hg Hg 

Sol'n Element Stock mg/l D.W. 
II III IV 

Yellow Green Yellow Greeu 
Blue Blue Red Red 

A. Al NaN03 1,821 1-1000 N cp 300 cp 300 

A2 MgS04·7H2O 12,167 10--1000 Mg 12,000 12,000 12,000 12,000 

A3 CaCI2· 2H2O 8,070 1 Q-.-l 000 Ca 22,000 22,000 22.1000 22,000 

A4 KCI 7,181 1-1000 K 4,000 4,000 4,900 4,000 

B. K2HP04 522 1-1000 F 93 93 \93 93, 

C. e,BO, 186 1-1000 B 33 33 33 33 
C MnCI2; (Mn02·4H20) 264(415) 1-1000 Mn 115 115 lIS 115 

I ZnCI2 33 1-1000 Zn 16 16 16 16 
Na2Mo04· 2H2O 7.3 1--1.000 Mo 2.9 2.9 2.9 2.9 

C {CoCI2 (CoCI 2·6H2O) 0.8 (1.5) 1-1000 Co 0.37 0.37 0.37 0.37 
2 CuCI2 (CuCI2.2H2O) 0.01 (0.013) 1-1000 Cu 0.005 0.005 0.005 0.005 

D. { FeCI3 (FeCI3·6~O) 96 (160) 1-1000 Fe 33 33 33 33 
Na2 EDT A· 2H2 300 1-1000 Na2 EDTA· 300 300 300 300 

2H2O 

E. NaHC03 15,000 1-1000 C 2,145 2,145 2,145 2,145 

F. HgCI2 67.7 1-1000 ltg cp cp 50 50 
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cooled aerated deionized water. The deionized water 
was aerated overnight and cooled to approximately 
5 a below the room temperature, i.e., 15-200 C. The 
containers were color coded to minimize the pos­
sibility of a mixup in media additions. The exchange 
media was made up as follows: 

a. 

b. 

16£ (minus 416 ml to be added with the 
stock solution) of aerated, cooled 
deionized water was prepared and the 
non -variable nutrient solutions added. 
161 divided into four 4£ portions (to a 
calibrated mark on the color coded con­
tainer) and the variable solutions added. 
Each of the four 41 portions were made 
up only as fast as it could be disfributed 
to the appropriate microcosms. The vari-

Table 6. Data sheet for sampling protocol. 

Date 

able solutions were added as follows: 
Yellow-blue was no nitrate and no 
mercury; yellow-red was no nitrate and 
plus mercury; green-blue was plus nitrate 
and no mercury; green-red was plus 
nitrate and plus mercury. 

The date and time, barometric pressure, room 
temperature, nutrient media (exchange water) temp­
erature, and any visual observations were recorded 
(Table 6). 

Connecting the media lines 

Mter the made-up nutrient media had been 
thoroUghly mixed, a syphon was established in the 
influent tube (tygon tubing 1/4" I.D.) of the micro-

Year 
Mont::-h----

Barometric Pressure 

Day -----
Time ----

Microcosm 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

Additional Comments: 

--------------------------------Room Temperature --------------------------------Input Media Temperature -----------
I 
II 
111-------

IV -------------------------

Media Vol. Added Gas Data 

20 

Effluent Media Temperature 



cosm and secured with a pinch clamp. Prior to this 
tube being connected to the bottom orifice of the 
appropriate microcosm, the orifice was filled with 
media to prevent gas bubbles entering the microcosm. 
The effluent hose was connected to the top orifice 
and drained into a 1£ graduated cylinder to measure 
the volume exchanged. 

Gas leveling 

At this time while the lines (influent and 
effluent) were still clamped, the liquid levels in the 
gas trap (buret and leveling bulb) were leveled and the 
water level (bottom of meniscus) of the buret 
recorded. Adjustments (gas production removal or 
helium addition) were sometimes necessary to 
properly level the two water levels and these were 
recorded (see Table 6). 

Media exchange 

Then the gas trap was clamped off (this was 
necessary to prevent suction of the leveling fluid into 
the microcosm) and the syphon clamp released 
(influent media). The pinch clamps on the upper and 
lower orifices were released simultaneously. Approxi­
mately 890 m1 of effluent was collected in the U 
graduated cylinder. Ideally, 900 m1 was exchanged 
daily; however, a small leeway to balance the gas 
levels was needed due to a very small pressure 
difference experienced in the microcosm during the 
media exchange. Generally the media exchanged was 
between 890 and 910 ml. 

Readjusting gas pressures 

The pinch clamps on the upper and lower 
orifices were released simultaneously to avoid any 
undue pressure difference within the microcosm. The 
pinch clamp on the gas trap was removed very 
carefully. If there was an excessive pressure dif­
ference, the solution in the gas trap could be drawn 
back into the microcosm so extreme care was used at 
this point. Once the pinch clamp had been removed 
from the gas trap, the water level in the buret was 
adjusted to the original level (within < 0.1 ml) before 
media exchange. The water level in the buret was 
adjusted by opening the upper orifice pinch clamp to 
raise the water level in the buret. Opening the pinch 
clamp on the lower orifice resulted in lowering the 
water level in the buret. 

Disconnection 

A pinch clamp was secured to the influent 
syphon hose and both the inlet and outlet hoses 
removed. The volume of the effluent collected in the 
1 liter graduated cylinder was recorded. If it was an 
analysis day (every two weeks) the samples were 
placed in appropriate bottles for analysis later that 
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day. The next microcosm with the same color code as 
the exchange solution (nutrient media) was then 
exchanged using the same procedure as described 
above. 

For the next day 

After the media had been properly exchanged, 
a polypropylene bottle was filled with deionized 
water to the 16£ mark (calibrated for 16£ minus 
0.416£ for nutrient addition) and put in the refrigera­
tor to cool. Aeration was carried out using a 
diaphragm pump. Any observations, new algal 
growth, unusual occurrences, etc. were recorded on 
the data sheets. 

Gas Samples 

Various methods were tried for the biweekly 
gas sampling procedure. It was determined that the 

, samples could be easily handled by taking the samples 
in a 2.5 ml disposable syringe and then sticking the 
syringe needle into a rubber stopper. The samples 
could then be taken to the gas chromatograph and 
analyzed. Although the samples were analyzed im­
mediately, time interval experiments were conducted 
to determine any possible leak or reaction parameters 
of the samples with the syringe or rubber stopper. No 
significant deviations or changes in the gas contents 
were indicated over a 24 hour time period. Gas 
samples were collected through a septum located at 
the top of the buret in the gas trap system (Figure 6). 
It was assumed that the sample collected from the gas 
trap was a completely mixed sample; molecular 
diffusion alone was judged adequate to cause com­
plete mixihg in the system. 

Gas Analysis Methods 

The gas samples were collected by the syringe 
and rubber stopper technique and analyzed on a 
Hewlett Packard 5750 research gas chromatograph 
equipped with a gas sampling valve delivering 0.5 cc 
of gas to the column for separation and detection. 
Instrument operating conditions were as follows: 

Instrument-H-P 5750 Thermal Conductivity 
Detector 

Columns-6 ft x 1/8 inch o.d. stainless-steel 
containing 60-80 molecular sieve SA (02 , 

N2 , CH4 ) 

-6 ft x 1/8 inch o.d. stainless-steel con tain­
ing 100-120 Porapak S(C02,CH = CH2 ) 

Carrier, Gas-Helium 
Flow Rates 

Carrier Gas-35 ml/min. 
Tank Pressure 55 psig. 



Temperature 
Column-100 - 110°C 
Detector-265°C 
Injector Port-HO°C 

Known standards of all the gases detected and 
air samples were run on a routine basis in conjunction 
with the samples analyzed from the microcosms. The 
hydrocarbon gases were also verified using a flame 
detector on the H-P gas chromatograph. The area 
under each peak was calculated by the triangulation 
method and the mole fraction of each gas obtained. 
Although H 2S could be detected by its odor, the 
concentration was not high enough to be measured 
analytically using an ion-specific probe (Orion R) 
without' a stabilizing solution (see Orion Application 
Bulletin No. 12, Sulfide; Baumann, 1974). 

Algae and Bacteriological Procedures 

Freshly collected effluent samples were analyzed 
for algae and bacteria using microscopy and standard 
pIa te counting (PC A) techniques, respectively 
(APHA, 1971). At the end of the experimental run 
the walls of the cylinders were scraped using a rubber 
spatula and the dry weight of the "aufwuchs" 
collected was measured. No mat of algae growing on 
the surface of the sediments were obtained; this was 
different from previous microcosm results (Porcella et 
al., 1970). 

Analytical Procedures 

As indicated in the flow chart in Figure 7, there 
were a large number of analyses performed at the end 
of each interval ('" 14 days) on the effluent sample 
taken that day. A daily composite sample of the 
input media and deionized water was also run with 
the effluent samples of each interval to check on 
input concentrations of specific compounds. 

Dissolved oxygen (Winkler), pH, temperature, 
and relative fluorescence of chlorophyll (Turner 
Fluorometer Manual, Model 110), were measured 
routinely. Methods utilized for nutrients and other 
materials are listed in Appendix A. 

Nitrogen Fixation 

Nitrogen fixation rates were obtained using the 
acetylene reduction method (Stewart et aI., 1967, 
Hardy et aI., 1973). Measurement of nitrogen fixation 
in effluent samples showed no detectable ethylene 
production and so it was assumed that any mea­
surable nitrogen fixation was occurring in cells 
attached to the microcosm walls. Due to the im­
portance of keeping the microcosms sealed at all 
times, fixation rates were determined only at the end 
of the study (day 189) when the microcosms were 
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opened. At that time th~ microcosms were drained of 
all but a small amount of nutrient solution. By using 
the inlet and outlet ports the microcosm was flushed 
for 30 seconds (flow sufficient for 3 volume ex­
changes) with gas containing 22 percent oxygen (02), 
0.04 percent carbon dioxide (C02), and balance 
argon (A 2) (Matheson Gas Products). This was 
necessary to remove the nitrogen gas (N 2) in the 
system and to eliminate competition between nitro­
gen (N 2) and acetylene (CH :: CH) for the nitrogen 
fixation enzyme (nitrogenase) sites. 

Initial samples were taken at time 0 and 30 
minutes before acetylene was introduced into the 
system to determine any residual or natural produc­
tion of ethylene (CH2=CH 2). Acetylene was then 
injected (0.1 atmosphere) into each microcosm and 
samples were taken from each microcosm at 15 min. 
intervals for four time periods. The samples were 
transported to the gas chromatograph (flame ioniza­
tion, Porapak R) for analysis using the syringe and 
rubber stopper technique. The ethylene produced was 
analyzed over this time period and converted to a 
fixation rate, i.e., mg N2 [C 2 H 2] fixed per micro­
cosm-day. The relationships between the various 
nitrogen fixation rates were then correlated to the 
various conditions as described in the experimental 
design. 

Calculations for nitrogen fixation in the lighted 
microcosms were as follows (no fixation observed in 
dark microcosms): 

C = A 0 B in which A is the term which gives the 
production of C2 H4 per microcosm 0 day and B is the 
Ci H4 to nitrogen conversion factor (Stewart et aI., 
1967), thus; giving C as the amount of nitrogen fixed 
per microcosm-day thus: 

A, n-moles C2 H4 /microcosm 0 day 
(Instrument Response to C2 ~ standard, 
n-moles/cm)o (Sample peak height (C2I-4) per 
incubation time, cm/min)o(Illumination time, 
min/day)o(Microcosm gas volumn during 
incubation, i/microcosm)o(Sample of gas 
injected into the G.C., i r1 

Then for an instrument response to a C2 H4 standard 
of 0.0017 n-moles C2 H4 /cm, A becomes: 

0.0017 nM C2H4 x cm z min 9.4 i 
x --- x--x ----

cm y min day microcos. 

xO.0~05 i = 31.96 (x~z) nomoles 

C2 H4 /microcosm 0 day 

Now, since one. mole of nitrogen gas (N2 ) fixed is 
equivalent to two moles of nitrogen element (N) and 
three moles of ethylene (C2 H4 ) (Stewart et aI., 
1967), then for n-moles of nitrogen fixed as N2 



1 n-mole N2 28 ng N2 mg N2 
B= X x----

3 n-mole C2 H4 1 n-mole N2 106 ng N2 

= 9.33 X 10-6 mg N2 /n-mole C2 H4 

Thus C = A x B becomes 

(
X Oz) C = 31.96 Y n-mole C2 H4 /microcosm 9.66 

x 10-6 mg N2 /n-mole C2 H4 

C = 2.98 X 10-6 (Z;X) mg N2/microcosmoday 

Total Mercury Determinations 

Analytical method 

Samples for total aqueous mercury deter­
minations, were in general, taken on the day prior to 

DO - Not done 
on 

GF/C 
Filtration 

~------IS: 6CX)ml 
Filtered 

Filtrate 

the regular chemical analysis. This was done because 
of the large volume of sample required (100 ml). 

Total mercury analyses ~ere performed using a 
Coleman MAS-50 Mercury Analyzer System. The 
instrument is a flameless atomic absorption spectro­
meter manufactured by the Perkin Elmer Corpora­
tion. The chemistry of the method was developed and 
thoroughly discussed by Hatch and Ott (1968). The 
specific procedure is described in the operating 
manual for the MAS-50 (Coleman Instruments Divi­
sion, 1972) and is summarized as follows: a 100 ml 
sample is treated with nitric and sulfuric acids in the 
presence of potassium permanganate to oxidize all 
the mercury present to the mercuric ion form (Hg +). 
After allowing a period of time for the oxidation 
reaction to take place, the excess permanganate is 
reduced with hydroxylamine hydrochloride. 

Total 10 ml Algae 
(preserved) 

* Hg samples collected on day prior to interval day. 

Gas 
Sam lin 

Hg 

GAS CHROMATOGRAPH 

Figure 7. Analysis flow sheet (numbers represent ml of sample). 
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The mercury is then reduced to metallic 
mercury with stannous chloride and an aerator is 
placed in the reduced mercury solution. A pump 
circulates the air in the closed loop system and the 
volatilized mercury is carried through the absorption 
cell. In the atomic form, mercury vapor absorbs the 
253.7 nm light emitted from the lamp. A phototube 
measures the change in the amount of light trans­
mitted. Standard 300 m1 BOD bottles were used as 
aeration vessels to ensure exact volumes into which 
the free mercury was to be volatilized. 

Sample pretreatment and storage 

The aqueous samples were taken directly from 
the microcosms and immediately acidified with nitric 
acid to pH 1.0 (Coyne and Collins, 1972). BOD 
bottles were used as sample containers. The appropri­
ate amount of nitric acid was placed in the BOD 
bottles before the sample was placed in the bottle. 
Carr and Wikniss (1973) found that mercury could be 
preserved by storage in glass containers at a pH of 1 
or less. Polyethylene containers are unsuitable for 
storage of waters containing low levels of mercury 
due to mercury adsorption by the walls of the 
container (Coyne and Collins, 1972). The samples 
were refrigerated at 4

0 

C until the analyses could be 
performed. A sample volume of 100 m1 was used and 
two replicate analyses were performed on each 
sample. 

Sediment samples 

The sediment samples were also analyzed for 
total mercury using the Coleman MAS-50 spectro­
photometer. Hatch and Ott (1968) recommended a 
slight variation from the aqueous mercury procedure 
for mercury analysis in sediments. One m1 aliquots of 
30 percent hydrogren peroxide were added to the 
BOD bottles in addition to the nitric and sulfuric 
acids and permanganate solution. Depending on 
estimated mercury concentrations, between 0.05 and 
2.0 grams of sediment were weighed and added 
directly to the BOD bottles. Nitric acid, sulfuric acid, 
permanganate, and hydrogen peroxide were added as 
recommended by Hatch and Ott (1968) and the 
mixture was allowed to stand overnight. The samples 
were then diluted with distilled water to the 100 m1 
level and analyzed. 

Standard curves -

For all total mercury analyses made, a standard 
curve was prepared covering the range of 0.0 to 50.0 
p.gjl of mercuric ion (mercuric nitrate). The standard 
curve was prepared each analysis day from an 
acidified stock solution of 10,000 mgJI mercuric 
nitrate. All measurements were read on the Ix scale of 
the Coleman MAS-50. 
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Methy Imercury Detenninations 

Analyses for monomethylmercury were 
attempted using a gas chromatography (Hewlett 
Packard 5750 Research Chromatograph). The condi­
tions of operation are found in Appendix A. The 
Porapak-S column was found to be unsatisfactory due 
to the fact that methane (CH

4
), ethane (C

2
H ), 

dimethylmercury ((CH3 )2 Hg), and mon
6
0-

methylmercury all had the same retention time. 

A column (Supelco, Bellefonte, Pennsylvania) 
recommended in the EPA provisional method for 
methylmercury determinations was then used (EPA, 
1972). See Appendix A for a listing of the operating 
conditions of this column. Pure monomethylmercuric 
chloride, for use as a standard, was purchased from K 
& K Laboratories, Inc., Plainview, New York. 
Aqueous solutions of pure monomethylmercuric 
chloride were injected into the gas chromatograph 
and found to have a retention time of 2.4 minutes. 
This retention time is in agreement with published 
data (EPA, 1972). Acidified samples from the micro­
cosms were injected directly to verify the presence or 
absence of monomethy1mercury. The presence of 
traces of monomethylmercury could only be pre­
sumed; a minor peak appeared at the correct time but 
it could not be ascertained whether this minor peak 
was due to monomethylmercury or some other 
organic impurity. 

The use of an electron capture detector rather 
than a flame detector was recommended but the 
electron capture equipment was not available so the 
flame detector was used. Westoo (1967, 1968) and 
Newsome (1971) should be consulted for methyl­
mercury analysis procedures for differing kinds of 
samples and under various sample forms. 

Mercury Uptake Rates 

To determine the uptake rate of mercury from 
solution in the microcosms, microcosm No. 16 was 
selected and radiolabeled mercuric nitrate e03Hg) 
was used as a tracer. The labeled mercury has a 
half-life of 46.6 days and a beta energy of 210 KeV. 
The stock mercury solution consisted of 1.0 milli­
curie dissolved in 2 1. of dilute nitric acid solution on 
28 August 1972. 

On 8 June 1973, after 189 days had elapsed 
from the initiation of the experiment, the pH of 1.0 1. 
of the stock labeled mercury solution was adjusted to 
the microcosm pH (9.6) and added to microcosm No. 
16. The microcosm was immediately stirred and 
samples were pipetted from the microcosm according 
to a predetermined time schedule. Two m1 samples 
were pipetted directly into counting vials containing 
15 m1 of counting cocktail. The counting cocktail was 



Aquasol, a xylene-based solution purchased from 
New England Nuclear Incorporated, Boston, Mass. 
The sample was added to the cocktail and the 
mixture shaken to form a clear single-phase liquid. 
The counting vials were of the standard borosilicate 
glass variety with a neck diameter of 24 mm. 

The beta emission was counted using a liquid 
scintillation counter-an ISDCAP 300 manufactured 
by Nuclear Chicago. The tritium-carbon 14 channel 
(5B) was utilized with a background count of 24-30 
counts per minute (CPM). This type of counting is 
only applicable to counting liquid samples. 

To separate liquid and solid phases the samples 
were centrifuged using a Sorvall Centrifuge for 10 
minutes at 20,000 RPM at a force of approximately 
49,000 G's. The centrifugal force was determined 
from the following equation (Bull, 1964): 

in which 
F 
r 
RPS 

= 

F = 0.0402 r (RPS)2 

force in multiples of gravity force 
centrifuge radius in cm 
revolutions per second 

2S 

Preparation of Glassware for 
Mercury Analyses 

All glassware was washed with hot soapy water 
and rinsed twice in hot tap water. Then the glassware 
was rinsed with concentrated nitric acid to remove 
any residual mercury. Another hot tap water rinse 
and two rinses with distilled water followed the nitric 
acid wash. Periodic analyses were performed to check 
for mercury contamination of the glassware and none 
was found. 

Data Analysis 

All measurements were recorded in a 
permanent log book. Concentrations of specific 
chemical species were calculated, transferred to IBM 
cards according to a specified format, and utilized in 
calculating an elemental balance about the microcosm 
by computer program. This program is listed in 
Appendix B. Output from the program was plotted as 
a function of time and/or analyzed by ANDV A 
methods (Hurst, 1972) arising from the 2 x 2 x 4 
design replicated with time. These analyses will be 
discussed in the results section. 





RESULTS: PART I-GENERAL RESPONSES AND 

OPERATIONS OF THE MICROCOSMS 

At the same time that analytical observations 
were being collected, visual and other observations 
concerning the response and operation of the micro­
cosms were being made. The sediment samples were 
collected on Tuesday, November 28, 1972 about 
4:30 PM (MST) at the deepest point (about 20 m 
deep) in the reservoir and at the sampling site for an 
ongoing reservoir study (Drury et aI., 1975). The 
sediments were placed in four 5 gallon polyethylene 
carboys and stored overnight at 6

0 

C (in situ sediment 
temperature). On Wednesday, November 29, 1972, 
water was decanted directly from the sediments and 
the sediments transferred to a large polyethylene tub 
previously cleaned and rinsed with deionized water; 
the sediments were mixed thoroughly with wooden 
paddles, subsampled for five replicates for analysis, 
and distributed to each of the 16 microcosms. The 
initial conditions in the sediments are listed in Table 
4. Then 8£ of media (Table 5) were added to the 
microcosms and the following day (Thursday, 
November 30, 1972) the microcosms were filled to 
the appropriate level and that day was called day O. 
Final sealing of the microcosms and operation of the 
gas measurement began on December 3, 1972, and 
the initial analysis day was on Thursday, December 
13, 1972. Initial conditions were defined according to 
measurements of the water (Table 5) and sediment 
phases (Table 7) placed in the microcosms. 

After some initial start-up problems during the 
first two weeks such as with stirrer inoperation, loss 
of gases and gas volume changes, temperature control, 
light intensity and duration, and power failures, very 
few operational problems occurred. Stirrer failure was 
the most consistent problem. However daily and 
twice daily maintenance of the microcosms prevented 
most of those problems after the first week of 
operation. As can be seen in Table 8 most of the 
initial problems were over by the first sampling time 
(December 13). Based on when operational problems 
were largely eliminated, nutrient and gas balance 
calculations were begun on December 7, six days 
prior to the first sampling time (December 13, 1972). 
Defined initial conditions were assumed to still hold 
on that date. The study was terminated on June 7, 
1973, 189 days after starting but 182 days after 
beginning nutrient and gas balance measurements. 
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Time of the Experiment 

The study from initial startup day on Novem­
ber 30, 1972, lasted until the last analysis day on 
June 7, 1973, fot a total of 189 days. Because of 
operational problems the mass balances were cal­
culated beginning with initial conditions on Decem­
ber 7, 1972, and first experimental measurements 
officially began December 8, 1972. At the end of the 
experiment in June several measurements were plan­
ned which would interfere with gas balance mea­
surements so the last gas measurements were made on 
June 5, 1973 (187 days from startup). Because the 
last aqueous measurements were made on June 7, 
1973, when the microcosms were dismantled, for 
mass balance purposes it was assumed that the 
aqueous nutrient concentrations were the same on 
June 5. Thus the mass balances were calculated over a 
180 day period (December 7, 1972, to June 5, 1973). 

Aqueous and Gas Composition 

Analysis days were December 13, 27, January 
11, 25, February 8,22, March 8, 21, AprilS, 19, May 
3, 17, and June 5 (aqueous adjusted from June 7 to 
June 5) while gas volumetric measurements, tempera­
ture, and pressure were measured daily. 

Results of the study are shown in Appendixes C 
and D. Graphs of these data will be discussed in the 
text where pertinent. Algal identifications of effluent 
water are listed in Appendix C4. These data were not 
particularly relevant as most of the algal growth 
occurred on the walls of the microcosms. Observation 
of the wall scrapings at the end of the study showed 
that Anabaena having trichomes containing 
heterocysts, other blue greens (Microcystis, Oscilla­
toria) and diatoms were dominant. Apparently the 
heterocystous Anabaena were responsible for most of 
the nitrogen fixation. 

Statistical Analysis of 
Overall Resul ts 

Although replicate experiments of the treat­
ments in the experimental design were not made 



because of the great demand on analytical facilities 
and space, the experimental design allowed the 
analysis of variance and some judgments about the 
interactions between treatments. The analysis of 
variance was based on the 2{N03 -N) x 4 (light 
conditions) x 2 {Hg+1 experimental variations (treat­
ments) and the 13 time intervals where the 22 
parameters of nutrients and other chemicals were 
measured. In addition the calculated nutrient and gas 
balances for the same time intervals (IO parameters) 
were utilized in the analysis of variance to provide a 
total of 32 parameters. These 32 parameters were 
utilized to estimate effects and interactions between 
N03-N (A), light (B), Hg ++ (C), and time (D) 

conditions of the experiment (A = 2, B = 4, C = 2, D 
= 13). The error mean square was estimated using the 
total combined conditions (ABCD, 36 degrees of 
freedom). 

All statistical analyses were performed using a 
factorial design analysis of variance on a Burroughs 
6700 computer with a STATPAC (Hurst, 1972) 
program (STATPAC/FCTCVR). The program cal­
culates the mean square values of the data for the 
different combinations of variables and then the 
various F values for the combinations are estimated 
using the mean square of any combination as the 
numerator and the mean square of the overall 

Table 7. Ihitial conditions for the microcosms and the sediment. 

Microcosm 
Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

Mean 
Range 

Replicate Wet 
Totala 

Sedimenta 
Number Iron Percent 

pg/g Water (W/W) 

1 70.3 278 
2 70.3 276 
3 70.3 278 
4 70.3 277 
5 70.2 278 

Mean 70.3 277.4 
Range 70.2-70.3 276-278 

Standard 
Deviation < 0.1 0.9 

aWeights determined at 103°C. 

b Air dry weight basis. 

Mass of 
Wet Sediment, g 

2785 
2779 
2843 
2813 
2816 
2799 
2756 
2794 
2786 
2794 
2784 
2829 
2800 
2816 
2850 
2820 
2804 

2756-2850 

Carbon, g/100 g 

Organicb Inorganica 

2.24 2.52 
2.25 2.51 
2.29 2.50 
2.35 2.50 
2.30 2.48 

2.29 2.50 
2.24-2.35 2.48-2.52 

<0.1 < 0.1 

cEach replicate represents two analyses; 103°C dry weight basis. 
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Volume of 
Media Added, I 

8.90 
9.15 
9.14 
8.97 
8.91 
9.10 
9.11 
8.95 
9.00 
9.10 
8.98 
9.00 
9.00 
9.14 
9.25 
9.09 
9.05 

8.90-9.25 

Avail- TotalC 

Total pa able pa N03-Na Nitrogen 
pg/g pg/g pg/g pg/g 

1100 56 1.2 2280 
1100 55 1.4 2155 
1100 55 1.4 2155 
1100 55 1.4 2240 
1100 55 1.5 2155 

1100 55.2 1.38 2197 
55-56 1.2-1.5 2155-2280 

0.4 0.1 59 



Table 8. General observations on the response and operation of the microcosms. 

Date Elapsed 
1972-1973 Days 

Nov. 30 ° Dec. 3 3 
Dec. 4 4 

Dec. 7 7(0)b 
Dec. 8 8 
Dec. 9 9 

Dec. 10 10 

Dec. 11 11 

Dec. 12 12 

Dec.13a 13 
Dec. 14 14 

Dec. 15 15 
Dec. 16 16 

Dec. 17 17 
Dec. 18 18 

Dec. 19 19 

Dec. 20 20 

Dec. 21 21 

Dec. 22 22 

Dec. 23 23 

Dec. 24 24 

Dec.2S 25 
Dec.27 a 27 
Dec. 28 28 
Jan. 1 32 
Jan. 2 33 

Jan. 8 39 

Jan. 9 40 

Jan. 11 ,a 12 42,43 

Observation 

Filled microcosms with medium; day = 0. 
Sealed all microcosms and began collecting gas data. 
Increased heating capacity to maintain temperature from 18°C to nearer 24°C in 

microcosms (M). 
Power failure; temperature 13°C; day ° for calculations. 
Bubbles released from sediments in Microcosms 9, 10, 11, 12. 
Bubbles released from sedimen ts in Microcosms 9, 10, 11, 12. lights off due to 

power overload. Repaired. 
Sediment bubbles from Microcosms 9, 10, 11, 12; insect larvae swimming in 

Microcosm 12. 
Sediment bubbles from Microcosms 3, 5,9, 10, 11, 12. Most released from Micro­

cosm 12. 
Sediment bubbles from Microcosms 5,9,10,11,12. Microcosm effluent tempera­

ture abou t 20°e. 
Sediment bubbles from Microcosms 4,5,7,8,9,10,11,12,13,16. 
Sediment bubbles: Much from Microcosms 7, 9-12; few from Microcosm 13. Algae 

observed on walls of Microcosms 9, 11. 
Ught failure; affected gas production. 
Sediment bubbles: Much from Microcosms 7, 9,10,12,13, 16;few from Micro­

cosms 2,3,4. Considerable wall growth of algae in Microcosms 9,10,11,12. 
Sediment bubbles Microcosms 2, 3,4,5, 7,9, 10, 11, 12, 13, 16. 
Sediment bubbles: 31-50 bubbles, Microcosms 2, 9, 10, 11, 12; 15-25 bubbles, 

Microcosms 3, 5,7, 13, 16. Bubbles about 1 cm diameter. 
Sediment bubbles ("- 1 cm diameter): 31-70 bubbles, Microcosms 4, 9,11,12,13; 

15-30 bubbles, Microcosms 2,7,10,16; 1-15 bubbles Microcosms 1, 15. 
Sediment bubbles ("-' 1 cm diameter): 40 bubbles Microcosm 11; 16-30 bubbles, 

Microcosms 2,4,6,7,9,10,12; 1-15 bubbles, Microcosms 1,3,5, 13. 
Sediment bubbles ('-' 1 cm diameter): 31-50 bubbles, Microcosms 9, 11, 12; 16-

30 bubbles, Microcosms 1,2,3,10; 1-15 bubbles, Microcosms 4, 6,7. Green 
algae now visible in Microcosms 5, 7, 13-16. Effluent temperatures now 23-
25°C. 

Sediment bubbles ("-' 1 cm diameter): 31-46 bubbles, Microcosms 1,9,10,12,13; 
16-30 bubbles, Microcosms 2, 3, 4, 6, 16; 1-15 bubbles, Microcosm 7. 
Adjusted water volumes in Microcosms 7, 8, 11, 12 by removing 20-40 ml. 

Sediment bubbles: 34-35 bubbles, Microcosms 9, 12; 16-26 bubbles, Microcosms 
2,4,11,13,16; 1-15 bubbles, Microcosms 1, 5,6,7, 10. 

Sediment bubbles: 31-64 bubbles, Microcosms 2, 3, 9, 11, 12; 16-28 bubbles, 
Microcosms 4, 6, 7, 10, 16; 1-15 bubbles, Microcosms 1, 13. Effluent 
temperatures 21-24°C. Much wall growth of algae in Microcosms 9 and 10; 
much gas production also. 

Sediment bubbles observed in all microcosms. 
Effluent temperatures 21-25°C; algal growth in Microcosms 5, 6. 
Sediment bubbles observed in all microcosms. 
Still sediment bubbles observed in all microcosms. Effluent temperatures 21-25°C. 
Clumps of blue-green algae observed in effluent from Microcosms 9-12. Green mats 

observed on sediments from all1ighted microcosms. 
Wall growth in Microcosm 9 sluffing off; effluent turbid. Effluent temperatures 

25-27.5°C. 
Walls on Microcosm 9 now clear. Effluent temperature 24-26°C. Ankistrodesmus 

and Gomphosphoeria dominant. 
Microcosm 12 starting to peel on walls. Microcosms 2, 3 have H~ S smell. Effluent 

temperatures: Microcosms 1-4: 22°C; Microcosms 5-8: 24 C; Microcosms 9-
12: 26°C; Microcosms 13-1 (i: 24.5°C. 
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Table 8. Continued. 

Date, Elapsed 
1972-1973 Days 

Jan. 14 45 
Jan. 16 47 
Jan. 18 49 
Jan. 19 50 
Jan. 23, 25a 54,56 
Jan. 28 59 
Jan. 30 61 
Feb.6,8a 68,70 

Feb. 14 76 

Feb. 16 78 
Feb. 20, 22a 82,84 
Feb. 23 85 
Mar. 2,4 92,94 
Mar. 7 97 
Mar. 8a 98 
Mar. 11,21 a 101,111 

Mar. 26,27 116,117 

Apr. 5,a6 126,127 

Apr. 7 128 
Apr. 10 131 

Apr. 13 134 

Apr. 18,19a 139,140 

Apr . .22 143 

May 1,3a 152,154 

May 9 160 
May 11,17a 162,168 

May 20 171 

May 31 182 
June 2 184 

June 6 188 
June 7, 1973 189{l82b) 

aSampling analysis. 

Observation 

H2S smell in Microcosms 1,2,3. 
H2 S smell in Microcosms 1, 2, 3; Microcosm 7 walls starting to peel. 
H2S smell in Microcosms 1-4; Effluent temperature 24-27°C. 
H2 S smell in Microcosms 1-4; wall growth beginning on Microcosm 9 again. 
H2 S smell in Microcosms 1-4. 
H2 S smell in Microcosms 1-4; Microcosm 10 starting to peel on walls. 
H2 S smell in Microcosms 1-4; Microcosm 16 almost completely peeled. 
H2 S smell in Microcosms 1-4; Microcosm 2 usually considerably stronger than 

others. Microcosm 6 starting to peel. 
Slight H2 S in Microcosms 1, 3, 4; strong Microcosm 2. Effluent temperature 24-

26.5°C. 
Observed ostracods: 50-150/1 in Microcosm 16; 20/1 in Microcosm 12. 
Faint H2 S in Microcosms 1-4; new growth beginning on walls of Microcosm 16. 
Faint H2S in Microcosms 1-4; algal mat floating on surface of Microcosm 8. 
Faint H2S in Microcosms 1-4; ostracods in Microcosm 9. 
Many ostracods noted in Microcosm 6. 
Many ostracods noted in Microcosms 6, 9. Some still present in Microcosms 12,16. 
Ostracods present: Microcosm 6> Microcosm 9 > Microcosm 12 >Microcosm 16. 

Effluent temperature 24-26°C. 
Ostracods still common in Microcosm 9; Microcosm 15 walls starting to peel. 

Effluent temperature 24-26°C. 
Ostracod population in Microcosm 6 decreasing rapidly; effluent temperature 25-

27°C. 
Microcosm 13 walls beginning to peel. 
Ostracods still active in Microcosms 6, 9, 16. Also wall growth is peeling in Micro­

cosms 11,15,16 (again). 
Ostracods active in Microcosm 9. Observed large algal mat on wall of Microcosm 9; 

unique colonial structure. 
Ostracods now in Microcosm 7. Algal mat on wall of Microcosm 9 now about 10 

cm in diameter. 
Microcosm 6 turbid; light yellowish brown color. Effluent temperature 23.5-

25.7°C. 
Accidentally sucked approximately 100 ml·of acid solution (leveling fluid) into 

Microcosm 4; pH = 2.5; added NaOH to neutralize. 
Accide~ta1ly added about 50 ml of acid to Microcosm 5 (as in Microcosm 4). 

ltave added NaOH to both Microcosms 4 and 5 and kept volume constant; 
pH now 6.8 and 9.4 for Microcosms 4,5, respectively. That is typical. 

Accidehtally added acid to Microcosm 4 again; about 27 ml. Neutralized with 
NaOH. Lost some gas in Microcostn 8. By May 22 pH = 6.4, about typical. 

All typical; effluent temperature 24.21 to 27.61. 
Variable lights relay burned out (Microcosms 5-8). Now operated as for Microcosm 
13-16. 
Diurnal study of DO, CO2" 
Study termination; typical conditions: 

Microcosm Group 

1-4 
5-8 
9-12 

13-16 

Temperature °c 

25 
26 
27.5 
26.5 

DO mg/l' .£!!... 
1.5 6.7 

10.5 9.2 
12.7 9.5 
12.5 9.6 

bDays since December 1,197:2. 
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combination (ABCD, equals the estimate of the error 
mean square) as the denominator (Hurst, 1974; Ostle, 
1963). The F values were compared for the 
probability of erroneously rejecting the null hypo­
thesis at the 1 and 5 percent levels for the different 
degrees of freedom for the different combinations 
(Hodgman, 1954). 

The F values significant at either the 1 or 5 
percent level for the 32 different parameters are listed 
in Table 9 for all the different combinations of the 
experimental variations. Neither N03 -N nor Hg++ 
variations affected as many variables as light or time. 
This would be expected for statistical reasons (insuff­
icient degrees of freedom) as well as experimental 
reasons. Experimentally, light would have a great 
effect because of the complete darkness variation (no 
photosynthesis) as contracted with the lighted condi­
tions (considerable photosynthesis): Also, changes 
would be expected for the time intervals as popula­
tions increased and decreased and as the microcosms 
matured and approached steady state. 

The most sensitive parameters of response were 
primarily found among the nutrient and gas balance 
parameters. The total gas volume balance provided 
the greatest numbers of significant responses to the 
different combinations appearing at 14 of the 15 
total combinations. The concentration of unfiltered 
total organic carbon (particulate carbon) was the only 
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highly responsive parameter outside of the nutrient 
and gas balances. In general gases were the most 
sensitive parameters. Total gas volume, nitrogen gas, 
oxygen gas, carbon dioxide gas, and methane gas were 
all important indicators of interactions. 

Thus, microbial activity interact and affect 
greatly the gas phase system. For example, oxygen 
and CO2 would be expected to be greatly affected by 
N03 -N (stimulation) and Hg++ (toxication) con­
centration as well as light. Nitrogen gas is affected by 
input processes such as denitrification and output 
processes (nitrogen fixation). Methane production is 
due to anaerobic breakdown of organic carbon 
compounds but rapid utilization of methane gas in 
overlying, oxygenated waters must also be considered 
(Rudd et al., 1974). 

Several parameters showed no response (nitrate 
and nitrite) while dissolved organic carbon, dissolved 
total iron, the mercury balance, filtered ortho­
phosphate P, and unfIltered ferrous iron were rela­
tively insensitive parameters of the effects of the 
different experimental variations. Some of this insen­
sitivity was caused by analytical imprecision; this was 
true for the dissolved organic carbon, total iron, and 
the unfiltered ferrous iron. Further analysis of the 
parameters and the effects of the treatments will be 
found in the specific sections on gases, nitrogen, 
mercury, iron, and phosphorus. 
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Table 9. Significant effects and interactions on response parameters as affected by the experimental treatments. 

Levels of Significance for Different Treatments (Degrees of Freedomf 

Response Parameters 

Unfiltered Total Phosphorus 
Unfiltered Total Nitrogen 
UnfIltered Total Carbon 
Unfiltered Total Iron 
Unfiltered Total Mercury 
Suspended Solids 
Volatile Suspended Solids 
Unfiltered Ferrous Iron 
Unfiltered Inorganic Carbon 
UnfIltered Total Organic Carbon 
Filtered Orthophosphate-P 
Filtered Total Phosphorus 
Filtered Nitrite-N 
Filtered Nitrate-N 
Filtered Ammonium-N 
Filtered Total Nitrogen 
Filtered Total Carbon 
Filtered Inorganic Carbon 
Filtered Total Organic Carbon 
Filtered Total Iron 
Filtered Total Mercury 
Phosphorus Balance 
Iron Balance 
Mercury Balance 
Nitrogen Balance 
Carbon Balance 
Total Gas Volume Balance 
Nitrogen Gas Weight Balance 
Oxygen Gas Weight Balance 
Carbon Dioxide Gas Weight Balance 
Methane Gas Weight Balance 
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RESULTS: PART II-GAS ANALYSIS 

Of particular interest in a microcosm study is 
the accumulation of nitrogen, phosphorus, iron and 
organic material in the bottom sediments. The 
accumulation is affected by complex equilibria as the 
growth, death, and decay of a biological community 
proceeds. In view of the various studies in the 
literature, one must conclude that trace metal and 
nutrient interchanges with sediments as affected by 
the biota of an aquatic ecosystem have practical 
significance. The microcosm design allowed informa­
tion regarding the release and sorption of nutrients 
which limit the growth of organisms in the aquatic 
food chain to be obtained. 

The microcosm system (Figure 6) was designed 
to monitor all three phases which exist in a biological 
community. These phases consist of the sediments, 
the aqueous and the gaseous phases. It was with 
considerable interest that the gaseous phase was 
observed to be an excellent indicator of the biological 
productivity of the microcosms. 

Nitrogen Cycle 

Nitrogen (N2) is the most abundant gas in the 
atmosphere, making up~ 78 percent of the total as 
compared to ~ 21 percent for oxygen (02) and 
~ 0.03 percent for carbon dioxide (C02), Nitrogen 
gas (N2) is a rather stable compound and is not an 
ideal source of the element for most living forms. 
Combined nitrogen in the form of ammonia, nitrates, 
organic compounds, etc. which is ultimately derived 
from this atmospheric source, is the form most used 
in living organisms. For this reason, the cyclic 
transformation of nitrogenous compounds is of im­
portance in the total turnover of this element in the 
biosphere. 

An abbreviated nitrogen cycle is illustrated 
schematically in Figure 8. Many microorganisms can 
convert organic nitrogen matter (proteins, amino 
acids, etc.) to ammonia by an oxidative deamination 
reaction. Ammonia can be utilized or assimilated by 
many organisms as a sole source of nitrogen. In 
aerobic environments some of this ammonia is 
oxidized by nitrifying bacteria (Nitrosomonas and 
Nitrobacter) and used as their primary energy source. 
This process where ammonia is cortverted ultimately 
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to nitrate is called nitrification. In anaerobic environ­
ments, nitrification does not occur and if ammonia is 
not assimilated by microorganisms it accumulates. 
Also in anaerobic environments many types of 
bacteria have the ability to use nitrates as a source of 
oxygen. The nitrates undergo transformations (reduc­
tion) to gases of nitrogen, primary N2 and N20; this 
process is called denitrification. Hence, through 
denitrification, combined nitrogen is removed from 
the system by being converted to a near inert gas 
which escapes into the atmosphere. A limited number 
of microorganisms (some procaryotes) have the 
ability to use molecular nitrogen as a suitable nutrient 
for growth. This process is called nitrogen fixation. 
Denitrification and nitrogen fixation function more 
or less coordinately to maintain a reasonably constant 
amount of combined nitrogen in the biosphere. 

Carbon and Oxygen Cycles 

Compounds of carbon and oxygen, like nitro­
gen, are involved in a series of chemical changes 
(oxidation and reduction) which permit the con­
tinuous cyclic utilization of these elements by plants, 
animals and microorganisms. The two basic processes 
which should be considered are photosynthesis and 
respiration (Figure 9). It is mainly through the 
process of photosynthesis that carbon dioxide (C02, 
oxidized form of carbon) is converted to a reduced 
state (organic compounds) and that molecular oxygen 
(02) is produced by photolyic splitting of water. 
During the respiration process the organic compounds 
produced in photosynthesis are oxidized more or less 
in connection with the reduction of molecular 
oxygen back to water. 

Oxygen and carbon dioxide are two of the most 
significant chemical substances in natural waters. 
Although oxygen is one of the most plentiful gases in 
the atmosphere, it has limited solubility in water. The 
photosynthetic production of oxygen occurs in the 
surface layers of a body of water where light is 
available. 

All plants and animals are involved in respira­
tion but the microorganisms appear to be most 
important in carbon and oxygen dynamics. Aerobic 
bacteria (pseudomonads, bacilli) as well as fungi 



Fixation Dentrification 

Figure 8. A simplified and generalized nitrogen cycle 
in an aquatic ecosystem. 

Photosynthesis Respiration 

Figure 9. A simplified and general carbon cycle in 
an aquatic ecosystem showing interactions 
with oxygen. Organic carbon would include 
carbohydrates, lipids, protein, nucleic acids, 
etc., as well as CH4 , CH2 = CH2 ' CH3 CH3 ' 

and other gases. 

(actinomycetes) carry out complete oxidations of 
organic substances from dead cells. This organic 
matter is decomposed using oxygen dissolved in the 
water. Once all of the oxygen is consumed, the deep 
layers become anaerobic. In anaerobic environments, 
organic compounds are decomposed initially by 
fermentation, and the organic end-products of 
fermentation are then oxidized by aerobic respira­
tion. 

Methods for Study of Gases 

The gas available for metabolic relationships in 
natural waters are simply the gases that are held or 
solubilized in the solvent. The volume of gases 
dissolved in water at any given time is dependent 
upon (1) the temperature of the water, (2) the partial 
pressure of the gases in the atmosphere in contact 
with the water, and (3) the concentration of dissolved 
salts (salinity) in the water. 

The solubility of gases in water increases by 
lowering the temperature. For example, the solubility 
of oxygen increases about 100 percent as fresh water 
cools from 30

0 

C to 0
0 

C (Table 10). (Table 10 
considers the total atmosphere above the solution to 
be only that gas which is being considered. It also 
considers only the pressure of 760 mm, so for 
ordinary atmospheric conditions the pressure and 
gaseous composition must be taken into account.) 

At a given temperature the concentration of a 
saturated solution of a slightly soluble gas that does 
not unite chemically with the solvent is very nearly 
directly proportional to the partial pressure of that 
gas. That is, Henry's Law is written as 

Table 10. Solubility of various biologically important gases as a function of temperature. Data were calculated 
from Henry's constants (Loomis, 1928). Values are expressed in mg of gas per liter at 760 mm 
pressure. 

Tempera- Gas 
ture 
°c H2S CH4 

Oa 
2 N2 H2 CO2 He CH2=CH2 

0 70.8 39.7 70.4 29.5 1.92 3365 1.73 288.9 
10 51.7 29.9 52.0 23.3 1.75 2348 1.77 204.2 
20 39.3 23.7 45.0 19.4 1.63 1736 1.78 153.8 
30 31.1 19.8 38.4 16.8 1.52 1290 1.80 123.4 
40 25.5 17.1 33.8 14.9 1.48 1048 1.84 
SO 21.4 15.4 30.4 13.8 1.46 864 1.94 

a02 solubilities undet an air atmosphere are approximately 20 percent of these values as oxygen constitutes one fifth of 
the air atmosphere. 
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and is obeyed by volatile solutes in ideal dilute 
solutions. k, known as the Henry-Law constant, 
depends on the nature of the solvent and the solute 
and on the units which the vapor pressure (P B) is 
expressed. PH is the vapor pressure of B above a 
sol~tion of mole fraction xB . For example, O2 @ 
20 C and 760 mm Hg 

Now 

x 
B 

k = 3.001 x 107 (Loomis, 1928, International 
Critical Tables) 

760 mill Hg 
x = 

B 3.001 x 107 

x = 25.32 x 10-6 
B 

xB l1H 0 + n
B 

(Expression for mole 
2 fraction in water) 

Since n
B 

is very very small in relation to n
H20 

' i.e., 
n

H2o
» nB, then 

or 

for 

x 
B 

nB = xB • nH 0 
2 

nH 0 = 55.56 moles/I 
2 

25.32 x 10-6 x 55.56 

n
B 

1.407 x 10.3 moles O2 /1 

Converting to mg of O2/1 

nB = 45.0 mg O2 /1 

The solubility of oxygen also relates to Dalton's 
Law of partial pressures which states that the total 
pressure of a mixture of gases is equal to the sum of 
the partial pressures exerted by each of the com­
ponent gases. The partial pressure of a gas in a 
mixture is defined as the pressure the gas would exert 
if it were alone in the container, i.e. 

P Total = PI + P 2 + P 3 + ... 

or 

P t = Po + PN + Peo + ... 
am 2 2 2 

In other words, the solubility of each gas IS In­

dependent of the other gases in the mixture. It can 
thus be seen that under atmospheric conditions (~ 21 
percent O2 , or P0

2 
= 0.21) oxygen is soluble to the 

extent of 9.45 mg/l (45.0 x 0.21) at 760 mm Hg 
pressure and 20° C. 

3S 

The third factor which affects the solubility of 
gases in water is the concentration of dissolved salts. 
As salinity increases (as solute-solvent attractions 
become particularly strong) gas solubility decreases. 
The aqueous media used in the microcosms was 
assumed to behave like fresh-water and a salinity 
correction was considered unnecessary. 

The rate at which a gas or gases cross the 
air-water interface and becomes solubilized in the 
water is dependent upon a number of factors. Mixing, 
increased wave action, or disturbances at the air-water 
surface result in greater passage of the gas into 
solution. The greater the difference in partial pressure 
between the gas in the atmosphere and the gas 
dissolved in water, the greater the rate of solution. 
The process of gas-in-solution is also very dependent 
upon the biological activities which are taking place 
in the gaseous and aqueous phases. The direction of 
gas movement (into the water or out of the water), as 
well as the rate, is determined by the biological 
production and uses of the gases in the various 
phases. 

The microcosm was designed with approxi­
mately a 450 cc gas volume. As shown in Figure 6, a 
gas displacement bulb and volumetric buret was used 
for the gas measurements. Daily the level in the bulb 
was manipulated to the same level as in the buret and 
recorded. The barometric pressure was also recorded 
daily. By bringing the two levels equal, the pressure 
inside the microcosm was equalized to the outside 
barometric pressure. It was then possible to calculate 
the volume increase or decrease and correct it to 
standard temperature and pressure (STP) for daily 
production or consumption comparisons. 

A water driven magnetic-mixer was employed 
to insure a completely mixed system. The mixing 
action also increased the gas movement rate between 
the gas-water-sediment interfaces. 

To obtain a gas mass balance for the system, 
both the aqueous and gas phases as well as the input 
and output media were considered. Deionized water 
was aerated for 24 hours before the nutrients were 
added in preparation of fresh input media. The 
aeration step was necessary to air saturate the fresh 
media. Then by using Henry's and Dalton's Laws in 
conjunction with the temperature and barometric 
pressure, the amount of dissolved gases in the media 
were calculated. This determined the gas added to the 
system dissolved in the input media. For the gas 
phase, daily volume measurements were made. From 
these measurements the volume of gas was corrected 
to STP. This was done using the following equation: 

Charles and Boyle's 
Law 



Solving for VSTP 

PI VI TSTP 
VSTP = TI P

STP 

VI Gas volumn of microcosm including 
buret reading 

TI Daily microcosm temperature in °c 
+ 273.15 0 C 

PI Daily pressure in mm Hg - V 
@jT pH 20 

TSTP = 
P

STP 
= . 

I 
273.15°C 
760 mm Hg 

This expression gives the volume of gases in the gas 
phase at STP conditions of a microcosm on a 
particular day. Biweekly, the gas content was mea­
sured for N~:, O2 , CO 2 , CH4 and CH 2=CH2 by gas 
chromatographic methods (see Methods Section). The 
gas c?ntent measurements (in mole fraction) were 
then lflcremented for daily change over the interval 
using linear interpolation. (This was later shown to be 
a valid assumption by measuring selected microcosms 
for gas content on a daily basis.) The daily gas 
content value was used to calculate the milligrams of 
each gas present in the gas mixture. Assuming "ideal" 
gas behavior and using the following equation: 

V 
mole n i mg mg of #1 

x x- x -
STP ml 22,415 ml n mole n i - gas phase 

______ I ~ 

Ideal Gas 
Behavior 

Mole Fraction of Molecular 
Component # 1 Weight of 

Component #1 
in Milligrams 

the amount of each gas (in mg) was calculated. With 
the daily incremented mole fraction value of each gas 
~d using Dalton'.s and Henry's Laws in conjunction 
WIth the barometnc pressure and microcosm tempera­
ture, the amount of gas dissolved in the aqueous 
microcosm media was calculated. The effluent media 
from the microcosm would have the same concentra­
tion of dissolved gases as the media in the microcosm 
and a measured amount was removed daily. Occa­
sionally, it was necessary to add helium to the 
microcosms to maintain a readable gas level and 
calculations similar to those already described were 
used to follow the helium in the gas and aqueous 
phases .. To obtain the mass balance for each gas in 
each mIcrocosm the following equation was used: 

[

Net Change in Gas] [Total Gas Content (All ~ 
Content in a Micro- = Phases) in Microcosm Before 
cosm During a One Media" Change on the 
Day Period Current Day 

[

Total Gas Content (AI]' ,,' 
_ Phases) in Microcosm 

After Media Chahge on 
the Previous Day 
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(See Program Micro, Appendix B, for complete 
computer program developed to calculate mass 
balances for the microcosms.) 

Results of Gas Analysis 
and Mass Balances 

As was shown in Table 9, all experimental 
variables (light, nitrate-nitrogen, and mercury) show 
statistical significance at the 99 percent level for total 
gas production. 

Dark microcosms 

Microcosms 1 through 4 were kept in the dark 
throughout the entire experiment except for a few 
minutes necessary for the daily exchange of fresh 
nutrient media. As can be seen from Figures 10 11 
12, and 13, the total gas volume decreased initially (8 
- 40 days). After sediments and organisms had 
!,dj~sted to the new conditions (muds were initially at 
"" 6 C when collected and then mixed thoroughly 
before being dispensed into the microcosms), gas 
production began. 

After this initial start-up-time Microcosms 1 
and 3 had rates of approximately 2.5 cc gas 
produced/day and Microcosms 2 and 4 had rates of 
approximately 3.7 cc gas produced/day. By 120 days, 
all dark microcosms had reached a more-or-Iess steady 
state condition. Microcosm 2 (nitrate added) 
produced the most gas (318.8 m1 @ STP) while 
Microcosm 3 (no nitrate and added mercury) was the 
least productive (43.3 ml @ STP). Microcosm 4 
(added nitrate and mercury) had a total gas produc­
tion of 180 m1 @ STP and Microcosm 1 (no nitrate 
and no mercury) produced 87.9 m1 @ STP. The data 
show defInite stimulation effects of the nitrate and 
inhibitory effects of the mercury. Microcosm 2 also 
produced the most nitrogen (N 2) (297.6 mg), 
methane (CH4 ) (259.8 mg) and carbon dioxide (C02 ) 

(1497.9 mg). 

It appears that Microcosm 4 had produced the 
greatest amount of CO2 gas but this was caused by an 
acid spill. At 146 days some acid from the gas trap 
was sucked into Microcosm 4, this upset the 
carbonate buffer system increasing CO2 release to the 
gas phase. Also the CO2 saturated the aqueous system 
and apparently purged N 2 from the aqueous phase. 

As these dark microcosms were anaerobic, there 
was no net oxygen (02 ) production but rather uptake 
of O2 by the system. This occurred because reducing 
conditions existed. The continued loss of oxygen 
resulted ftom utilization of the small quantities of 
oxygen entering the microcosms with the air 
saturated input nutrient media. All dark microcosms 
produced some ethylene (C2 H4 ) although it was not 
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observed until 70 or 80 days into the experiment. 
Fungi, etc. in soil systems have produced ethylene. 
The reason ethylene gas was not observed at an earlier 
date may have been due to utilization, high solubility 
in water (see Table 10) or an equilibration stage. 
Apparently ethylene is a better substrate for aquatic 
bacteria than methane (Flett et aI., 1975). Attempts 
to isolate ethylene in natural sediment water systems 
are in progress. 

Horizontally Lighted Microcosms (Both 
Variable and Nonvariable) 

The variably lighted microcosms (5-8) in 
general produced less total gas than the non variably 
lighted microcosms (13-16), but both produced more 
gas than the dark microcosms (Figures 14-21). This 
was reasonable because as oxygen was the major gas 
produced, increased light intensity would increase 
photosynthesis thus showing greater total gas produc­
tion. There was considerably less methane production 
in these microcosms, as compared to the dark ones 
(anaerobic). This was due to 1) methanogenesis 
perhaps occurring more favorably in the anaerobic 
microcosms, and/or 2) bacterial utilization of 
methane in aerobic overlying waters in the lighted 
microcosms (Rudd et al., 1974). The effects of 
nitrate and mercury did not appear to have the same 
types of effects in the horizontal light microcosms as 
the dark microcosms. After 14 days, the horizontal 
light microcosms had a high nitrogen gas production 
rate (i.e. 10 mg N 2/ day over a 14 day period) and 
then leveled off or declined (Microcosms 5,6, 14). 

Carbon dioxide for the first 50 days was being 
used up (photosynthesis) or dispelled from the 
system. As the experiment proceeded, the pH in­
creased in the light microcosms. This was the result of 
C02 from the alkalinity system being used by 
growing algae (Goldman et al., 1972). As the algae 
reached a maximum growth in proceeding to steady 
state, some began to die and decay. Thus CO2 came 
back into the system by microbial degradation of the 
organic matter. Also during this first 50 day period, 
methane was actively produced. This process could 
result from anaerobic bacterial reduction of CO 2 or 
more likely from methanogenic fermentation of 
partially reduced forms of organic carbon compounds 
in the sediments. 

Small amounts of ethylene were also detected 
in Microcosms 5, 6,8, 13, 15, 16, probably resulting 
from sediment fermentation processes (fungi?). 

Vertically Lighted Microcosms 

These microcosms (9, 10, 11, 12) had the 
greatest total gas production of the four different 
lighting combinations (Figures 22, 23, 24, 25). The 

41 

total gas production was considerable due to the 
oxygen production by photosynthesis. The vertical 
light microcosms received the most light and with 
heavy algal mats adhering to the sides of the 
microcosms the vertical light provided a continuous 
and significant source of energy for photosynthetic 
metabolism. 

For the first 50 days carbon dioxide was being 
used up at the rate of 0.4 mg CO 2/microcosm-day. At 
this point, carbon dioxide was produced at a rate of 
0.9 mg CO 2 (gas)/microcosm-day for 14 days and 
then leveled off to a rate of ~ 0.2 mg CO2 (gas)/ 
microcosm day. This is very similar to the data 
observed in the horizontal light microcosms. Methane 
was actively produced in the first 50 days, and then 
leveled off, following the same general pattern as 
observed in the horizontal light microcosms. It should 
be noted that methane production in the vertical light 
microcosms was second only to the dark microcosms. 

Oxygen Dynamics 

Weekly measurements of dissolved oxygen 
(DO) in the effluents showed very low values for the 
dark microcosms (0.5-1.0 mg/l) and quite high values 
for the lighted microcosms (10-20 mg/l); under 
saturation conditions in the temperature range that 
the microcosms remained within (20-25° C), DO 
should have been between 7.8-7.1 mg/l. Thus, oxygen 
was utilized essentially completely in the dark micro­
cosms undoubtedly through benthic demand and 
even with a daily input of about 7.8 mg DO (0.9 
l/day * 8.7 mg/l DO in influent). Thus, benthic 
oxygen demand was ~ 336 mg/m2·day (31.2 
mg/ft2• day) in the dark microcosms. This is the lower 
limit for the rate of oxygen uptake by river sediments 
reported by Fillos and Molof (1972). 

In the lighted microcosms photosynthesis was 
sufficient in most cases to create super saturated 
conditions throughout the study (Figures 26, 27, and 
28). Relative fluorescence which is a measure of in 
vivo chlorophyll remained less than 5 units for all 
microcosms except 6 and 9; values are shown in 
Figures 26 and 27 for those two microcosms and may 
be assumed to represent planktonic algae or algal'cells 
and debris from wall growth which was removed in 
the effluent. Generally, the DO was relatively con­
stant throughout the study except for initial periods 
of high photosynthesis, then a decrease, and then a 
period when apparent steady state oxygen production 
occurred. One notable exception was observed in 
Microcosm 6. This microcosm had an initial increase 
in DO as an essentially planktonic population of algae 
developed. The succeeding development of a great 
population of ostracods had a Significant clearing 
effect on the algal community in the microcosm as 
the zooplankton consumed the algae. Over a period 
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RESULTS: PART III-THE DYNAMICS OF NITROGEN 

IN EXPERIMENTAL MICROCOSMS 

Although the studies of nitrogen dynamics in 
the microcosms were designed so that there was 
either no input of nitrogen or input of only nitrate 
(300 p.g N/l), it was impossible to prepare N-free 
media. Distilled, deionized water contained 50-500 Jjg 
N/I of reduced nitrogen (ammonium, amines, and 
other organics). This was measured and taken into 
account in mass balance calculations. 

Sediment Nitrogen 

The sediments taken from Hyrum Reservoir 
were black in color and had a strong hydrogen sulfide 
smell. Generally, the sediment particles were very 
small and remained in suspension for several days 
before settling occurred. The total nitrogen content 
of the sediment was 2.2 g/Kg. Hyrum Reservoir has 
lower sediment nitrogen content than other eutrophic 
lakes and reservoirs apparently have (Table 12). 

At the end of the 189 day incubation period 
the total nitrogen content of the sediments was 
essentially unchanged. Core samples taken at the end 
of incubation showed a significantly higher con­
centration of nitrogen in the top centimeter than at 
any other depth (Table 13). Although there was a 
vertical nitrogen gradient, the average total nitrogen 
in the sediments either did not change or the change 
was too insignificant to measure. Apparently there 
was a redistribution of nitrogen within the sediment 
column. This redistribution could take place in two 
ways, 1) by sediment mixing or 2) by release of 
sediment nitrogen and subsequently an input of 
sediment nitrogen by sedimentation of nitrogen 
contained in algal cells. The data in Table 13 indicate 
that the nitrogen content of samples from lower 
depths clustered around the overall mean value of 2.2 
g N/Kg indicating minimal mixing-caused redistribu­
tion at those depths. The higher surface sediment 

Table 12. Reported nitrogen content estimated for various sediment samples. 

Location 

Hyrum Reservoir (Utah) 
Lake Mendota (Wisconsin) 
Lake Mendota (Wisconsin) 
Average of 4 hard water eutrophic lakes (Wisc.) 
Lake Mendota (Wisconsin) 

g N/kg Sediment 

2.2 
8.0 
7.4 
8.0 

10.5 

Reference 

This study 
Austin (1970) 
Sawyer et al. (1945) 
Keeney (1972) 
Porcella et al. (1970) 

Table 13. Averaged vertical distribution of nitrogen in sediments collected from microcosms after 189 days of 
operation (g N/kg dry weight). 

Depth Micro Micro Micro Micro Average For 
1-4 5-8 9-12 13-16 All Micro 

0-1 em 3.23 3.28 3.41 3.59 3.38 
1-3 em 2.42 2.51 2.47 2.55 2.49 
3-5 em 2.38 2.57 2.44 2.42 2.45 
5-10 cm 2.02 2.13 2.07 2.09 2.08 

10-15 cm 2.74 2.22 2.13 2.13 2.31 

S9 

~~ 
.~. _. 



nitrogen could have resulted from algal cells which 
settled on the sediments or grew there during the 
experiments. However the high concentration in the 
surface sediments also was observed in the dark 
microcosms (1-4) and thus redistribution of sediment 
nitrogen caused by mixing due to gas bubble 
formation seems the most likely explanation. This 
likewise accounts for the lack of changes in average 
sediment nitrogen content observed over the period 
of study. 

In order to further explain nitrogen dynamics, 
specific metabolic reactions which have been ob­
served in aquatic ecosystems were studied using the 
nutrient budget approach. Nitrogen assimilation, 
nitrogen fixation, denitrification, nitrification were 
all assumed to be reactions which could be important 
in mass transfers in quantities and composition of 
nitrogen compounds. These reactions were considered 
individually and then integrated with the nitrogen 
inputs and outputs to estimate rates of reaction. Then 
a mass balance for each microcosm was performed. 

Assimilation of Nitrogen 

During the course of incubation a heavy mat of 
algae developed around the sides and lesser amounts 
overlying the sediments in the lighted microcosms. 
No algae were observed in the dark microcosms but a 
slime growth on the microcosm walls did occur. To 
obtain an estimate of assimilation rates in the 
microcosms both the nitrogen tied up in wall growth 
and the particulate organic nitrogen removed with the 
effluent were measured. The amount of nitrogen in 

wall growth was determined by analyzing the algal 
mats. These were removed, dried, weighed, and then 
analyzed for total nitrogen. To estimate the amount 
of particulate organic nitrogen, the effluent samples 
were collected, filtered, and analyzed for total 
nitrogen collected on the filter. 

Tests showed the wall scrapings contained 22 
g/Kg total nitrogen and the suspended solids con­
tained 13 g/Kg total nitrogen as compared to 2.2 g 
N/Kg in the sediments. Assimilation rates were 
estimated using the following formula: 

An = 1 (Mass of Wall X 2 2%) 
183 days Scrapings, mg . 0 

+ (Mean Daily SS (mg/I)) 

X (0.9 liters) X (183 days) X (1.3%) 
in which 

An 

2.2% = 

0.9£ = 

183 days = 

1.3% = 

Assimilation rate in mg/day­
microcosm 
Average percentage of nitrogen in 
wall scrapings 
Average daily volume withdrawn 
from microcosms 
Duration of study of nitrogen 
balance 
Average percentage of nitrogen in 
suspended solids 

The estimated assimilation rates (Table 14) 
showed that a negligible amount of assimilation 
occurred in the anaerobic (dark) microcosms. The 
aerobic microcosms displayed assimilation rates 

Table 14. Estimated nitrogen assimilation rate in microcosms. 

Mean Daily 

Micro- Wall SS in 
Scrapings Effluent cosm 

(mg) (mg/l) 

1 420 3.3 
2 530 2.6 
3 400 2.0 
4 560 2.8 
5 10,810 12.8 
6 240 38.8 
7 9,160 15.s 
8 8,480 54.9 
9 3,420 119.4 

10 20,080 7.0 
11 17,590 11.9 
12 5,710 5.1 
13 15,240 12.4 
14 11,620 17.7 
15 14,050 13.0 
16 8,860 5.2 

Mass of 
SS 

. (mg) 

543.5 
428.2 
329.4 
461.2 

2,108.2 
6,390.4 
2,552.9 
9,042.0 

19,665.2 
1,152.9 
1,959.9 

840.0 
2,042.3 
2,915.2 
2,141.1 

856.4 

60 

An (mg/day microcosm) 

0.089 } 
0.094 
0.081 
0.100 

1.449 '} 0.483 
1.283 
1.662 

1.808 ) 
2.496 
2.254 
0.746 

1.977 } 
1.604 
1.841 
1.126 

Dark, Mean = 0.091 

Variable horizontal lights, 
Mean = 1.22 

Vertical constant lights, 
Mean = 1.83 

Constant horizontal lights , 
Mean = 1.64 



ranging from an average of 1.22 mg/day under the 
variable horizontal lighting conditions to 1.83 mg/day 
under the constant vertical lighting conditions. The 
variance in assimilation rates is related to the light 
intensity in the microcosms caused by the three 
different lighting configurations. 

The assimilation rates in the microcosms did 
not vary with concentration of nitrogen in the input. 
This indicated that the aqueous nitrogen input was 
not a controlling factor in the biological activity of 
the microcosms. 

Nitrogen Fixation 

Because ethylene was observed to be produced 
naturally in the microcosms, it was necessary to 
estimate the background ethylene production to 
subtract it from nitrogenase production of ethylene 
during the acetylene assay. A timed measurement of 
ethylene before addition of acetylene shows that the 
rate of production of ethylene is considerably less 
than the effects of nitrogenase (Figure 29). Table 15 
shows the relationship between lighting conditions 
and fixation rates (as N2 ). Lower fixation rates were 
observed in microcosms where nitrate was added than 
in those with no nitrate added. 

The relationship of nitrogen fixation rates (as 
N) found during this study and rates determined from 
other studies as th~y relate to the total nitrogen 
budget indicates that in lakes as well as the micro­
cosms, nitrogen fixation compensates for the lack of 
nitrogen relative to other limiting factors in highly 
productive aquatic microcosms (Table 16). The 
attempt to estimate nitrogen fixation as a percent of 
assimilation is crude at best because assimilation was 
estimated over the period of study and nitrogen 
fixation only at the end of the study. As noted in the 
elemental nitrogen balances, nitrogen fixation varied 
significantly with time. 
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Before adding 
ocetylene 

m = 35.B;~2.95 = 5.077 x 10-1 cm/mln. 

0.102 nM min/cm.hr. x 5.077 x 10-1 cm/min. 

= 5.1785 x 10-· nM/hr. 

= 0.217 mg N./microcoam- day 

10~--------~--------r-------~r-
o 15 30 45 

TIME (min) 

Figure 29. Example of ethylene production before 
and after adding nitrogenase substrate 
(acetylene), Microcosm IS. 

Denitrification 

Denitrification can occur in any microbial 
environment that is anaerobic. Typical denitrification 
sequences would include: 

atmosphere 

N03-N*~N02-N*~(NO)~N20~N2*t 
\ .. 
NH4 -N* ~ Organic N* 

Table IS. Estimated nitrogen fixation rates for microcosms (mg N2 /microcosm day). 

NoN 
o 

Mean 

Dark Variable Horizontal Constant Vertical Constant Horizon tal 

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

N NoN 
o 0 

N NoN 
o 0.19 

N NoN N NoN N NoN N NoN N NoN N 
o 0.23 0.11 0.30 0.04 0.09 0.03 0.17 0.08 0.22 0.16 

o 0.14 

Average No N micr. = 0.2 mg N2 /micr. day. 

Average N micr. = 0.07 mg N2 /micr. day. 
Excluding Dark microcosms. 

0.12 0.16 
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The asterisks show that only nitrate, nitrite, 
ammonium, molecular nitrogen and organic nitrogen 
were measured in this study. An estimate of the rate 
of denitrification can be obtained by determining the 
rate of disappearance of N03- from the system in the 
dark microcosms. In using this method it was 
assumed that no chemodenitrification was taking 
place and also that the portion of N03 that was 
assimilated into bacterial cells was insignificant. Be­
cause denitrification is dependent upon anaerobiosis, 
only the dark (anaerobic) microcosms should be 
capable of denitrifying in the aquatic phase. 

The rates were calculated in the following 
manner: 

Assumed first-order relationship for each 
day 

dx 
dT = -k 

in which x = C'V 

in which 
x 
T 
C 
V 
k 
m 
i,e = 

~CV 
~T = kCmoVm 

~CV = Vi 0 Ci - Ve 0 Ce 

mass of N03 -N, mg 
time, days 
conc. of N03 -N in mg/l 
volume, I 
rate constant, days -1 

microcosm (subscript) 
influent, effluent (subscripts) 

Table 16. Relative nitrogen fixation in microcosms as compared to field measurements. 

Assimilation Fixation % 
Micro- Rate Rate Con tribu tion 
cosm (mg N/ (mgN/ ofN 

micr. day) micr. day) Fixation 

1 0.089 0 
2 0.094 0 
3 0.081 0 
4 0.100 0 
5 1.449 0.19 
6 0.483 0 
7 1.283 0.23 
8 1.662 0.11 
9 1.808 0.30 

10 2.496 0.04 
11 2.254 0.09 
12 0.746 0.03 
13 1.977 0.17 
14 1.604 0.08 
15 1.841 0.22 
16 1.126 0.16 

Average contribution of fixation to no N micro = 12% (excluding anaerobic). 
Average contribution of fixation to N micro = 5% (excluding anaerobic). 

Lake and 
Location 

lake George, Uganda 
Clear Lake, California 
lake Windemere, England 
Smith Lake, Alaska 

Tschornoje, Russia 
lake Mendota, Wisconsin 

RESULTS FROM FIELD STUDIES 

Contribution of 
Nitrogen Fixation 

33% 
43% 

1% 
5-10% 

8% 
8.5% 
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Horne and Viner (1971) 
Horne and Goldman (1972) 
Horne and Fogg (1970) 
Alexander, V. A. 

personal communication 
Kusnetzov (1959) 
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personal communication 
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Assume C = Ce (completely mixed 
system) andbY substitution 

Since Vi = Ve = 0.9 liters and Vm = 9 liters and ~T = 
1 day, then: 

(C i - CnJ (0.9) 
k = (1) (Cm• 9) 

The denitrification rates calculated in Table 17 
were taken from a special experiment on anaerobic 
microcosms. In these microcosms an input feed of 10 
mg/l of N03-N was used. The reason for using this 
approach was due to the rapid denitrification of the 
low concentration (300 Jlg/l) of nitrate during the 
initial startup period. The denitrification was so rapid 
that concentration measurements after the first two 
week period showed no nitrate in the system at all. I 

Thus to get an estimate of the rates it was necessary 
to wait until the end of the study and use large 
concentrations of nitrate in the special experiment. 

The denitrification data show a very similar rate 
for all four microcosms tested. The rates observed 
would be the maximum rates you could expect under 
the conditions of the experiment because of the high 
nitrate concentrations. When using these estimated 
rates, the assumption is that the concentration of 
nitrate in the system has no effect on the rate of 
denitrification. This assumption needs to be evaluated 
further. 

Nitrification 

Nitrification can occur in well oxidized 
overlying waters and sediments, like those found in 
shallow waters of large lakes. Although the micro-

cosms were well mixed, the sediments in the micro­
cosms remained essentially anaerobic. The mixing 
rate was maintained to allow a completely mixed 
aqueous phase without disturbing the sediments. 
Under these conditions nitrification would not be 
significant in the sediments. This can be substantiated 
from the data using the following observations: 

1. An accumulation of nitrate would result 
if the nitrification rate were greater than 
the assimilatory capacity of the system or 
the denitrification rate. The data show no 
accumulation of nitrate in any of the 
microcosms. 

2. A decrease in ammonium would 
accompany any nitrification. The 
ammonium ion concentration in the 
microcosms remained essentially the same 
as the input concentration. 

Although these observations do not completely 
rule out nitrification, especially under steady state 
conditions, they do show that any net nitrification in 
the microcosms played an inSignificant role. 

Nitrogen Mass Balance 

A mass balance of an aquatic system can be a 
valuable tool in determining the fate of a constituent. 
To obtain an accurate mass balance, all forms of 
nitrogen entering and leaving the system must be 
measured. 

A mass balance of the nitrogen in the micro­
cosms was calculated for the aqueous phase, gas 
phase, and the aqueous plus gas phase using the 
following method: 

~Nitrogen/ ~Time = (Nitrogen in)· (Flow in) + 
sediment release - sediment accumulation 
- (Nitrogen in the microcosm)·(Flow out) 

Assuming a completely mixed system (N in the 
microcosm = N in the effluent) and steady 
state conditions (dN/dt = 0) 

Then (N in· Flow in) - (N microcosm· Flow 
out) = (Sediment accumulation - Sediment 

release). 

Table 17. Denitrification rates in anaerobic microcosms studied in a separate experiment. 

Microcosm Cinf. C eff. k dx/dt 

1 10.056 7.153 0.041 days-I 0.293 mg/I-day 
2 9.947 6.953 0.043 days-I 0.299 mg/l-day 
3 9.442 7.137 0.032 days-I 0.228 mg/I-day 
4 9.913 7.326 0.035 days-I 0.256 mg/l-day 

Average 0.038 days-I 0.269 mg/I-day 

aThe denitrification rates calculated above were taken from microcosms in a second experiment. In these microcosms an 
input feed of 10 mg/l of N03 -N is being used. 
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If the algebraic sum is positive, the microcosm 
is accumulating nitrogen; if it is negative, the micro­
cosm is releasing nitrogen. 

Gas phase 

This phase has been described in Results (Part 
II) for nitrogen gas and will be summarized only in 
this paragraph. Nitrogen has the ability to enter or 
leave the gas phase by several biological processes. 
Nitrogen fixing organisms can use nitrogen gas to 
provide a means of incorporating nitrogen into the 
cell structure. Also denitrifying bacteria can release 
nitrogen gas to the atmosphere by the reduction of 
nitrate under anaerobic conditions. Nitrifying 
bacteria can oxidize ammonium nitrogen to nitrate 
under aerobic conditions. 

The result of the gas phase mass balance was 
somewhat inconclusive because the relatively small 
amount of N 2 removed by fixation could not be 
detected. Thus a nitrogen gas phase mass balance lis 
not as useful as other phases but effects of variables 
on a total elemental balance for nitrogen may be 
masked by the larger relative impact of the gas phase 
on the total balance. 

Aqueous phase 

To fully understand the complete nitrogen 
cycle and to be able to identify the fate of nitrogen 
after entering an aquatic system the aqueous and gas 
phase must be studied separately. Negative 
accumulations in the system shows that nitrogen was 
released from the sediments (input < output). Any 
net increase shows that nitrogen accumulated in the 
sediments (input > output). The computer model 
was also used in the mass balance of this phase 
(Appendix B). 

Dark microcosms. Microcosms 1 and 3 showed 
a general loss of nitrogen from the system (Figure 
30). This was probably due to nitrogen release from 
the sediments. 

Microcosms 2 and 4 showed initial accumula­
tion (denitrification) which immediately tended 
toward a loss from the system (sediment nitrogen 
release) and then a reversal to a steady accumulation 
up to a steady state at about 120 days. The deviation 
between 2 and 4 at approximately day 140 was 
apparently caused by the acid spill described in the 
Gas Phase Results (Part II). 

Aerobic, variable horizontal lighting. Micro­
cosms 5 through 8 showed no definite trend (Figure 
31). Microcosm 6 in this group did display some very 
unusual characteristics. At one time the sediments 
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and the walls of the microcosm were completely 
covered with a thick algal mat. About midway 
through the study the mat began peeling off the sides 
of the microcosms and in a short period of time the . 
microcosm was almost completely devoid of any 
algae on the sides or bottom of the microcosm. A 
dense population of ostrocods were. visible in the 
murky water. The effects these grazing organisms had 
on the disappearance of the algal mats in this 
microcosm is unknown. No nitrogen fixation was 
observed in this microcosm (Table 15) and it did 
receive an input of nitrate nitrogen. The sequence of 
events-addition of N, development of ostracod popu­
lation, etc.-may have resulted in this phenomenon. 

Microcosms 5 and 8 generally showed an 
accumulation of nitrogen in the system (fIXation and 
use of input nitrogen). Microcosm 7 showed a release 
of nitrogen and atso the highest fIXation rate of the 
four horizontal variable systems. The fixation was 
measured at the end of the study (day 189) and as 
can be seen in Figure 31 a gradual upturn indicates 
that for the last 40 days the microcosm was 
accumulating nitrogen. Thus it is likely that fixation 
began rather late (about day 140) in Microcosm 7. 

Aerobic, constant vertical lighting. Microcosms 
9 through 11 showed several definite trends (Figure 
32): Numbers 9 and 11 which had no nitrate added in 
the influent showed a constant loss of nitrogen 
throughout the study. This was due to the fixation 
and then loss in the effluent of particulate organic 
nitrogen which outweighed any input from the gas or 
sediment phase. 

Microcosms 10 and 12 showed a continual gain 
in nitrogen. This was due to the addition of nitrate 
nitrogen in the influent. Nitrogen input from the 
sediment (ammonification) or gas phase (fIXation) 
remained as algae in the microcosm and thus out­
weighed the amount lost in the effluent. Microcosm 
11 remained relatively constant after day 70 in­
dicating a steady state with input (fIXation, organic, 
and sediment nitrogen) balancing output (outflow). 

Aerobic, horizontal. Microcosms 14 and 16 
showed trends similar to 10 and 12 (Figure 33). 
Microcosms 13 and 15 showed only small gains or 
losses during the study, while Microcosms 14 and 16 
showed large gains of nitrogen. This was also due to 
the fact that the nitrogen in the influent and from the 
gas (fIXation) and sediment phase outweighed the 
nitrogen leaving in the effluent. Greater accumulation 
occurred in those receiving nitrate. The trend toward 
increasing accumulation of nitrogen in Microcosm 15 
can be accounted for by the high rate of fixation. By 
day 189 fixation in Microcosm 15 was the greatest in 
this set of 4 (Table 15). 
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Discussion of Results of 
Nitrogen Studies 

Analogy of microcosms to 
actual lake conditions 

An important part of this laboratory study was 
to determine to what extent the results could 
compare to the natural systems. In this experiment 
the lighted microcosms can be compared to a shallow 
lake in which mixing is continuous and stratification 
during summer months does not occur. Examples of 
this type of aquatic system would be small irrigation 
ponds, littoral areas in lakes or very shallow reservoirs 
where wave action or currents keep the water well 
mixed. In such an environment the ratio of surface 
area to volume is very large compared with deep 
reservoirs. These conditions exist in the shallow 
littoral areas of Hyrum Reservoir during the summer 
months (Drury et al., 1975). 

The dark microcosms can be compared to the 
deep zones of Hyrum Reservoir (or any deep lake) 
during the summer months. During this time the 
bacterial action decreases the dissolved oxygen con­
tent of the water until completely anaerobic condi­
tions prevail. Under stratified conditions as occur 
during the summer in temperate zone lakes, three 
distinct zones usually exist. The upper zone 
(epilimnion) is usually well-mixed and is the produc­
tive zone for algae. The zone is usually characterized 
by high light, high dissolved oxygen concentrations 
and high pH values. These conditions are caused by 
the removal of CO2 by algal photosynthesis (raising 
pH) and the release of 02 as a by-product. Under 
these conditions nitrogen fixation, nitrification, and 
assimilation can occur. The metalimnion is a transi­
tion zone in which characteristics of the overlying 
zone or underlying zone can prevail. The deep zone 
(hypolimnion) is characterized by anaerobic condi­
tions due to the utilization of oxygen by bacteria 
during respiration. Under this condition both den­
itrification and ammonification can take place. 

The microcosms are a physical model of the 
littoral area epilimnion overlying the sediment phase 
(lighted microcosms) and a model of the pelagic area 
hypolimnion overlying the sediment phase (dark 
microcosms); no metalimnion or pelagic epilimnion 
was modeled. Thus, nitrogen dynamics were studied 
with respect to these models and the discussion of 
those results will be as follows: 1) The ideal nitrogen 
cycle and 2) the actual nitrogen cycle in the 
microcosms. 

Ideal nitrogen cycle 

The ideal nitrogen cycle is depicted in Figure 
34. The processes that can occur Simultaneously are 
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Figure 34. Nitrogen cycle in microcosms. 

fixation, denitrification, nitrification, ammonifica­
tion, and assimilation. Optimum conditions for each 
process can usually be found in stratified reservoirs. 
Sediment nitrogen could participate resulting from 
breakdown of organic matter forming gases and 
soluble inorganic compounds (ammonium) with sub­
sequent release to the overlying water as gas bubbles 
deform sediment structure and cause mixing. 

These processes cause a change in the forms of 
nitrogen present depending upon which process is 
dominating the system. If denitrification is the 
dominating process, a decrease in the nitrate 
accompanied by an increase in nitrogen gas produc­
tion can be expected. If ammonification is dominat­
ing a decrease in organic nitrogen will be followed by 
an increase in ammonium. 

When nitrification is a major process a decrease 
in ammonium will be followed by an increase in 
nitrate. If assimilation is the dominating process the 
inorganic forms of nitrogen will decrease as the 
organic nitrogen increases. Nitrogen fixation could be 
classified as assimilation; however, a decrease in 
inorganic nitrogen would not accompany the increase 
in organic nitrogen, but would correspond to a 
decrease in nitrogen gas. Due to the large amount of 
nitrogen gas available in natural waters, a reduction in 



nitrogen gas concentration likely would not be easily 
measurable even at a very high rate of nitrogen 
fixation. 

Any of these processes (fixation, ammonifica­
tion, nitrification, and denitrification) could become 
significant depending on the environmental condi­
tions found in the body of water. 

Nitrogen cycle in microcosms 

Anaerobic microcosms. Figure 35 shows the 
nitrogen cycle as it occurred in the anaerobic micro­
cosms. Ammonification and denitrification accounted 
for most of the changes that occurred in the forms of 
nitrogen present. . 

Sediment release (ammonification) occurred at 
a very rapid rate in the anaerobic microcosms. The 
effluent concentration of ammonium averaged greater 
than four times the influent concentration. 

Analysis of the sediments after completion of 
the study showed no measurable decrease in the total 
nitrogen content. The increase of ammonium in the 
effluent was probably due to the breakdown of 
influent organic nitrogen to ammonium. 

Denitrification rates caused the concentration 
of nitrate to decrease to zero in a short period of time 
thus making it impossible to get an accurate estimate 
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Figure 35. Nitrogen cycle in anaerobic microcosms. 
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of the rate of depletion of nitrate. The nitrate 
concentrations in Microcosms 2 and 4 decreased from 
the start of the experiment and after the third 
analysis day (42 days) remained essentially zero. This 
was probably due to the fact that anaerobic condi­
tions took time to develop and the bacterial popula­
tions responsible for denitrification w~re adjusting to 
their new environment. 

Assimilation played a minor role in the 
anaerobic microcosms. The calculated assimilation 
rates for the anaerobic microcosms ranged between 
0.1 mg N/micr.-day to 0.089 mg N/micr.-day. 
Bacteria probably accounted for most of the 
assimilation. 

Aerobic microcosms. Figure 36 shows the 
nitrogen cycle as it actually occurred in the aerobic 
microcosms. Nitrogen fixation and assimilation were 
the predominant processes acting in the aerobic 
microcosms. 

Assimilation rates in the aerobic microcosms 
ranged between 0.5 mg N/microcosm-day to 2.5 mg 
N/microcosm-day. The most striking feature of the 
aerobic microcosms was that no significant difference 
in growth was observed between the microcosms with 
300 /l.g/l of nitrate added in the influent and those 
with no nitrate added in the influent. The average 
assimilation rate is reflected by the mass of growth on 
the walls and the mass of organic material leaving the 
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Figure 36. Nitrogen cycle in aerobic micro~osms 
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system as effluent. An average nitrogen assimilation 
rate of 1.76 mg/day-microcosm was obtained in the 
microcosms that had no nitrogen added compared 
with 1.36 mg/day-microcosm in the microcosms that 
had nitrogen added. 

Although all microcosms started with the same 
sediment and incubation periods, each community 
developed independently and some in different direc­
tions. Microcosm 6 was the most striking example of 
this fact. After a small amount of wall growth had 
developed the algae mats peeled from the sides and 
throughout the entire experiment the walls remained 
free of growth although the other microcosms 
developed so much growth on the walls it was 
impossible to see through them. In Microcosm 6 
ostrocods may have been responsible but it is unclear 
how they prevented the wall growth. 

With assimilation rates as high as 2.5 mg 
N/micr.-day, it is apparent that the nitrogen in the 
influent ("" 0.27 mg N/micr.-day) could not supply 
the large amount of nitrogen needed for growth. 
Sediment release could have supplied some of the 
nitrogen requirement but it is unlikely that it was a 
high percentage. Initially the sediments had 18,580 
mg of nitrogen and a removal of 1 percent would 

I 
amount to 186 mg or about 1 mg/day. Thus an 
undetectable loss of total nitrogen (CV = 2 percent) 
could more than account for nitrogen release from 
sediments. Dark microcosms 1 and 3 which received 

< no nitrate and were not photosynthesizing, lost ""45 
mg of nitrogen which indicates a sediment nitrogen 
supply of about 0.28 mg N/microcosm-day. 

Nitrogen fixation tests showed that under 
conditions of limiting nitrogen the algae present in 
the microcosms had the ability to fix nitrogen from 
the atmosphere as needed. Thus the average contribu­
tion of nitrogen fixation to the microcosms with no 
nitrate added was about double that of the micro­
cosms that received 300 p.g/l of nitrate (Table 16). 
This seems to indicate that in an aquatic system the 
nitrogen fixing algae are capable of fixing as much 
nitrogen as is needed for growth. Thus nitrogen could 
be limiting relative to other nutrients but could not 
be totally controlled to prevent algal growth. 

Results of overall mass balance 

The results of the total nitrogen mass balance in 
the microcosms were inconclusive because of the 
large effect that the gas phase displayed on the 
system. 

Mercury additions of 50 J,l. g/1 in Microcosms 3 
and 4, 7 and 8, 11 and 12, and 15 and 16 had no 
measurable effect on the nitrogen mass balance. The 
mercury concentrations apparently were not large 
enough to inhibit algal growth. 
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The mass balance of the aqueous phase showed 
some definite trends. In the anaerobic microcosms 
both 1 and 3 showed a net loss of nitrogen from the 
microcosm. Thus the total mass of nitrogen input to 
the microcosm was less than the total mass of 
nitrogen leaving the microcosm in the effluent. This 
would indicate a release of nitrogen from the sedi­
ments into the aqueous phase, probably as a result of 
ammonification of organic nitrogen stored in the 
sediments. 

Microcosms 1 and 3 had no addition of nitrate 
in the influent. Microcosms 2 and 4 had 300 J,l.g/1 of 
nitrate-nitrogen added in the influent and except for 
minor variations operated at steady state. 

By substracting the nitrogen present at day 0 
from the nitrogen accumulated by day 180, a rate for 
the disappearance of nitrogen from the aqueous phase 
can be calculated as follows: 

(Initial N Present) - (Final Accumulated N at Day 180) 
180 

K 

Thus, loss is negative (input < output) and accumula­
tion is positive (input> output). 

Using this method the rate of loss of nitrogen in 
the aqueous phase in number 1 microcosm is equal to 
0.28 mg/day and for number 3 is equal to 0.27 
mg/day. Because the N2 gas mass balance in Micro­
cosm 1 showed a net gain to the system (Figure 10), 
the nitrogen from the aqueous phase must have 
accumulated in the gas phase via denitrification. The 
total N balance shows an increase of 120 mg during 
the period. A total rate for the entire system can be 
calculated using the same method used for the 
aqueous phase. The result is a final rate of 0.67 
mg/day. By subtracting the rate for the aqueous 
phase from the rate for the total system an estimate 
of the rate for the gas phase can be calculated as 
follows: 

(Total Rate) - (Aqueous Rate) = Gas Rate 

Table 18 shows the fmal K values for the 
aqueous and gas phase and the total K value for the 
system for each microcosm. An attempt to relate the 
gas phase mass balance to nitrogen fixation indicates 
the possibility of a trend (Figure 37); however, the 
nitrogen fixation was measured only once, on the last 
day and it was a little unreasonable to expect exact 
concurrence between a single estimator and an overall 
average in systems which are as dynamic as these 
microcosms apparently were. If nitrogen fixation 
measurements were feasible at regular intervals, con­
currence would be expected and nitrogen fixation 
could probablY be correlated to the gas phase mass 
balance. 



Table 18. Average rates of loss or accumulation in aqueous and gas phases for microcosms. 

Micro- Kc~Totil Kc Aqueous Kc Gas Important Processes 
cosm (mg/day) (mg/day) (mg/day) 

1 0,66 -0.28 0.94 Sediment release and ammonification 
, 2 1.64 0.01 1.63 Sediment release, ammonification, and 

deni trification 
3 -0.27 -0.27 -0.54 Sediment release and ammonification 
4 -0.06 -0.04 -0.10 Sediment release, ammonification, and 

denitrification (acid spill) 
5 -0.28 0.06 -0.22 Assimilation and fixation 
6 -0.94 -0.01 -0.95 Predation. assimilation. and fixation 
7 1.14 -0.13 1.01 Assimilation and fIXation 
8 1.24 0.19 1.05 Assimilation and fixation 
9 1.61 -0.54 2.15 Predation, assimilation, and fixation 

10 -0.89 0.22 0.67 Assimilation and fIXation 
11 0.79 -0.11 0.90 Assimilation and fixation 
12 1.50 0.20 1.30 Assimilation and fIXation 
13 0.44 -0.01 0.55 Assimilation and fIXation 
14 0 0.29 -0.29 Assimilation and fix a tion 
15 0.82 0.07 0.75 Assimilation and fixation 
16 1.00 0.30 0.70 Assimilation and fixation 

aK c = Rate of Change (dx/dt). 
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RESULTS AND DISCUSSION: PART IV-THE FATE OF 

MERCURY IN EXPERIMENTAL MICROCOSMS 

Mercury and Sediments 

According to the experimental design, SO J.Lg/1 
of mercury was injected daily into 8 of the 16 
microcosms (3',4,7,8,11,12,15,16). These were 
opened and the sediments of those microcosms 
receiving mercury were analyzed for total mercury. 
Samples for total mercury analyses were taken from 
the sediments by core sampling at the end of the 
experiment. The core samples were sectioned into 
lengths of 0-1 cm, 1-3 cm, 3-5 cm, 5-10 cm, and 
greater than 10 cm. Below the 10 cm depth in all of 
the microcosms, the mercury levels were within the 
experimental error of the value of mercury in the 
initial sediments before they were exposed to 
mercury. Values ranged from 0.05 to 0.17 J.Lg Hg/gm 
sed. These individual sections were carefully mixed to 
enable an average mercury concentration to be 
measured for the various sediment depth ranges. 

Microcosms 3 and 4 were anaerobic and both 
had much lower mercury levels in the upper centi­
meter of sediments (Table 19) than did the aerobic 
microcosms (7, 8, 11, 12, 15, 16). The upper 
centimeter of sediments in microcosms 3 and 4 
contained approximately 4 J.Lg Hg/gm sed. whereas 
the remaining microcosms contained from 9-27 J.Lg 
Hg/gm sed. in the upper centimeter of sediments. 

In the one to three centimeter range, a sub­
stantial reduction in mercury levels can be seen. In 
general, the mercury levels in the one to three 
centimeter range were roughly one-half of the 
mercury levels in the zero to one centimeter range. At 
this depth, the anaerobic microcosms again had 
substantially lower mercury concentrations than the 
aerobic microcosms. 

In the three to five centimeter range, the 
mercury level was approximately one-tenth of the 
surfare levels and the anaerobic microcosms had less 
mercury than the aerobic ones. 

Only traces of mercury were found below the 
five centimeter depth (Figures 38 through 42). In the 
five to ten centimeter sediment depth range, the 
mercury concentrations were between 0.8 and 0.16 
JJ.g Hg/gm sed. The above values were still greater than 
the initial sediment mercury concentration of 0.06 J.Lg 
Hg/gm sed. The initial value of 0.06 J.Lg Hg/gm sed. at 
the start of the experiment is in agreement with 
Shacklette (1971) who reported that 0.055 J.Lg Hg/gm 
sed. (geometric mean concentration) was representa­
tive of the western United States. 

At a depth of 10 cm or more the mercury levels 
in the sediments were generally within a factor of two 

Table 19. Mercury in sediments vs. sediment depth (J.Lg Hg/g dry sed.). 

Microcosm 

Sed. 
D epth Receiving Mercury 

(cm) 

3 4 7 8 11 

O~l 3.55 4.04 10.00 9.10 13.56 
1-3 1.36 0.44 6.78 9.52 5.64 
3-5 0.13 0.39 7.00 1.62 1.48 
5-10 0.10 0.12 0.16 0.14 0.08 

> 10 0.17 0.12 0.09 0.10 0.07 

Initial sediment total mercury = 0.06 J.Lg Hg/g dry sediment. 

73 

12 15 

26.96 8.95 
5.26 4.66 
0.61 1.40 
0.15 0.15 
0.06 0.05 

16 

16.73 
1.45 
0.36 
0.12 
0.15 

Not 
Receivi ng 

y Mercur 

13 

0.27 
0.12 
0.13 
0.04 
0.04 
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Figure 38. Sediment depth vs. mercury in sediment 
(Microcosms 3 and 4). 
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Figure 39. Sediment depth vs. mercury in sediment 
(Microcosms 7 and 8). 

74 

l: .... 
a.. 
1&.1 
o 

4.0 
.... 
Z 
1&.1 
:IE 
o 
~6.0 

8 0 4.0 8.0 12.0 16.0 20.0 
MERCURY IN SEDIMENT ()LgHg/gm SEDJ 

Figure 40. Sediment depth vs. mercury in sediment 
(Microcosm 11). 
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Figure 42. Sediment depth vs. mercury in sediment 
(Microcosms 12 and 16). 

of the initial sediments. Because of the difficulties 
encountered in sampling and interpreting the 
standard curve, it is highly likely that these values are 
within experimental error or natural deviations in the 
mercury levels of the sediment. These low mercury 
values are taken from the standard curve in a region 
of uncertain accuracy-the distance between the 
blank and the lowest standard. Better techniques are 
now available to measure mercury. 

By bacterial action, all aerobic microcosms 
produced considerable amounts of gas in the sedi­
ments. When the individual gas pockets became large 
enough, the muds could no longer contain the 
bubbles formed and they escaped. As the bubbles 
broke loose from the sediments, a hole was formed. 
This cavity was immediately filled with water and 
surficial mud rich in mercury, thus allowing deeper 
penetration of mercury into the sediments than 
would otherwise have been possible. 

The extraordinarily high value for mercury in 
microcosm No. 12 at the 1 em depth may have been 
due to a floc of organic material that separated 
from the walls of the microcosm and settled upon the 
sediments. The floc became a part of the upper one 
centimeter sediment layer that was sectioned from 
the core sample, and was measured as total sedi­
mental mercury. As can be seen by comparing Table 
19 with Table 20, organic material is much higher in 
mercury than the sediments. 

Microcosms three and four were anaerobic and 
the water above the muds was slightly acidic. Mercury 
is more readily adsorbed to particulate matter and 
other surfaces at a basic pH than at an acidic pH. An 
acidic pH thus would tend to reduce the amount of 
adsorbed mercury resulting in an increase of mercury 
in solution. In general, the anaerobic microcosms had 
a water-phase mercury level higher than the aerobic 
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Table 20. Total mercury in wall scrapings. 

Microcosm 

3 
4 
7 
8 

11 
12 
15 
16 

f.1g Hg/g 
Dry Weight 

Wall 
Scrapings 

--a 
__ a 

172.6 
103.6 
244.1 
287.3 
197.2 
332.1 

Total Microcosm 
Dry Wall 

Scra pings (g) 

0.40 
0.56 
9.16 
8.48 

17.59 
5.71 

14.05 
8.86 

aNot analyzed. 

microcosms (Appendix D) and a sediment mercury 
level lower than the anaerobic microcosms (Table 
19). 

Mercury Balance 

The mercury balance consisted of three parts 
(Tables 21 and 22): Total sediment mercury, total 
algal mercury, and total mercury in the water 
solution. The gas phase above the water in the 
microcosms was tested for dimethyl-mercury; how­
ever, none was detected. The extremely volatile 
dimethylmercury was the form of mercury most 
likely to have been lost to the gas space above the 
water in the microcosms. Although uncertain 
methodology may have accounted for not observing 
gas phase mercury, apparently no mercury com­
pounds were transferred to the gas phase. 

The microcosms were operated continuously 
for 189 days and SO J.lg of inorganic mercury was 
added daily resulting in a total of 9450 J.lg of mercury 
added during the experiment. With the exception of 
the anaerobic microcosms (No. 3 and No.4), the 
accountability of mercury from sediments, algae, and 
water phase was within an acceptable range. The 
percentage of the total mercury accounted for, found 
by summing the values for sediments, algae, and 
water, for each microcosm, ranged from 84 to 109 
percent in the aerobic microcosms but was about 34 
percent in the anaerobic microcosms. 

The lack of accountability for mercury in the 
anaerobic microcosms may have been due to mercury 
sorption by the lucite columns used to fabricate the 
microcosms. Coyne and Collins (1972) found that up 
to 60 percent of the mercury in a SO J.lg/l solution 
was lost to the walls of plastic containers within one 
hour. The anaerobic microcosms were the only ones 
that did not form an algae covering on the walls of 



the microcosms; however, a thin bacterial layer 
formed (Table 20) but this may not have prevented 
sorption of mercury to the plastic. It seems that the 
algae mat that formed on the walls of the aerobic 
microcosms would have absorbed the mercury before 
it could be adsorbed by the plastic walls of the 
microcosm. 

Based on data from Coyne and Collins (1972) 
an estimated average of 66 percent of the mercury 
would go to the plastic walls of the anaerobic 
microcosms whereas an average of 25 percent of the 
mercury would be found in the algal layers that 
formed on the aerobic microcosm walls. 

The percent accountability of mercury varied 
with each lighting condition; but within each lighting 
condition, there was close agreement-Microcosms 3 
and 4, 35 and 33 percent; Microcosms 7 and 8, 108 
and 99 percent; Microcosms 11 and 12,109 and 108 

Table 21. Total mercury present in microcosms (J,Lg). 

Sediment 
Depth (cm) 

0-1 
1-3 
3-5 
5-10 

> 10 
Total Hg (Sed.) 

Total Hg (Algae) 
Total Hg (~ 0) 
Total Hg (Microcosm) 

% of Total Accounted Fora 

aTotal Hg added = 9450 J1g. 

b No algae layer formed. 

3 4 

696 792 
533 173 

51 153 
98 118 

1378 1236 

b b 
1933 1866 
3311 3102 

35 33 

percent; and Microcosms 15 and 16, 84 and 85 
percent. The variance in the percent accountability 
may have been due to problems associated with 
sampling and analysis as well as physical and chemical 
differences within the microcosms. 

Within each core section, the mercury level 
could be expected to decrease slowly from the upper 
to the lower edge of the section. Each thawed section 
was mixed thoroughly and analyzed. The resultant 
mercury concentration was then an average for the 
particular core section studied. 

The liquid media was not analyzed daily but 
rather at two week intervals. Thus, for the purposes 
of the mercury balance, an average daily effluent 
mercury concentration was used in the calculations. 

An unknown amount of mercury was lost to 
the plastic walls of the microcosms. According to the 

Microcosm 

7 8 11 12 15 16 

1961 1785 2659 5300 1755 3281 
2659 3734 2212 2063 1828 569 
2745 635 581 239 447 141 

157 55 78 147 147 118 

7522 6209 5530 7749 4177 4109 

1581 879 4294 1640 2770 2942 
1471 2640 831 1131 1075 1066 

10394 9548 10475 10340 8022 8117 

108 99 109 107 84 85 

Table 22. Distnoution of mercury in the microcosms (pg). 

Microcosm 

3 4 7 8 11 12 15 16 

% of Total in Sedimenta 19 13 78 66 58 81 43 43 
% of Total in Algae b b 16 9 45 17 29 31 
% of Total in Water 20 19 15 28 9 12 11 11 

~ota1 mercury added = 9450 p.g. 

b No algae layer formed. 
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mass balances, minimal amounts were absorbed in the 
lighted microcosms but appreciable amounts may 
have been absorbed by the plastic walls of the dark 
microcosms. The algae mat formed on the walls of 
the lighted microcosms early in the experimental 
period and thereby possibly prevented further 
sorption of mercury by the plastic walls of the 
microcosm. 

Average values for the lighted microcosms from 
Table 22 show that the final mercury distribution 
over the period of study was: 62 percent in the 
sediments; 25 percent in the algae; and 14 percent in 
the water. 

A comparison of Table 19 and Table 20 
indicates that there is roughly a factor of 15 
difference in mercury levels between upper sediment 
layers and algae mats. That is, an average of 223 iJ.g 
Hg/ gm algae versus an average of 14 iJ.g Hg/ gm 
sediment. It is obvious that both the algal material 
and sediments in the microcosms were an import~t 
sink for the influent inorganic mercury. . 

Mercury Uptake Rate 

The mercury uptake rate was determined using 
Microcosm 16. The uptake rate is a measure of how 
fast mercury leaves the solution and is absorbed by 
the sediments or by the algae on the microcosm walls. 
I t is an estimate of the exchange or turnover rate. A 
plot of CICo vs. time allows the "k" value for the 
uptake rate equation to be determined (Figure 43). 

in which 
C 

Co 

CICo = e-kt .......... (1) 

= 

= 

mercury concentration at time t 
(mglI) 
mercury concentration at time t = 0 

(mg/l) 
k = uptake rate constant 

A plot on semilog paper yielded a straight line with k 
= O.009/hr. The final equation is: 

-0.009t 
CICo = e ......... (2) 

The half-life of mercury in the water phase was 
calculated from Equation 2 and found to be 77.1 
minutes. 

The lower line on Figure 43 is a plot of the 
mercury in solution versus time, for centrifuged 
samples of water from Microcosm 16. The smaller 
slope indicated that the rate of removal of mercury 
from solution was slower for the centrifuged sample 
than for the sample that was not centrifuged. The 
inorganic mercury may form complexes with wa~er or 
other constituents in the solution and these 
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Figure 43. Mercury uptake rate. 

complexes may inhibit the adsorption of mercury 
onto the surfaces of the sediments and algae mats. 
Complexes such as HgOH+, Hg(OH) 2 , and Hg(OH)3-
are formed when the mercuric ion reacts with water 
and may have different rates of adsorption or may 
not be adsorbed at all. 

Statistical Analysis 

Multiple regression statistical analysis of the 
mercury concentrations in the microcosms related to 
several selected parameters were performed on the 
computer at the Utah Water Research Laboratory. 
After the completion of the experiment, it became 
apparent that the system was influenced by many 
parameters and that, perhaps, not all had been 
monitored during the course of the experiment. 
Therefore, only limited conclusions could be drawn 
from these experiments. 

Correlations between variables of the water 
phase were not readily apparent because of the 
complexity of the system within the microcosms. The 
most important variable controlling mercury distribu­
tion within the microcosm was determined using 
multiple-regression analysis; however, no single para­
meter appeared to be controlling. Total mercury 
concentrations in the water phase were taken as the 
dependent variable (Appendix D, Table D-1) and 
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suspended solids (Appendix D, Table D-2), volatile 
suspended solids (Appendix D, Table D-3), and pH 
(Appendix D, Table D-4), were taken as the in­
dependent variables. 

Table 23 lists the statistical information gained 
for the aqueous phase mercury. Columns 2 - 5 list the 
mean values for each parameter for the entire study 
period (189 days), mercury (mg/I), suspended solids 
(mg/I), volatile suspended solids (mg/I), and pH. 
Columns 6 - 8 list the correlation coefficients for each 
independent variable (water phase mercury). Columns 
9 - 12 list the multiple-regression coefficients for total 
water-phase mercury (Bo) versus suspended solids 
(Bss), volatile suspended solids (Bvss), and pH (BpH). 
Column 13 contains the correlation coefficients from 
the multiple regression analysis. Finally, the most 
significant independent variable is listed in column 14 
along with its value for the statistical t-test in column 
15. 

It appeared that the multiple regression coef­
ficients of the aerobic microcosms for suspended 
solids (Bss) were negative for the microcosms in 
which nitrate nitrogen was absent in the nutrient 
media, and positive in the microcosms in which 
nitrogen was present in the nutrient media (Table 
23). From this analysis mercury distributions were 
apparently affected most by pH although the 
presence of suspended material, principally organic, 
had a significant effect on the distribution. 

Discussion of Mercury Results 

The natural level of mercury in the Hyrum 
Reservoir sediments approximated soil levels indicat­
ing no buildup in the reservoir from natural con­
centrations of mercury in the reservoir watershed 
runoff. However, a buildup in the microcosm sedi­
ments occurred when the relatively high experimental 

Table 23. Statistical analysis of total mercury in water. 

Mean Values Correlation Coefficientsa 

Microcosm 

Hg SS VSS pH SS VSS pH 

2 3 4 5 6 7 8 

8.70 1.50 1.09 6.65 -0.118 -0.090 0.421 

4 '9.59 2.74 1.64 6.66 -0.354 -0.030 0.029 

7 8.86 16.99 4.32 9.16 0.350 0.837b -0.205 

8 13.64 68.24 13.27 9.14 -0.295 -0.451 -0.037 

11 4.31 12.57 2.95 9.35 -0.109 -0.067 0.214 

12 5.79 4.15 2.06 9.61 +0.965 0.945 0.412 

15 5.19 14.35 3.17 9.29 -0.386 0.426 -0.149 

16 5.55 3.06 1.62 9.60 -0.452 -0.699 0.514 

aMercury concentrations in water as a function of the listed independent variable. 

b"Best" correlation coefficients are underHned. 
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concentrations (50 Ilg/l) were used. Anaerobic condi­
tions would tend to increase mercury in solution and 
available to higher levels of the food chain. Lighted 
conditions increased removal from the aqueous phase 
apparently from increased algae for uptake and from 
higher pH, resulting from the photosynthetic activity. 
Complete mass balances ~re obtained in lighted 
microcosms but not in the dark microcosms, incom­
plete assessment of outflow, wall absorption by the 
plastic, or other phase distributions were responsible. 

The penetration of mercury into sediments 
exposed to overlying water containing mercury 
appears to be confmed mostly to the uoper few 
centimeters of sediment. The sediments in the micro­
cosms were not disturbed by motile macro-fauna or 
plants larger than algae. At the end of the period of 
study (189 days), roughly 90 percent or more of the 
mercury in the sediments was found in the upper five 
centimeters of sediment. In general the mercury levels 
in the 1-3 centimeter sediment depth range were half 
of the mercury levels in the 0-1 centimeter depth 
range (Table 19). Applequist et al. (1972), found 
similar results when they studied sediment mercury 
distributions near municipal sewer out falls in New 
Haven Harbor, Connecticut. 

The production of gases by bacteria in the 
sediments may allow mercury to penetrate deeper 
into the sediments. As a result of bacterial action, 
gases were produced in the sediments. Eventually, 
sufficient quantities of gases were produced to form 
bubbles beneath the surface of the sediments. When 
the bubbles became so large that the sediments could 
no longer contain them, they escaped from the 
sediments. The resulting cavity collapsed, and allowed 
the overlying mercury-laden water to enter the cavity. 
By this means mercury could penetrate deeper into 
the sediment than if the sediment surface was not 
disturbed. This can only be taken as an observation 

Most 
Multiple Regression Coefficients Multiple Significant 

Correlation Independent 
Coefficient Variable 

Bo Bss Bvss BpH (t value) 

9 10 11 12 13 14 15 

179 -3.20 0.261 28.80 0.588 pH (1.42) 

-65.98 -3.90 6.23 11.40 0.639 VSS (1.65) 

-96.50 -0.035 3.04 10.10 0.895 VSS (3.34) 

53.10 0.15 -1.21 -3.66 0.540 VSS (0.93) 

-23.50 -0.13 0.98 2.84 0.344 pH (0.67) 

·59.40 1.05 1.89 5.92 0.991 SS (2.72) 
pH (2.75) 

23.90 -0.22 2.25 -2.44 0.639 SS (l.23) 

-60.80 1.35 -3.41 7.06 0.856 VSS (2.59) 



rather than a conclusion because of the many obvious 
differences between anaerobic and aerobic systems. 
The effects of the many different variables may more 
likely be synergistic rather than each variable acting 
independently to control the fmal distribution of 
mercury. 

The pH of the water solutions may have had an 
effect on the distribution of mercury in the micro­
cosms. The pH of the anaerobic microcosms was 6.6 
on the average and roughly 20 percent of the mercury 
was found in the water. With the exception of 
Microcosm 8, which was much higher than the other 
microcosms in suspended solids, an average of 12 
percent of the mercury was found in the water of the 
aerobic microcosms where the average pH was 9.3. 

There was a difference by a factor of more than 
15 between mercury concentrations in the sediment 
and algae mats (average of 14 J,J.g Hg/ g dry sediment 
and 223 J,J.g Hg/g algae). Mercury has a strong affmity 
for organic material and the organic material of the 
algal mats may offer more active sites for adsorption 
than the sediments. Transfer into organic material 
and pH effects were significant factors controlling 
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mercury distribution. When nitrogen was added (as 
nitrate) there may have been more suspended matter 
(algal growth) which would account for the positive 
regression coefficient observed for suspended matter 
and mercury in water. 

Because of the complexity of the system within 
the microcosms, correlations between variables in the 
water were not readily apparent. Volatile suspended 
solids, total suspended solids, and pH were considered 
as the variables that were most likely to influence 
mercury distribution within the microcosms. For 
each microcosm, mUltiple regression analyses were 
performed and a computer was used to determine the 
most important variable relating to mercury con­
centrations in the water and the resultant distribution 
of mercury within the microcosms. As can be seen 
from Table 23, none of the three variables studied 
appeared to be independently controlling mercury 
distribution within the microcosms. The lack of 
evidence for organomercury compounds is not defini­
tive as analytical procedures did not appear saJis­
factory; so the reason for the lack of repetition of 
Langley's (1973) results cannot be determined. How­
ever, no loss of dimethylmercury could be shown (see 
Kolb et aI., 1974). 





RESULTS: PART V-IRON METABOLISM 

IN THE MICROCOSMS 

Aqueous Chemistry of Iron 

Biological organisms require a variety of 
nutrients to grow and maintain themselves; these 
nutrients (EPA, 1971) were supplied to the micro­
cosms in the daily input medium (Table 5). The only 
other source of nutrients was from within the system 
itself and involved, principally, solubilization (by 
chemical or physical processes) from the sediments. 
Included among these nutrients are the very im­
portant trace elements, those constituents required 
by organisms in micro-quantities. Although not a 
variable in the experimental run of the microcosms, 
Fe will be discussed herein because of its importance 
as a possible growth rate limiting nutrient (porcella et 
aI., 1973; Goldman and Carter, 1965; Browne, 1942). 

Iron is the second most abundant metal and the 
fourth most abundant element in the earths crust 
(Cotton and Wilkinson, 1962). The source of Fe in 
the natural aqueous environment results from input 
of drainage basin waters and the constant interaction 
between the sediments and the water overlying the 
sediments. In these experiments chelated Fe was 
added daily (FeCI3 • 6H2 0) at a concentration of 
33 jJ.g Fell (an excess amount so Fe would not be a 
limiting nutrient); the hexadentate ligand used was 
Na 2EDT A, at a concentration of 300 p.g/l. This 
chelator was selected because it is a highly effective, 
very stable complexor, which forms strong 1: 1 
complexes with metal ions (Hanck and Dillard, 
1973). Chelation of the inetal ions is one mechanism 
used to keep Fe in solution and more available to the 
microorganisms than would otherwise be the case 
without such complexation. This is necessary due to 
the extremely limited solubility of Fe in natural 
systems. At the concentrations of Fe and chelator 
used in this experiment, all of the Fe was complexed, 
soluble and available for uptake by microorganisms 
(Stumm and Morgan, 1970). Competition for this 
chelator from Ca ++ and Mg ++ could decrease the 
tendency of Fe to form soluble complexes, but at the 
pH of the input medium, and the concentrations of 
major cations involved (22 mg Call, 12 mg Mg/I), it 
was assumed that all the Fe formed soluble 
complexes with the EDTA (Stumm and Morgan, 
1970). 
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The amount of Fe input to the system was 
overshadowed by the quantity of Fe found in the 
sediment phase of the microcosms. The initial con­
centration of Fe in the sediment (prior to incubation 
within the microcosms) was 2.2 percent total Fe 
(HCI04 digestion), of which 0.02 percent was ex­
tractable Fe (0.005 M diethylenetriaminepentacetic 
acid extraction). In the sediments the total Fe was 
106 and extractable Fe was 104 times the Fe added 
daily in the medium. Since Fe was not a variable in 
this experiment, any differences in productivity 
among the microcosms was considered to be due to 
the variables of light, NO 3 -N, Hg, or any combination 
of these parameters. In order for Fe to be an 
important factor in this experiment, conditions 
would have to be such that the daily supply of Fe in 
the feed would have to be consumed or, as in the case 
of the sediment phase Fe, it would have to be made 
unavailable (by chemical or physical mechanisms) to 
the microorganisms. 

Most natural systems have a pH which falls 
within a range of 6.5 - 8.5; at the experimental 
concentrations in the input medium (5 x 10-7 m) 
unchelated Fe would be present under these pH 
conditions as the hydrated ions of Fe(II) and Fe(III), 
the hydroxides Fe(OH)2 and Fe(OH)3 ' the carbonate 
FeCO 3' or anyone of a number of hydroxide 
complexes, the most prevalent being Fe(OH) 3 -, 

Fe(OH)2+ and Fe(OH)4 -. These are shown in the 
phase diagrams in Figures 44 and 45 (Stumm and 
Morgan, 1970). 

Fe(OH)3 would dominate the solubility of 
Fe(III). At pH ranges found in nature (and those 
found in the microcosms) the free Fe +++ concentra­
tion is considered negligible; instead, trivalent Fe 
exists as hydroxo complexes, chelated to some 
organic molecule or as a part of a viable or a dead 
microorganism (Figure 46) (Theis and Singer, 1974). 

The Fe-P relationship (complexation and inter­
action) also affects, to a great extent, the concentra­
tions of both elements in the aqueous phase of any 
aquatic habitat; this will be discussed later. 

FeC03 dominates Fe(II) solubility at pH < 11, 
indicating that the carbonate equilibrium plays an 



~ 
:3 2 
o 
~ 
cj 4 
z 
o 
() 

CI 6 
.2 

1 

8 

am' Fe (OH)3 (6) 

pH 

Figure 44. Phase diagram for the solubility of Fe(I1I) 
in natural aquatic systems (Stumm and 
Morgan, 1970). 
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Figure 45. Phase diagram for the solubility of Fe(lI) 
in natural aquatic systems (Stumm and 
Morgan, 1970). 
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Figure 46. Percent of total Fe which is free Fe(III), 
as a function of pH (Theis and Singer, 
1974). 

82 

important role in regulating the solubility of divalent 
Fe. The molar solubility of FeC03 is 4.5 x 10-6 
which would place Fe ++ in solution to a concentra­
tion of 250 p.g Fe/I; thus, Fe under these reducing 
conditions would be relatively soluble. It must be 
pointed out that in most natural aquatic habitats, 
Fe(I1) exists in significant concentrations only under 
anaerobic conditions (Brock, 1970). 

In ferrous-ferric aqueous systems, it is the pH, 
the redox potential, and the complexing ligands 
which dictate the composition and the stability of the 
Fe oxidation states (Cotton and Wilkinson, 1962). In 
strictly anaerobic conditions one would expect Fe(I1) 
to predominate, while under natural aerobic condi­
tions, oxidation would occur and Fe(III) would 
dominate. However, organic matter being present, 
Fe(H)-organic complexes and Fe(III)-organic 
complexes exist (Figure 47). The former are resistant 
to oxidation under aerobic conditions and the latter 
are resistant to reduction under anaerobic conditions 
(Theis and Singer, 1974). It is possible to have 
appreciable amounts of Fe(I1) under aerobic condi­
tions and Fe(III) under anaerobic conditions when 
organics are present. 

Ligh ted Microcosms 

The lighted microcosms were under high oxidiz­
ing and pH conditions (I 1-14 mg/l DO and 8.0-10.0 
pH range); these conditions would favor Fe(III) , 
considering the supersaturated DO levels (reaction 1, 
Figure 47). Fe(II) in its free ionic state (Fe++) does 
not exist and therefore FeC03 is not a controlling 
factor in the Fe equilibrium. One can isolate the 
Fe+++ and Fe++ lines from Figures 44 and 45 to show 
the effects of increased OH- concentrations on the 
ionic forms of iron (Figure 48). 

Using the master variable of pH, we can 
conclude that, Fe(III) in its free ionic state (Fe +++) is 
essentially absent; this is obvious, since at pH 8-10./­
there is more than enough OH- to precipitate Fe ++ 
out of solution as Fe(OHh, due to its extremely 
limited solubility (pk = 38.7 (Figure 44»). 

sp 

Any Fe(I1!) present, hydrolyzes (Theis and 
Singer, 1973) to the stable trivalent Fe-hydroxo 
complexes. These Fe-hydroxo complexes are chem­
ically resistent to reduction by organic matter (Theis 
and Singer, 1974). 

Since Fe is added in the trivalent state, the only 
source of Fe(I1) in this oxygen supersaturated system 
would be from the degradation of Fe(III)-organic 
complexes (Figure 47, reaction 2). Fe(I1) thus formed 
could combine with un oxidized organic matter to 
form stable Fe(I1) organic complexes. Some of the 
Fe(I1) formed would also be susceptible to oxidation 
and deposition: 
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Figure 47. Fe in presence of organic matter and 
oxygen. A simplified schematic by Theis 
and Singer (1974) to show Fe(I1) and 
Fe(I1I) in natural water systems. 
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Figure 48. Solubility of Fe ion in equilibrium with 
solid oxides or hydroxides. 

Fe +++ O.!£ Fe(OH)3~ 

The rate of these reactions would be rapid and 
a function of the partial pressure of 02 and the con­
centrations of [Fe(I1)] and [OH-] (Stumm and Lee, 
1961): 

- d [Fe(I1)] = k [Fe(I1)] (P )[OH-] 2 
ili 02 

Considering this rapid oxidation, Fe(Il) would 
have to be complexed and stabilized by organic 
matter to be present in aerobic systems. 

Physical and chemical conditions were such, in 
the lighted microcosms, that it was impossible for 
Fe(II) to migrate from the sediments and enter the 
aqueous phase. Anaerobic conditions existed just 
below the surface of the mud. Fe +++ would be 
reduced to Fe ++ and thus be soluble; yet, Fe 
would still not reach the aqueous phase because as 
soon as the reduced form crossed the liquid-solid 
interface into O2 supersaturated waters it would be 
oxidized and reprecipitated as Fe(OHh. (The 
aqueous phase of the system was completely mixed 
thus eliminating DO stratification and consequent 
anaerobic hypolimnion.) 
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Algal growth did occur in the light microcosms, 
and the growth was predominantly on the walls of 
the unit (periphyton). Any Fe taken up by these 
microorganisms would be removed from the aqueous 
phase; this Fe would probably be of the Fe-organic 
complex form. 

It must be concluded that the Fe found in the 
aqueous phase would consist of Fe{III)-organic and 
Fe(II)-organic (both particulate and soluble) any 
suspended Fe(OHh precipitate and Fe(III) hydroxo 
complexes. 

Dark Microcosms 

Under the reducing conditions of the dark 
microcosms (0.5-0.9 mg/l DO and 6.5-7.0 pH range), 
both DO and pH levels favored Fe(I1). Because Fe 
was added in the trivalent state, Fe could be 
complexed in that state (III) by organic matter and 
thus remain in solution as Fe{III)-organic despite 
reducing conditions. The particulate organic matter in 
the dark (VSS = 1.09 mg/I) was small as compared to 
that in the light microcosms (VSS = 6.24 mg/I), yet 
because there was some particulate organic matter 
present, the Fe(I1I)-organic could be formed. This 
was also substantiated when examining the soluble 
organic carbon data; the dark (2.4 mg C/l) effluent 
had slightly less than the light (3.2 mg C/l) effluent, 
but there was still sufficient organic material to form 
the trivalent Fe complexes. Because of this organic 
material being present, Fe(I1)-organic would also be 
formed. 

The most prevalent Fe species present would be 
the divalent inorganic: Hydrated Fe(H2 0) /+ and 
Fe(II)-hydroxo complexes. The Fe data presented 
below are for total unfiltered samples (particulate 
plus soluble). Any reference to total soluble Fe would 
be based on Whatman GF /C mtered samples. 

Results and Discussion of Iron 
Distributions in Microcosms 

Covariant analysis of the Fe data (Table 9) 
showed that higher total Fe concentrations existed in 
the dark effluent (0.131 mg Fe/I) than in the light 
effluent (0.092 mg Fe/I). If the data from Micro­
cosms 6, 8, and 9 (typical microcosms having high 
turbidity and/or low wall growth) is omitted, the 
average effluent total Fe concentration would be even 
less, 0.052 mg Fe/I. The bathophenanthroline analysis 
(Strickland and Parsons, 1968) for Fe in the aqueous 
phase was found to be of sufficient sensitivity to 
detect differences between the light and dark micro­
cosms. Samples were acidified, buffered, reduced and 
allowed to react with bathophenanthroline; the 
analyses were sensitive to ~ 10 pg Fe/I. 



The fact that the dark microcosm effluent was 
higher in Fe was expected because: 

1. Conditions of light microcosms favored 
deposition of Fe onto the sediments. 

2. Fe uptake by microcosms in the light was 
predominantly by the periphyton, which 
did not show up in the effluent. 

3. Dark microcosm conditions of low pH 
and low DO favored Fe solubility as 
Fe(II). 

Fe in the dark microcosm effluent had a higher 
fraction which was soluble (64 percent soluble) than 
the Fe in the light effluent (29 percent soluble). This 
was in accordance with expectations because: 

1. The dark microcosm effluent Fe was 
inorganic and soluble (Fe++, hydrated 
Fe(H20) ++ and Fe++-hydroxo com­
plexes) with only some Fe(II)-organic and 
Fe(III)-organic; a portion of the 
organically complexed Fe also being 
soluble. 

2. The light microcosm effluent Fe was 
associated with organic matter, with a 
portion of the particulate fraction un­
doubtedly being the suspended inorganic 
precipitate Fe(OH) 3. 

The particulate fraction is defined as that 
portion of the sample which would be retained upon 
a glass fiber filter Whatman (GF/C). Analytical 
technique was unable to differentiate between 
organic and inorganic (precipitate) particulate. 

Fe, under natural conditions, not only exerts a 
profound effect upon biological systems, but it plays 
a major role in controlling the distribution of 
phosphorus between the solid (sediment) and liquid 
(aqueous) phases (Stumm and Morgan, 1970). Fe and 
P are sometimes found in nature in comparable 
concentrations, and any extensive complex formation 
involving Fe and P would have a significant effect 
upon the distribution of Fe, P, or both. The daily 
addition of phosphorus as K2 HPO 4 at a concentra­
tion of 93 Ilg P/l was in excess to prevent it being a 
limiting nutrient (EPA, 1971). That concentration of 
phosphorus approximated the summer time average 
input to the Hyrum Reservoir (Luce, 1974). 

Covariant analysis indicated that the total P 
concentration was Significantly higher in the dark 
effluent (0.235 mg P/l) than in the light effluent 
(0.091 mg PIl). If the data from Microcosms 6, 8, and 
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9 of the light units were to be omitted, the average 
effluent concentration would be 0.048 mg P/l. P 
follows almost exactly the same pattern as seen with 
Fe; the much lower P concentrations in the light 
effluent were apparently due to the fact that: 

1. P complexes with Fe and precipitates out 
of solution and onto the sediments (pksp 
of FeP04 is 23). 

2. P is taken up by the periphyton and thus 
removed from the aqueous phase. 

3. P forms insoluble compounds with other 
elements and drops out of solution (least 
likely). 

As with the case of Fe, the fraction of total P 
which is soluble is much higher in the dark micro­
cosms (74 percent) than in the light microcosms (27 
percent). In the dark effluent, essentially all of the 
soluble total P was inorganic (97 percent ortho­
phosphate). In the light effluent, the P (again as was 
the case with Fe) was associated mostly with the 
particulate phase. 

Considering the light microcosms only, no 
definite pattern of Fe and/or P could be attributed 
specifically to one of the variables (N03 -N, Hg, or 
lighting scheme). The only apparent pattern seemed 
to be the equal effluent concentrations of Fe and P. 
The effluent total Fe concentration was significantly 
higher in Microcosms 6, 8, and 9 (0.176,0.204,0.260 
mg Fe/l) than the average of all other light units 
(0.052 mg Fe/l); the effluent total P concentrations 
(0.172,0.210,0.280 mg P/l) were also higher than 
the average of the other light units (0.048 mg P/l). 
The consistent relationship (Figure 49) between total 
Fe and total P in the lighted microcosms indicated 
interaction between these elements; it should be 
noted that the ratio of P/Fe in the input media was 
2.8: 1. Since a large portion of Fe and P was 
particulate (73 percent), we examined the particulate 
phase and an approximate one to one relationship 
still held (Figure 50). Because of the high produc­
tivity of the light units, it must be concluded that the 
causes for these similar mechanisms for distribution 
of Fe and P were primarily biologically instigated 
(rather than chemically or physically motivated). 

The other phases (dark: total, particulate, 
soluble; and light: soluble ) exhibited different pat­
terns of distribution (Figure 51), with Fe found at 
higher concentrations than P. The dark particulate P 
and Fe data were scattered, while the dark: total and 
soluble and the light:soluble had P/Fe ratios of 1/2. 
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DISCUSSION 

Aquatic microecosystems (microcosms) have 
been used to make measurements, perform bioassays, 
or develop information about aquatic processes. 
Because these systems are under controlled condi­
tions, they allow characterization of specific 
processes and mineral or organic cyclings which could 
not be easily discerned in the field. Microcosms come 
in every shape and form and uses of resultant 
information usually defme how complete and com­
plex specific microcosms are. The microcosms in this 
report were designed to allow complete chemical 
balances of important elements in microbially dom­
inated sediment water systems. 

Gas production in terms of quantity and 
composition showed the greatest responses to the 
major variation of dark and lighted microcosms. Also 
gas production seemed to be an excellent indicator of 
respiration and productivity as a function of organic 
matter in sediments and nutrient supply. Thus, the 
quantity and composition of gases produced in 
natural lake sediments under field conditions could 
be used as an indicator of trophic status as well as 
level of organic degradation. For example, specific 
gases such as methane, ethylene, and other hydro­
carbons might indicate the presence of specific 
microorganisms and processes (Dowdell et aI., 1972; 
Gibson, 1964; Smith and Rest all , 1971). In other 
cases sediment laden with heavy metals and resultant 
toxicity might prevent gas metabolism which would 
normally be expected given a high nutrient and 
organic content. 

Another important aspect of the microcosm 
study was the significance of nitrogen fixation. In a 
strict sense in these systems, nitrogen apparently 
could not be made limiting because algal communities 
would develop which were dominated by blue-green 
nitrogen fixers (Anabaena) and which would fix 
sufficient nitrogen to ensure that some other factor 
became limiting. Thus, as has occurred in lakes (e.g., 
Clear Lake, Horne and Goldman, 1972), and would 
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be expected to occur, the system will satisfy a 
nitrogen requirement so long as other factors are in 
relative abundance. 

The importance of mercury added at low levels 
over long periods of time was difficult to assess. It 
seemed likely that concentrations similar to the 
experimental ones would have to be discharged to a 
receiving water for longer period of time than six 
months in order to observe toxic effects. The 
inability to demonstrate organomercuricals in the 
sediment system is not defmitive since that could 
have resulted from poor analytical techniques. 

Iron and phosphorus interactions confirmed 
literature results, that iron and phosphorus dynamics 
are intimately linked (Wildung and Schmidt, 1973; 
Fitzgerald and Uttormark, 1974; Fillos and Swanson, 
1975; Mortimer, 1941, 1942; Hwang et aI., 1975; 
Syers et aI., 1973). In anaerobic sediments the 
availability of sediment iron may be sufficient to 
always meet the needs of productivity even though 
many factors serve to limit its availability; this is 
because extremely low concentrations are required 
for algal growth. 

The need to understand carbon (Goldman et 
al., 1972; Kerr et aI., 1973), nitrogen (Keeney, 1973; 
Patrick, 1973) and phosphorus cycles (Syers et aI., 
1973) in natural aquatic systems arises from the 
ubiquity of sources in natural ecosystems, their 
possible role as limiting factors, and the need for 
adequate control mechanisms. That sediments act as a 
source of phosphorus (e.g., Porcella et al., 1970), the 
only element that so far has an indication of being 
controlled in lakes and reservoirs (e.g., see Edmund­
son, 1972; Porcella et al., 1972, for phosphorus; this 
paper for nitrogen; Schmidler and Fee, 1974, for 
carbon) indicate the importance of evaluating sedi­
ments in terms of time an.d quantity in acting as a 
source for eutrophication problems. 





1. 

2. 

3. 

CONCLUSIONS 

The following gases were detected in the 
microcosms: N2, CO 2, O2, CH4 , CH2 = CH2, 
H2 S. H2 S was too low in concentration to be 
detected except by its odor. 
In the dark microcosms 02 was rapidly utilized 
so that near anaerobic conditions existed in the 
overlying water and atmosphere of the micro­
cosms (partial pressure = 0.03) as well as in the 
sediments. 
Mass balances of gases around the sediment­
water system of the microcosms indicated that: 
a) Nitrogen gas dynamics were not affected 

appreciably by nitrogen fixation; an acid 
spill great enough to upset the bi­
carbonate buffer system and to acidify 
bicarbonates in the sediments produced 
so much CO2 that it sparged N 2 from the 
aqueous phase. 

b) Oxygen gas dynamics were especially 
responsive to benthic oxygen demand in 
the dark microcosms (> 300 mg 02/m2 
day) and photosynthesis resulted in 
considerable oxygen input to the at­
mosphere in the lighted microcosms; 
partial pressures of 4045 percent oxygen 
were observed in some cases. 

c) CO2 dynamics resulted in a pH range of 
about 6.5 to 7.0 in the dark microcosms 
and generally 9.5 to 10.0 in the lighted 
microcosms. 

d) Methane production occurred in all 
microcosms after 40 days and Apparently 
resulted from methanogenesis in the sedi­
ments. Thus sediments remained 
anaerobic even in the highly productive 
light microcosms. Methane utilization by 
water column bacteria may have been 
responsible for the observation that the 
ligh ted microcosms produced less 
methane than the dark microcosms. 

e) Ethylene (CH2 =CH2) production was not 
observed until late in the study (~ 80 
days of operation) and was detected only 
in Microcosms 1,2, 3, 4,5,6,8,9,10, 
13, 15, 16. Highest concentrations were 
observed in the dark microcosms. Water 
column utilization of the ethylene by 
photosynthetic organisms probably 
resulted in its disappearance. 
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4. Dissolved oxygen dynamics in lighted micro­
cosms indicated that almost all the C02 was 
utilized driving the pH to 10 and lowering total 
dissolved inorganic carbon to values of 1 mg/l 
and less. Thus the microcosms were limited by 
pH or CO2 or as has been suggested by 
Goldman et al. (1974) by other effects of high 
pH. 

5. Nitrogen output from sediments is apparently 
limited and has an insignificant effect on 
sediment nitrogen even though it may have a 
significant impact on the algal community. 
Nitrogen input to the sediments is appreciable 
and occurs in the upper layers primarily. 
Highest sediment concentrations were observed 
in 0 - 1 cm layer but sediment mixing (from gas 
bubble release) must have occurred because 
typically the 1-5 cm layer had higher concentra­
tions than the 5-15 cm layer. 

6. Nitrogen fixation (acetylene-ethylene) was ob­
served to occur only in the lighted microcosms 
indicating involvement of blue-green nitrogen 
fixers. Significant populations of Anabaena in 
the wall growth indicated the probable source 
of the fixation. All but one (Number 6) lighted 
microcosm had significant fixation; values 
ranged from 0.03 to 0.30 mg/microcosm day. 

7. Nitrogen fixation was adequate to produce 
enough nitrogen for photosynthesis in all cases 
except Microcosm 6 where nitrogen fixers were 
apparently not present. Microcosms receiving 
no influent nitrate nitrogen produced 
essentially as much oxygen as those which did 
receive an input. Thus fixation was adequate to 
make up the nitrogen requirement so that some 
other factor was limiting algal growth. 

8. Nitrogen fixation accounted for 12 percent of 
the nitrogen influent budget in the no nitrogen 
lighted microcosms and 5 percent in the plus 
nitrogen lighted microcosms. These are not 
especially unreasonable values in comparison to 
some highly eutrophic lakes. 

9. Nitrogen fixation could not be observed by the 
analysis of gas phase nitrogen. 

10. Denitrification occurred in the plus nitrogen 
dark microcosms. 

11. Nitrification could not be substantiated. 
12. Mercury concentrations had no apparent effects 

on nitrogen cycling. 



13. Mercury was accumulated in the upper sedi­
ment layers. Baseline mercury in sediments 
were typical of values found in the surrounding 
soil systems and the lower (5-15 cm depths) 
sediment layers in the microcosms remained at 
these baseline values. 

14. The high mercury levels in the upper sediment 
layers were apparently associated with organic 
matter; wall scrapings averaged 223 fJg Hg/gm 
dry weight ("algae") while sediments averaged 
14 fJg Hg/gm dry weight sediments in the 0-1 
cm layer of the lighted microcosms. Sediment 
mixing (probably by gas bubbles) seemed 
responsible for distribution of mercury (and 
probably nitrogen) down to a depth of 5 em; 
values as high as 7 fJg Hg/gm dry weight of 
sediment were observed. Some redistribution of 
mercury occurred even in the no mercury 
microcosms; gas bubble mixing might cause less 
dense material such as organic matter to 
accumulate in upper sediment layers and thus 
carry mercury with it. 

15. The penetration of mercury into sediments 
exposed to mercury laden overlying waters, 
appeared to be about five centimeters as about 
90 percent or more of the sediment mercury 
could be found in the upper five centimeters of 
sediment. 

16. In general, the mercury levels in the 1-3 cm 
sediment depth range were roughly one-half of 
the levels in the 0-1 cm range. 

17. The sediments of the anaerobic microcosms had 
lower mercury levels than the sediments of the 
aerobic microcosms. 

18. Of the inorganic mercury added (9450 fJg) to 
each microcosm, approximately 62 percent 
went to the sediments, 25 percent to the 
aufwuchs, and 14 percent remained in the 
water. 

19. There was a factor of more than 15: 1 between 
the total mercury levels in sediment and algae. 
There was an average of 223 fJg Hg/gm algae 
and 14 fJg Hg/gm dry sediment, indicating the 
higher capacity of organic matter for mercury. 
Thus biological growth is the more likely 
transfer route for mercury in aquatic environ­
ments. 

20. The anaerobic microcosms did not form algal 
coverings on the walls of the microcosms. Thus 
mercury in the anaerobic microcosms did not 
have a high biological accumulation of mercury 
and did not accumulate much mercury. 

21. The plastic walls of the microcosms may have 
competed for mercury with algal mats that 
formed on the walls. No data were taken to 
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confirm this possibility. Mass balances of 
mercury seemed adequate for the lighted micro­
cosms (84 - 109 percent input accounted for) 
and indicated that wall sorption was minimal 
but dark microcosms did not balance (33 - 35 
percent). No dimethyl mercury was detected in 
the gas phase. Also no dimethyl mercury nor 
monomethyl mercury could be detected in 
aqueous or sediment phases; detection prob­
lems may have been responsible for not seeing 
organomercuricals. 

22. The pH of the water solution appeared to have 
an effect on the mercury distribution. Micro­
cosms 3 and 4 were anaerobic and slightly 
acidic. Roughly, 20 percent of the mercury was 
found in the water of the anaerobic micro­
cosms; this was compared to an average of 14 
percent of the mercury that was found in the 
water of the aerobic microcosms. 

23. The total suspended solids concentration 
affected the mercury concentration of the 
water. The average suspended solids of Micro­
cosm 8 was 68 mg/l and the average suspended 
solids of all the other aerobic microcosms was 
about 8 mg/I. In Microcosm 8, 28 percent of 
the mercury was found in the water and in the 
other aerobic microcosms, an average of 14 
percent of the mercury was found in the water. 
The anaerobic microcosms had lower suspended 
solids because there was essentially no primary 
productivity in the dark. The lower pH from 
anaerobic action in those systems accounted for 
the higher phase mercury. 

24. Mercury is readily absorbed by sediments, 
suspended solids, and algae, from water solu­
tions. A turnover half-time of 77.1 minutes for 
mercury in the water in the microcosms was 
found using labeled 203Hg. 

25. Because of the complexity of the system within 
the microcosms, correlations between mercury 
and variables of the water phase were not 
readily apparent. No single parameter appeared 
to be controlling overall mercury distribution. 

26. Organic iron and iron-phosphorus interactions 
controlled iron and phosphorus availability. 
These elements were in considerable excess 
relative to photosynthetic needs. 

27. The microcosm approach is an excellent means 
for identifying parameters and interactions in 
sediment-water systems. Gas analysis, nitrogen 
fixation, DO/C02 interactions and nutrient 
cycling (carbon, nitrogen, phosphorus, and 
iron) were all major factors involved in respira­
tion and photosynthetic activity in dark and 
light microcosms. 
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Appendix A 

Analytical Methods 

Parameter 
(PHASE) 

A. (AQUEOUS) 

I. Unfiltered 

Method Ref. 

1. Total Phosphorus 
2. Organic Nitrogen 
3. Total Carbon 
4. Inorganic Carbon 
5. Total Iron 
6. Ferrous Iron 

Persulfate Digestion 1 
Digestion, Distilla tion 1 
Combustion, Infrared 2 
Combustion, Infrared 2 
Bathophenanthroline 3 
Phenanthroline 1 

7. Total Mercury 
A. Flameless AA 
B. Gas Chromatograph: Mercury Column 

Column Description: 3 f1. of 1/8" 
O.D. stainless steel G LC column 

Packing Description: 3% Hi-Eff 4BP 
on Gas Chrom Q, 80-100 mesh 

Detector: Flame 
Oven Temperature: 140°C 
Injector Temperature: 180°C 
Detector Temperature: 280°C 
Carrier Gas: Helium 
Sample Size: 1.0 tIl 
Methane, dimethyl mercury, and 

monomethyl mercury all had 
similar retention times 

8. Suspended Solids Glass Fiber Filter 

9. Volatile Suspended 
Solids 

10. pH 
11. Dissolved Oxygen 

(l03°C) 
Glass Fiber Filter 

(550°C) 
Electrometric 
Winkler; Azide 

Modification 

4 

6 
1 

12. Chlorophyll 

II. Filtered 

Relative Fluorescence 7 

l. Ortho-Phosphate 

2. Total Soluble 
Phosphorus 

3. Nitrite Nitrogen 
4. Nitrate Nitrogen 
5. Ammonia Nitrogen 
6. Soluble Organic 

Nitrogen 

Antimony-Molybdate, 
Ascorbic Acid 

Persulfate Digestion 

Diazotization 3 
Cadmium Reduction 3 
Indophenol 5 
Digestion, Distillation 1 
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Parameter 
(PHASE) 

7. Soluble Total 
Carbon 

8. Soluble Inorganic 
Carbon 

9. Soluble Total Iron 
Carbon 

10. Soluble Total 
Mercury 

B. (SEDIMENT) 

1. Total Phosphorus 

2. Total Available 
Phosphorus 

Method Ref. 

Combustion, Infrared 2 

Combustion, Infrared 2 

Bathophenanthroline 3 

A. Flameless AA 4 
B. Gas Chromatograph: 

Mercury Column 

A. Persulfate 
Digestion 

B. HCL0 3 Digestion 
A. Dilute Fluoride-

Dilute HCI Soluble P 
B. NaHC03 Extraction 1 

3. Total Nitrogen Combustion 8 
4. Total Organic Carbon A. Dichromate 9 

5. Inorganic Carbon 
6. Total Iron 

Oxidation 
13 
13 
11 

7. Total Extractable 
Iron 

B. Colorimetric 
Monometric 
HCL04 digest, AA 
Diethylenetriamine 11 ,12 

8. Nitrate Nitrogen 

pentaacetic acid 
extraction, AA 

Phenol disulfonic 
acid colorimetric 

C. (GAS) 

1. Nitrogen Gas Chromatograph 10 
molecular sieve SA 

2. Oxygen Gas Chromatograph 10 
molecular sieve SA 

3. Methane Gas Chromatograph 10 
molecular sieve SA 

Column Description: 6 ft. of 1/8" 
stainless steel 

Packing: Molecular Sieve SA 
Carrier gas: Helium 

Flow rate = 30 ml/min 
Detector: Thermal conductivity 
Sample size: 1.0 tI I 



Parameter 
(PHASE) 

Method 

Attenuation: Variable 
Column Temperature: 100°C 
Detector Temperature: 260°C 
Injector Temperature: 100°C 

Ref. 

4. Carbon Dioxide Gas Chromatograph Porapak S 10 
5. Ethylene Gas ChromatographPorapak R 10 

Column Description: 6 ft. of 1/8" 
stainless steel 

Packing: Porapak R 
Carrier gas: Helium 

Flow rate = 30 ml/min 
Detector: Flame 
Sample size: 0.5 cc 
Attenuation: Variable 
Column Temperature: 50°C 
Detector Temperature: 2600e 
Injector Temperature: IOOoe 

References 

1. Standard Methods for the Examination of Water and 
Wastewater, 1971. 
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2. Beckman Total Organic Carbon Analyzer Instruction 
Manual Model 915. 

3. Strickland and Parsons, A Practical Handbook of Sea­
water Analysis, 1968. 

4. Coleman Mercury Analyzer System Operational Manu­
al, Model MAS-50. 

5. Solorzano, Limn. & Ocean. 14(5), September 1969. 

6. Beckman Manual, Zeromatic II. 

7. Turner Fluorometer Manual, Model 110. 

8. Coleman Total Nitrogen Analyzer Manual Model. 

9. Walkley, J. Agr. Sci. 25:598-609, 1935. 

10. Supelco, Inc., Bellefonte, PA. 

11. Model 88 J errel Ash Ins. 

12. lindsay, W. L., Colorado State University. 

13. Adapted from University of Colorado, Agronomy 
Series No.9, pp. 1392. 

14. University of Colorado, Agronomy Series No.9, 
pp.1374. 



-Q -

Column-Molecular Sieve SA ' 
0.5 cc Injection at 
attenuation of 64 for air 
and samples 1 .. 4 then 
attenuation of 32 for 
samples 5 .. 16 

'" ", AIR 

¥,N2 

CH, 
I 

~ 

,:;.) 

! ' 

-4 
6 t 

L, 
i 
! 

a _:, __ 9 10 11 12 13 14 15 16 



-o 
t-J 

AIR 

__ L._ 
.-.-.~ 

-j!.-~~-~- jL--_~_J 
I .·l . J ,I I 

':'-1--- ----~- --+--+--

i -1 
I 

I 
-I 

iT -'1 
!- -

__ I ___ J 

1--1-' 

l_='IJtl: LL-
I 

:.1 -T- .. -

i-· ~/Fl--, 

'- -. 

'2 

103 

!-

-1 +;---i---· 

---T-<-
1 . 

---+- I 

Column-Porapak S 
0.5 cc Injection at 
attenuation of 128 
for first peak then 
attenuation of 2 for 
remaining pears 

--~-.--. 1--- -., 

__ i 

10 11 J. !3 14 IS 16 



Appendix B 

Program Micro 

Introduction 

A digital computer program was developed to 
calculate mass balances for the microcosms. The mass 
balances included the following constituents: 

a. Gaseous nitrogen (N2 ) 
b. Gaseous oxygen (°2 ) 

c. Gaseous carbon dioxide (C0 2 ) 

d. Methane (CH4 ) 

e. Ethylene (CH2 = CH2 ) 

f. Total phosphorus (P) 
g. Total nitrpgen (N) 
h. Total car~on (C) 
i. Total iron (Fe) 
j. Total mercury (Hg) 

The mass balance for each of the above constituents 
in each microcosm can be written simply as: 

[

Net Change in MasJ 
in Microcosm J 
During a One Day 
Period 

(Term 1) 

[

Total Mass in Micro] 
= cosm J Before 

Servicing on the 
Current Day 

(Term 2) 

[

Total Mass in Microcosm] 
- J After Servicing on the 

Previous Day 

(Term 3) . . . . . . . (1) 
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After term 1 has been calculated for the current day, 
then term 2 is adjusted for the mass gained or lost 
during servicing to become term 3 for the following 
day. Thus the program steps through time, a day at a 
time, calculating the net gain or loss of mass for each 
constituent in each microcosm. 

Constituent concentrations in the microcosms 
were measured at approximately two week intervals. 
Intermediate daily values for the mass balances were 
obtained by linear interpolation between the mea­
sured values at the beginning and end of the interval. 

Solution Technique 

Figure B-1 is a descriptive flow diagram of the 
main program. The steps in Figure B-1 are keyed to 
comment cards in the program listing to assist in 
tracing program logic. 

Output data are written on disk fIles (II 
through 26); one fIle for each microcosm. These data 
are transferred from disk to the line printer by 
standard list and plot programs. 



STEP #1 

1. 1 Initialize counters and indexes 

1. 2 Read: control cards and initial values 
for room pres sure and temperature 

_J 
For each microcosm: J J -I 

1.3 Read: initial concentrations for 22 nutrients 
in microcosm J 

t 
1. 4 Read: initial mole fractions for 5 gases 

in micrbcosm J 

l' 

1.5 Read: ini tial value s for temperature, manometer 
reading, and heliunl volume in 

microcosm J 

'r 
1.6 Calculate: initial mas s of heliUlll (moles) 

in microcosnl J 

• 
1.7 Calculate: total gas volun"le at STP in 

microcosm J 
~ 

IF 

I Increment J I I 

+ 

FigUreD-I. Flow diagram for program MICRO. 
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Has end of data been reached? 1----.-. ... 
NO 

2. 1 Read: the number of " days 
in the inte rval 

Check data sequencing 

O.K. 

For each day: ID 

Read: daily pressure and room temperature 

For each microcosm: J 

1. Write error 
message 

2. STOP 

2. 2 Read: influent temperature, .effluent temperature, manom­
eter reading before servicing, manometer. reading after 
servicing, volume of medium exchanged during servicing, 
volum.e of helium added during servicing 

2. 3 Calculate:. 
1. Total volume of gas at STP before serVlclng 
2. Volume of He at STP in gas phase ,before servicing 
3. Volume of He at STP in aqueous phase before 

servicing 
4. Volume of gas at STP excluding He before servicing 
~. Net change in gas volume at STP, excluding He, 

during the one day period 

2.4 Calculate: 
1. Volume of gas at STP, excluding He, after servicing 
2. Moles of He after servicing 

Figure B-1. Continued. 
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(STEP #:3 

t 
~ For each microcosm: J , 

3. 1 Read: c.onc entr a tions of 22 nutrients in 
microcosITl J ITleasured at the end 

of the interval 

• 3.2 Read: mole fractions of 5 gases in 
microcosm J measured at the end 

of the interval 

-~ 

I Increment J 1 I 

+ 
_1 For 

I 
each microcosm: J ] 

t 
- I .. I For each nutrient: KN 1 

'. 3.3 Calculate: average daily change in nutrient 
concentration over the interval 

• I Increment KN 1 I , 
- I For each gas: KG 1 I 

l 
3.4 Calculate: average daily change in gas 

Inole fraction ove r the i:nterval 

t 
I Increment KG 1 I 

t 
I Incrernent J 1 I 

+ 

Figure B-1. Continued. 
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yes 
Is this the first interval? 

---... For each microcosm: J 

For each gas: KG 

4. 1 Calculate for the first day of the first interval: 

Figure B-1. Continued. 

1. The mass of gas KG dissolved in the 
aqueous phase of microcosm J 

2. The total mass of ga$ KG dissolved 
in the aqueous phaseilof ITlicrocosrn 
J 

Increment: KG ' 

Increment: J 
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STEP #5 

• - 1 For each day in the interval: ID I -1 

• I F'or each microcosm: J 1 -I • .. J For each gas: KG J .. '. f 
5. 1 Calculate for before servicing on day ID: 

1. Mass of gas KG dissolved in aqueous phase 
2. Change during one day period (ID-l to ID) 

in mas s of gas KG dissolved in aqueous 
phase 

3. Mass of gas KG in the gas phase 

1 
5.2 Calculate: 

Net change in the m.as s of gas KG during the one 
da y period (ID-l to ID) -, , 

5.3 Calculate: 
1. Mass of gas KG entering m.icrocosrn J 

dis solved in influent 
2. 1\1as s of gas KG in microcosm J after 

servicing 

• I Increment KG I 1 

f 
" " 

5.4 Calculate: 
1. Interpolated value of nutrient concentrations 

in microcosm J on day ID 
2. Perform. mass balance on P, N, C, Fe, ,. 

and Hg 

t 
5.5 Write on disk: 

Net change in constituent masses during the one 
day period (ID-l to ID) 

t 
I 

Increment J I I • I Increment ID I \. ' 1 
e B-1. Continued. t ~JV;' • 

Figur 
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STEP #6 

Initializ.e for next interval: 
Set values of variables for the 
start of next interval equal to 
values of corresponding vari­
ables at the end of the previous 

interval 

Figure B-1. Continued. 

IOPT 

NMICRO 

NNUTI 

NNUTO 

NGASI 

NGASO 

MINO(L) 

P(ID) 

RT(ID) 

XNO(KN ,J ,1ST) 

PROGRAM MICRO 

DESCRIPTION OF INPUT VARIABLES 

U
IOPT = 2 Write input data and output on line printer 
IOPT = 1 Write input data only on line printer 
IOPT = 0 No output on line printer 

Number of microcosms 

Number of nutrients in the influent 

Number of nutrients in the effluent 

Number of gases measured in the influent 

Number of gases measured in microcosm gas phase 

Identification numbers of microcosms (L :5 20) 

Atmospheric pressure on day ID (mm Hg) (ID :5 30) 

Room temperature on day ID (OC) (ID :5 30) 

Concentration of nutrient KN measured in the effluent from microcosm J at the start of 
the interval (mg/I) (J:5 20) 

KN = 1 Unfiltered total phosphorus (mg P/!) 

KN = 2 Unfiltered total nitrogen, excluding N2 (mg N/I) 
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XNO(KN ,J ,lED) 

XGO(KG,J ,1ST) 

XGO(KG,J ,lED) 

TI(ID,J) 

KN = 3 Unfiltered total carbon (mg C/I) 

KN = 4 Unfiltered total iron (mg Fe/I) 

KN = 5 UnfIltered total mercury (mg Hg/l) 

KN = 6 Suspended solids (mg/I) 

KN = 7 Volatile suspended solids (mg/I) 

KN = 8 Unfiltered ferrous iron (mg Fe++ 11) 

KN = 9 Unfiltered inorganic carbon (mg CII) 

KN = 10 Unfiltered organic carbon (mg C/I) 

KN = 11 Filtered orthophosphate (mg P/I) 

KN = 12 Filtered total phosphorus (mg P/I) 

KN = 13 Filtered nitrate + nitrite (mg N/I) 

KN = 14 Filtered nitrite (mg N/l) 

KN = 15 Filtered nitrate (mg NIl) 

KN = 16 Filtered ammonia (mg Nil) 

KN = 17 Filtered total nitrogen (mg N/l) 

KN = 18 Filtered total carbon (mg C/I) 

KN = 19 Filtered inorganic carbon (mg C/l) 

KN = 20 Filtered organic carbon (mg C/I) 

KN = 21 Filtered total iron (mg Fe/l) 

KN = 22 Filtered total mercury (mg Hg/1) 

Concentration of nutrient KN measured in the effluent from microcosm J at the end of 
the interval (mg/I) 

Mole fraction of gas KG in gas phase of microcosm J at the start of the interval (mole 
fraction, excluding He) 

KG = 1 Nitrogen (mole fraction N2) 

KG = 2 Oxygen (mole fraction O2) 

KG = 3 Carbon dioxide (mole fraction CO2) 

KG = 4 Methane (mole fraction CH4) 

KG = 5 Ethylene (mole fraction CH2 = CH2 ) 

Mole fraction of gas KG in gas phase of microcosm J at the end of the interval (mole 
fraction, excluding He) 

Temperature of influent to microcosm J on the IDth day (Oe) 
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VINI(1,J) 

NDAYS 

TO(ID,J) 

CR 

VADJ 

F(ID,J) 

HE 

VINI(ID,J) 

YADD 

Y(J) 

YG 

YA 

VP 

VOGSTP(ID ,J) 

v 

HEGAS(ill ,J) 

HEAQU(ID ,J) 

VNET(ID,J) 

CXNO(KN,J) 

ID 

IDS 

Initial volume of gas phase in microcosm J (ml, excluding He) 

Number of days in interval 

Temperature of the effluent of microcosm J on day ill (OC) 

Current reading on the manometer immediately before servicing (ml) 

Reading on the manometer immediately after servicing (omit if same as CR) (ml) 

Volume of medium exchanged during servicing (omit if = 0.9) (I) 

Volume of He added during servicing (mI) 

PROGRAM MICRO 

DESCRIPTION OF INTERNAL VARIABLES 

Total volume of gas, excluding He, at STP in the gas phase immediately after servicing 
on day ID (ml STP) 

Moles of helium added to microcosm (moles He) 

Total moles of helium in microcosm (moles He) 

Moles of helium in the gas phase (moles He) 

Moles of helium in the aqueous phase (moles He) 

Vapor pressure of water at specified temperature (nun Hg) 

Total volume of gas, excluding He, at STP in the gas phase immediately before servicing 
on day ill (ml STP) 

Total volume of gas in gas phase, including He, at STP immediately before servicing 
(ml STP) 

Volume of He at STP in gas phase of microcosm J on day ID immediately before 
servicing (ml STP) 

Volume of He at STP in aqueous phase of microcosm J on day ill immediately before 
servicing (ml STP) 

Net change in gas volume, excluding He, at STP during the one day period (ID-l) to 
(ID) (ml STP) 

Incremental daily change in nutrient KN in microcosm J derived from linear interpolation 
over the interval of NDA YS (mg/I) 

Incremental daily change in gas KG in microcosm J derived from linear interpolation 
over the interval of NDA YS (mole/fraction) 

Counter for time interval 

Counter for day within interval 

Counter for consecutive day from start of run 
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RK 

XMGASO(KG ,J) 

XMGPRE(KG ,J) 

Z(KG) 

J 

XGO(KG ,J ,1ST) 

XNO(KN,J ,1ST) 

XMGASA(KG) 

XMGASG(KG) 

GASNET(KG) 

XMGASI(KG) 

XP 

FE 

HG 

XN 

C 

FA(KG) 

VOLG(J) 

XlNl(KN) 

XlN2(KN,J) 

XP 

FE 

HG 

XN 

Coefficient for Henry's law 

Total mass of gas KG in mkrocosm J immediately following servicing (mg) 

Total mass of gas KG in the aqueous phase of microcosm J immediately following 
servicing on the preceding day (mg) 

Molecular weight of gas KG (mg/mole) 

Index equal to microcosm identification number 

Interpolated value of mole fraction of ' gas KG in gas phase of microcosm J on day ID 
(mole fraction, excluding He) 

Interpolated value of concentration of nutrfent KN in aqueous phase of microcosm J on 
day ID (mg/I) 

Mass of gas KG in the aqueous phase (mg) 

Mass of gas KG in the gas phase (mg) 

Net change in mass of gas KG during the one day period (lD-l) to (ID) (mg) 

Mass of gas KG input to the system in the influent water (mg) 

Net change in the mass of total phosphorus during the one day period (ID-I) to (ID) 
(mgP) 

Net change in the mass of total iron during the one day period (ID-I) to (lD) (mg Fe) 

Net change in the mass of total mercury during the one day period (ID-I) to (ID) (mg Hg) 

Net change in the mass of total nitrogen, including N2, during the one day period 
(ID-I) to (ID) (mg N) 

Net change in the mass of total carbon during the one day period (ID-I) to (ID) (mg C) 

Net change in the mass of oxygen during the one day period (ID-I) to (ID) (mg O2) 

Mole fraction of gas KG in the atmosphere (mole fraction) 

Volume of gas phase in microcosm J when manometer is zeroed (mI) 

Concentration of nutrients, common to all microcosms, in the influents (mg/I) 

Concentration of nutrients, which vary among microcosms, in the influents (mg/I) 

PROGRAM MICRO 

DESCRIPTION OF OUTPUT VARIABLES 

Same description as in "Internal Variables" 

Same description as in "Internal Variables" 

Same description as in "Internal Variables" 

Same description as in "Internal Variables" 
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c 

O2 

VNET(ID,J) 

GASNET(KG) 

Same description as in "Internal Variables" 

Same description as in "Internal Variables" 

Net change in g33 volume, excluding He, at STP during the one day period (ID-l) to (ID) 
(ml STP) 

Net change in mass of gas KG during the one day period (ID-l) to (ID) 

KG = 1 Nitrogen (mg N2) 

KG = 2 Oxygen (mg O2 ) 

KG = 3 Carbon dioxide (mg CO2) 

KG = 4 Methane (mg CH~ 

. KG = 5 Ethylene (mg CH2 CH2) 

PROGRAM MICRO 

V ALVES OF THE CONSTANTS 

Description Symbol Nitrogen Oxygen 
Carbon 
Dioxide Methane Ethylene 

Molecular 
Weight Z(KG) 28010 32000 42010 16040 28050 

Mole Fraction in the 
Atmosphere FA(KG) 0.7808 0.2095 0.00033 0.0 0.0 

Concentration of Nutrient in the Influent 

Microcosm 
Microcosm 

Total Total Total Total Total Gas Volume 
Identification VOL(J) Phosphorus Nitrogen Carbon Iron Mercury 

Number (mI) XINl(l) XIN2 (2,J) XINl(3) XINl(4) XIN2(5,J) 
(mg/I) (mg/I) (mg/I) (mg/I) (mg/I) 

1 419. 0.095 0.312 4.8 0.017 0.0 
2 343. 0.095 0.607 4.8 0.017 0.0 
3 514. 0.095 0.298 4.8 0.017 0.05 
4 319. 0.095 0.595 4.8 0.017 0.05 
5 524. 0.095 0.595 4.8 0.017 0.0 
6 336. 0.095 0.595 4.8 0.017 0.0 
7 485. 0.095 0.595 4.8 0.017 0.05 
8 359. 0.095 0.595 4.8 0.017 0.05 
9 359. 0.095 0.595 4.8 0.017 0.0 

10 382. 0.095 0.595 4.8 0.017 0.0 
11 360. 0.095 0.595 4.8 0.017 0.05 
12 357. 0.095 0.595 4.8 0.017 0.05 
13 359. 0.095 0.595 4.8 0.017 0.0 
14 505. 0.095 0.595 4.8 0.017 0.0 
15 482. 0.095 0.595 4.8 0.017 0.05 
16 506. 0.095 0.595 4.8 0.017 0.05 
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Appendix C 

Analytical Results 

Table C-l. Gas mole fractions. 

Microcosm 1 
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Table C-l. Continued. 

Microcosm 3 

Day N2 °2 CO2 CH4 C2 H4 
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125 .P51 .~24 .008 • U'J6 .0~)02 
140! .85 .et26 .007 • Hl3 .0~~2 
15A. .836 .12151 .036 .~64 .V1el?l 

------------.--.--.-----------.-----~--~--.-------~--HiS .872 .0142 .eltJ .059 .r.~111 

lS7 .9 .037 .~~7 .2147 • t;HH) 1 

Microcosm 5 

~~I ~ 02 CO2 CH4 C2H 4 
----------------------_ .. _-------.-------------------7 

13 
27 

.781 

.771 

.686 

.2~9 

.2?5 

.30i3 

• (~0~:3 
• ~0(,' 1 
.~~0I1 

.e~4 

.0(1\6 

-----------.-------------.----.--~"------~--------~--42 .~!Ci~ .32~ • ~~) r~ 1 .012 
56 .53 .34f .(7I~(I11 .~19 
7 i·' .71~ .2t\8 .1::1''11 • ('!l 12 

-------------~"--------~---------~-------------------8.1 ,,7115 .272 .0~"'8 • e r~ 6 
q~ .6S? .32~ .0e~5 • ~ \~ Fi 

11 1 .nfOld .3t>:-. • rJI(~H"6 .e!~3 .0Il'~1 ________________ M _____ • _____ ~ _____ -. ___ ~ __ • _________ _ 

1~'" 
t ,F" 
t~4 

.65 
.t;ti3 
.649 

.:!o:3f 

.31~ 

.337 

.V10t:i5 
• (:'!iHJ6 
."0~'6 

· ~,,.,, ~ 
• I~ 07 
.~"'2 

-----.-~--.------------------------~--------.~~------16 ~ 
1R7 

7 
1·3 
'?7 

42 
~" 
7{! 

.7301 

.~96 

.78t 

.7~R 
,,79(1 

.74 
.~87 

.6941 

.24~ 
.2r;, 

.~il0!9 

.t:"10~5 

Microcosm 6 

.?t"9 

.23~ 
• 19 

.24~ 
.30 

.269 

.~"(~3 

.elV1V'11 

.1'1"01 

• ")001 
.1110'111 

.0Pl1 

· ~~, ~ 
• V. ,A:3 

• ~H14 
.eJ~5 

• ~1l 
• ~H'I8 
.012 

--~-----------------~-------------.---.--------------8o! .7~F. .249 .(j~~8 .1(1\1'8 
9~ .~29 .1~3 .~"r.g .e!"'4 .01d~1 

ltt .~6 • 112 .0"'2 .014 

12F .ti75 .24 .L?J0~6 .071 
lM~ .1572 .304 .~~(H! .009 
1~t. .735 .246 .0,,~a .0L13 

-.--------------------------~----------------~-------It;R .87 .11"9 .0Q12 .008 
lR7 .77 .21 .~OIt'15 .01 



-....... 

Table C-l. Continued. 

Microcosm 7 

~ pay N2 02 CO2 CH4 C2 H4 ________ . ____ .. _____ ~ ___________ ._M _________ ~ _______ _ 
7 

13 
27 

.7R\ 

.184 

.65' 

.2~9 

.213 

.335 

.0QJ1il3 

.~0Q11 

.~001 
.003 
.0~7 

~-----------.~-------------------... --.-----.. ---.---
4~ 
!;6 
7 ~~ 

.~7fi 

.69P 

.583 

• J 1 
.286 
.298 

.(JI01'11 

.0OJ(i'll 
.0111 

.0~9 

.011 

.014 _______________ • __________________ - ___ w ______ • ____ ._. 

~d 

98 
111 

.63~ 
.~fj 

.5641 

• ~4P. 
.412 
.416 

."'00l8 

.l'!~H~5 

.eJOIc;,6 

.12I1Q1 

.013 

.008 ___________________ ~. ___ w ________ • ____ ._. ___________ _ 

1~~ 
1411 
\54 

.6 
.R14 
.594 

.385 

.367 

.391 

.00~5 

.~0t'!5 

.C'l0~6 

• ~H'3 
.0e.6 
.121Q13 

--"--.------.------.. -----------------.~.--.--~------It'i8 
la7 

.653 
.62 

.331 

.353 
.OJ~08 
• C'I.~05 

Microcosm 8 

.003 

.006 

-----~--------------~---------.~.---~-.-----.-.------7 .781 .~Qlg .00"'3 
13 .F9ti .301 .~0L(]1 .0~8 
27 .,.,.51 .35 .~0e!1 .012!4 

--------------.~------.--.----... -.-.-.--------------4;? .597 .395 .0001 .002 
55 .~5:3 .442 .00\'11 .e~01 
7(1. .619 .371 .0P11 .005 .------.. -------~-~---.. -~-----.-~.-.-.--.----.. ----. 84 .599 .391 .00~8 .003 • ~~ 0 '18 
g~ .!'99 .3R7 .00~9 ."12101 .V1'0~1 

111 .€1~ .373 .00P.15 .00~1 .~001 

-------.. ----.-------------------.~---.. ~-.------.---126 .~t8 .371 .~121~5 .f'0Vll .00~2 
1401 • tH~~ .3B3 .0006 ,121001 .~~H~2 
154 .6(14 .383 .0007 .1(112101 .~!?IV2 

----.----.---.------... -~---.-...... --.~.--.. -.--.. --
168 .1545 .342 .0006 .~00' .00~2 
187 .612 .378 • r" 0 171 5 .~0!7l1 .00~3 

Microcosm 9 

~ay N2 02 CO2 CH4 C2H4 
- - ;.;-;. - - - - - - .-. - - - - - _ .. - - - - - - - - - - - .. - - - - - _ •• - - - - - • - - _ .. _'w __ 

7 
13 
27 

.781 

.738 

.524 

.2Q!9 

.2!'55 

.451 

.01003 

.0.0~1 

.00111 
.~"'7 

.02 --.-.. -----.--------------.-------.-.----.-.. -~.----. 42 
55 
7 i' 

.~61 
.:53 

.~99 

.392 
.41 

.364 

.(lI0~1 

• r·H'HH 
".0li'11 

.r?!3Q 

.055 

.~~2 

--------.--.. ------------~----.-----.. ---.-.--------. 84 
98 

111 

.623 

.~47 

.556 

.3~4 

.422 

.041 4 

.~t1l08 

.t'lldet6 
• ,110"'5 

.006 
• v'll ~ 
• :tH~9 

----------_ .. --------------------.. _-----------------
126 
14V" 
15.4 

.';155 

.~7' 

.54. 

.317 

.4('13 
.43 

.00Q1e 

.~~P.l5 

.~0"'6 

.0C'15 

.0(16 

.e09 .111 ~~ V.l2 ___________ ._. __ •. _. _________ ._. _____ ._.p.w _________ _ 
t~8 
\87 

.~52 

.5~t5 
.43 
.43 

.et1i1Vl6 

.e!0~5 

Microcosm 10 

• ~H~6 
.~;'3 

.ed?!(2 

.~ij~5 

-----~---... -.--------------.-------------~---.---~--7 .781 .2P}9 .CJlI2IV13 
1~ .752 .245 .~0Li11 .003 
27 .5rA5 .461' .00~1 .V122 

--.------.-.-------.. -~----.------~---.---.--~-------42 .569 .4914 .",o011 .ella 
56 .572 .417 .00CH .~HHj 

70 .64 .3!S1 .0~1 .~~4 

-------~.---------------------.---~---.-.--.. -.. ---.-84 .. 61212 .382 .12112108 .12109 
9R .5ti6 .41 .~0~'6 .0121 

111 .564 .421 • "'!'l1iJ6 .12I0!3 

----------------------------.----.-.-.. -~ .. ---.-----. 1.25 .583 .399 .0006 .1?J~5 
14C'1 .~83 .399 .012106 ."'03 
1!54 .577 .407 .012107 .00~ .-.---.... --.. ~-------.~-.--.. ~---.. -... --... --... -.. 
168 • ~8e .401 .0~06 .002 
187 .505 .38 .(.'10016 .00!5 .00~1 



--00 

Table C-1. Continued. 

Mlcrocosm 11 

Day N2 °2 ,C0
2 CH4 C2H4 

-------.--.--.-------.---.----.-~.----.--~-."---.-.--7 
l~ 
27 

,781 
.726 

.51 

.209 
.27 
,46 

• ~ li.H33 
,001211 
• N1fJ1 1 

.IJ1i.I4 

.02!'S ________________ " ________ ._M ________________________ _ 

4' 
56 
70 

.5~4 
,564 
.64~ 

,4e5 
.41 

,335 

,(1I(IlC11 

• (~I(! Pl1 
• t1 r1l1 

• {~ 18 
.~?1 
,~ 11 

----------.--~--------------.-.----------------------A4 
9A 

111 

t2~ 
14C'! 
1.54 

tF,R 
187 

.1;41 

.ti>'l9 

.!'i({S 

.586 
,5F 

,556 

.57Q 

.~e4 

.349 

.372 

.~87 

.39f\ 

.397 

.415 

,4l"2 
.4~3 

.et~;'I8 

• £II !!'H16 
.~0~ti 

.00~6 

• CiI~~'6 
.",0016 

.0006 
,~~?I6 

Microcosm 12 

• vi ~13 
.V1~4 

• I~ 13 

• ~H14 
.~1 

• VI'13 

, ~H~7 
.0~2 

-----------.--------.---------.---.-----.----~-------7 
1 :3 
';7 

,781 
.7 

.51 

.2(719 

.295 
,471 

.~0tlJ3 

.00"1 

."001 
.0"'5 
.1il47 

.---.-----.----------------~-----.~-----.------------4~ ,564 .4~7 .~001 .. ~?1 
t>~ .. 54!5 .. 438 .Pl0{111 ,~12 
70 .63~ ,356 • ~H~ 1 • 0~)4 

----------_._----------------------------._----------81- ,"".7 ,382 , t'l0f18 .~05 
91:' ,559 ,417 .iiJ~r.5 • ei 1 

t11 • ~t51 .421 .v.e0l6 .~05 ___ .-----_____ . ____ .... __ w.---- __ ..... _ .... ____ ...... 
125 ,Sf.il .423 ,eI~et6 ,1ilV13 
14~ ,571 .411 • ~HHH5 • 21~" 4 
15~ .558 .429 ,0~~6 ,V,lrlC1 

--.--~---.--.---.. ---.------.-----.--.----.-.---.----168 .57 ,411 • ~"HH5 .0~8 
187 .593 ,393 .t'lQl9Io ,1211714 

Microcosm 13 

Day N2 02 CO2 CH4 C1H4: 

~--~---.-.-.------.---------.---.-----------------."~ 7 
13 
27 

.781 

.715 
• ., '15 

,2P1Q 
.282 
,~76 

,~e:(ij3 

.~001 
.0~3 
,Ql1A 

------------_.----------.---.--.---------------------42 
56 
"/1} 

~4 

98 
1 1 1 

,~fI5P 

,!59~ 

.628 

.(1;09 
,558 
,633 

,393 
,393 
.3t'3 

,381 
.41~ 
,355 

,QI~~111 

,'2I~liIl 
,9I~1 

,,,,e~8 

.00~4 

,~~iil6 

• 113 III 
.007 
,~04 

.. 0~4 
,~0l'11 

, ~""11 --------._.-.-----------.---------_.-----------------
12t; 
14~ 

154 

,t'12 
• ell 1 
.~99 

.37t' 

.387 
.39 

.VleJ\?I5 
,00t7l6 
."'0016 

• eH1~ 1 
.!'I0~1 
,~0~1 

.-------.----~--------.--------~--------------.. -.---16~ .6~A ,379 .0e~6 .0t2 
187 ,~97 .391 .~~~5 ,0~2 .~00t 

Microcosm 14 

--------.-.. -.-----.---~------.----------~----.------, 
13 
27 

.781 
,72Q 
.6~1 

.2~9 

.26Q 
,352 

.00"'3 

.VI\l(:11 

.12l~c:,1 
.~"'2 
,kl ~i 2 

--------.... -.----.-----------~-.---------.----.--.~-
.42 .~8? ,408 .00t?11 ,0P12 
56 .577 ,41~ • "'0P1 1 .el06 
7Vi .622 ,:549 ,0f}J 1 .024 .R_. ____________________ • _________ e ____ • __ •• _________ 

84 ,~61 ,329 .2101'l8 .0"'4 
98 .629 .3~2 .9.I"'t?l5 ,0~5 

111 ,f)9A .292 ,02106 ,0171~ 1 ---... -.. -----------.-... ------._.---.----_._--_.----
126 ,648 ,337 ,~0~6 ,l!H"4 
14;\ .655 ,323 .0111016 , 0{19 
154 .632 .3e,1 ,0006 .01213 -_ .. _--_ ....... ------.. _--.. ---.... ---.----.. -.------
168 .Bt5 .323 .0007 .0P!5 
187 .ti35 .343 .Pl0~5 .012 



Table C-l. Continued. 

Microcosm 15 

Day N2 02 CO2 CH4 C2 H4 

--------.-----------.. -------.-------.-------------~. 7 
13 
27 

.781 

.. 773 

.e-86 

.2r:9 

.218 

.30'7 

."'~03 

.~01'11 

.(7.0~1 

----_._----------------------------.-._--------------
.12 
S6 
7 ';\ 

.12l0rll 

.00 1'11 
.~till 

.~~2 

.et(l;3 

.~~2 

-------------------~----.-------.---------~----------8.1 
98 

111 

.632 

.~941 

.627 

.3tH 

.392}' 
.~6 

.;?I~P!8 

• f-H)!?I4 
• PI 0 ~~ ~ 

• 'HH~ 1 
• cH""l 
.(;11101 

• r ~~ ('}! A 
.0~'j~~~ 

• t~ ~" (~ !,; 

.. ----~--.-------------------------------------------.~84 

• !liB 7 
.583 

.0'1006 
• ~~01'15 
.0I~~6 

.r,~01 

.~e'el1 

.til!?!11 

-.-----~-----------------.---------------~----.------16~ 

187 
.594 
,58A 

Microcosm 16 

.0~r5 

• i~ ¥~ ~1 4 

-------.------------.--.------.-------------.~------. 7 
13 
27 

,1A1 
.752 
.67'5 

• ~~0I3 
, CHHl1 
,7.0£'11 

----------.-.. ----------------.-.---.~-.-------------42 
5'5 
7f1' 

.658 
.64 

,66F. 

.P!0"1 

.P!0~1 

.~01 --.-----.. --------.~---.--.---------------------.----84 
Q~ 

11 1 

.341 
,41 

.363 

.~0VJ8 

.~0"'8 

.00Q16 

----.----.-.-.---.-----.----.-.-------.---.-.--.. ---~ 
1?~ .~~fIii .4 ,121006 • ~H?l3 
14~ .5!) .399 ,e!0~5 ,~~001 .~(/H 

154 ,5B4 ,4c:l~ '. ~HH'lf5 ,0flll ----.. --.-.-------.-... -------.------.--.---~------~ . 
169 .~9~ .389 .~00!5 • 0~7 
tR7 .~e6 .4 ,el01715 .0'"3 • ill ~ ~ll 

119 



-N 
Q 

Table C-2. Nutrients. 

Unfiltered 

Day 

7 
13 
27 

TP 

.1/I9~ 

.Pl87 

.247 

TN 

.312 

.614 
1.(')26 

Microcosm 1 

TC 

4.e 
27.!5 
1~. 

TFe 

.(il17 

.075 

.215Q 

ss 

.1iI'5 
11.9 

1.11' 

vss 

.11'5 
1.4 
1. ~ 

IC 

2.6 
2J 

11. 
---------.. --.. --------_ .. --_._._.-.-.-.------_._------------------------

,s2 .33e .47 15.5 .290 2.e; 1.4 12. 
56 .33~ .35 14.5 .172 3.6 1.6 1~.5 

1'" .21~ .657 14.5 .073 1.2 1.2 11!l.5 

._-------------------------.--------_.-------------------------------~---8,s 
ge 

111 

125 
1411' 
154 

lee 
189 

Day 

.2~3 

.221 

.189 

.21 
.152 
.1411 

.214 

.126 

TP 

1.e38 
.445 
.381 

.478 

.765 

.15r.3 

.~3ti 

.4151 

TN 

13.5 
13 

g 

11 
8 

12 

8.5 
7 

.HJ9 

.1(IJ~ 

.086 

.1 
.I1JQ8 
.03!5 

.151 

.089 

Microcosm 2 

TC TFe 

1.4 
2.4 
1.5 

.5 
1.5 
1.0) 

1.1 
.1111 

SS 

1. :5 
1 • 1 
1.4 

.5 
1.1 
vI.1I 

1.4 
.01 

VSS 

1~ 

8.5 
7 

S 
7 

5.5 

IC 

7 
7 

------_.-..... --_._. __ •.. --... --.. ---.-.--... ---... ----.. -.----.~------.-
7 .095 .6~1 4.8 .11l1 7 .(lJ5 .:115 2.6 

13 .11183 .91'14 30.0 .071 11.3 ~.1 25.5 
27 .41!5 .439 16.5 .350 0.60 .50 13.0 _._. ___ .-w .... _. ___ . __ ._.-___________ ._. ___ . __________ .-_._. _____________ 
42 .';.17 .915 19.0 .105 3.3 2.7 13.5 
515 .333 .5 17 .0 .111 6.1 3.2 13.0 
70 .2(119 .45ts 15 .045 1.7 Id.~ 11.5 

------_ .... _-_.--._--_._.----------..... _---_._ .. ----.--------------.----
84 .21118 .726 16 .11"1 .01 .01 12 
9a .211 .543 15 .177 1.0 .7 liJ.5 

111 .181 .399 10.5 .107 1.2 1. 1 e 
. ------.. _--.... -----...• ----... __ ..••........ ---.. ----._.----.-.-----_.-
126 .184 .536 12 .118 1.0 .9 9 
140 .'11 .642 11 .12 1.4 .4 9 
154 .262 .656 8.5 .086 .5 .5 6.5 ---._._-...... _.--------_ .. -.---_._.--_.------------_.--_.-.. _-----------
usa .185 .518 9.5 .083 2.1 2.3 7 
1St .154 .488 8 .112 1.0 .!I 7.!i 

Day 

7 
13 
27 

TP 

.':"9!5 

.~53 

.?83 

TN 

.2Q8 
1.180 

.211 

Microcosm 3 

TC 

4.8 
27.5 
115.5 

TFe 

.017 

.!ti31S 

.171 

ss 

.e5 
<l.~0 

1.2~ 

vss 

.~5 

.~11:l 
.2~ 

IC 

2.0 
24. 

14.0 

-----------.------------------~----------------------- -------------------42 .323 .610 19.0 .183 4.5 1.4 14.0 
!II; .5\7 .941 U5.0 .1"9 3.1 2. ~. !;~. 111 

7!l1 .~2~ .531 15 .075 2.2 1. J 11.5 
---------------------------_ ...•... _----------_.-..... -------------------

84 
!Hl 

111 

126 
1401 
154 

te8 
18~ 

Day 

.2"'1 

.::'1"1/5 

.193 

.17 
.201~ 

.1 0 

.111'i 

.1!51'i 

TP 

.63~ 

.383 

.43111 

.574 

.577 

.~!) 1· 

.51/'7 

.4t'18 
"';? 

TN 

14.5 
12.5 
9.5 

1,s 
9 
8 

12 
7 

.073 

.118 

.0B7 

.11 
.017 
.053 

.082 

.057 

Microcosm 4 

TC TFe 

1.2 
1.4 
1.4 

.!ill 
1.6 

.8 

1.2 
1.2 

SS 

1.1 
.9 

1.:.'1 

.'''1 
0.7 

.8 

.ilIl 
1.1 

VSS 

10.5 
'::I 

7~. 5 

9.5 
tI 

5.5 

0.5 
7 

IC 

----------._-------.------------_.-.. -.. -_._--------_.-------------------
7 .Ql9~ .5Q~ 4.8 .017 .~5 .05 2.6 

13 .1i'I14 1.1~6 21.5 .0415 6.10 .01 24.0 
27 .203 .46111 17. .0215 1.1 1. 1 14.!> 

-----------------.------.------._--.-._------_ .... _---._-----------------
42 .29~ .e47 16.5 .187 2.2 1.3 12.5 
55 .431 .54- 15.5 .301 3.6 1.9 12.5 
7'l! .2615 .587 15 .092 2.6 2.k.1 11.5 

-------.---.----.-----.-------.---.-----------.. ----~. ---------_._._---_. 84 .252 .690 1~.5 .143 2.1 2.0 11 
98 .231 .5~2 13 .125 2.4 .7 9.5 

111 .2 .476 10. !5 .075 1.2 1.1 8 
---.. _-------.-----.-- ... ---------_ ....... ---... _---.. ----------------_ .. 
126 .17~ .5"'1 15 .0e7 .7 .4 8 
140.1 .233 .6151 10.5 .109 3.5 1.4 6.5 
154 .11114 .843 5.~ .733 .5 .5 3 
---.--------.. ----.. --•.. ----_ ....•.•.••• ---..... ----. --.. -~.-.---.------
IRe .29 .5113 22 .441 •• 3 2.0 18 
189 .214 .4154 9.5 .222 3.2 1.4 9 



..... 
N ..... 

Table C-2. Continued. 

Day 

7 
13 
27 

TP 

.~~5 

.fl47 
• ~~72 

TN 

.312 

.606 

.1!H5 

Microcosm 5 
TC TFe 

4.6 
29.:5 
12.5 

.017 

.a53 

.043 

ss 

.11!5 
1!~. 5 
11.3 

vss 

.05 
3.~ 
4.7 

IC 

2.6 
23.!l 

5.1:! 

_.-._--------... -----------_._-._-_._._--------------- --.------~-.-------
42 
56 
70 

84 
96 

111 

126 
140 
154 

158 
189 

Day 

."'37 

.('I~g 

,1iI32 

.1}!41 

.tlif52 

."'54 

,C!!'!'i2 
.~e4 

.""71 

."'" .fi'l34 

TP 

.245 
,055 
.2"'5 

.34 
.242 
.197 

.11'13 

.517 

.0"e 

."'75 

.140 

TN 

5.5 
5.0 

I'l 

5 
9 

5.' 
5.5 

5 
5 

5.5 
4 

.021 

.048 

.11114 

.092 

.143 
,096 

.082 

.078 

.125 

.12181 

.051 

Microcosm 6 

TC TFe 

7.3 
5,7 
7.3 

12.7 
1 e. 1 
19.3 

17.9 
16,5 
14.1 

13.6 
9.I! 

ss 

3.1:3 
2,(/l 
3.1r:i 

01,6 
2.5 
3." 
3.b 
3,5 
3,~ 

2.5 
2,5 

vss 

3,..:1 
2 
4 

3 
4.5 
2.5 

3.5 
3.5 

.3 

.3 
3 

IC 

.--.--.------.----------~--.. -------~.-----.. ------.------------_.--_._--, 
.~9~ ,6£117 •• 8 .017 .05 .IIJ~ 2.6 

13 • 1'1 51!! .62P 28.5 ,070 13.7 2.7 23.ki 
27 .025 .360 16 ,5 .020 3.60 1.6 11.5 

-.-------------------------------.----._.----------------.---------------
42 .~415 .281 8.0 .091 23.2 1.(1 3.5 
56 .J71 .81'(16 1".~ .401 233.g 40.1 7 
7C!'1 .~76 .456 7 .071 27.7 6.1 3.5 

--------------------------------------_.---------------------------------8. .11118 .631 10 .0P3 24.7 :5.5 6 
98 .247 .472 19 .233 53.121 12.3 10 

t 11 .189 .716 12 .12195 19.6 ".1Il 11 -.. ---------.. --------.----.-----.. -... -.~.~--.--.--.- --._.-.-------.----
126 .20. .661 19 .199 62.2 22.9 8.5 
140 .32 1.325 17 .234 85.8 26.3 7 
U54 .~18 .322 1~ .367 81.2 13 .6 6.5 
---~-------..... -... -----~--.---.---.-.. -------.. --------_.-.---... -._._-
158 .2615 .811 24 .241 58.5 16.1 12.5 
169 .114 .354 15 .182 22.2 3.8 7 

Day 

7 
13 
27 

TP 

.VJg:5 

."!!I~ 

.("39 

TN 

,298 
.97 

.44[1 

Microcosm 7 

TC TFe 

4.3 
28.5 
19.5 

.017 

.057 

.021 

ss 

.(110 
11.3 
5.9(11 

vss 

,~!) 

2.7 
0!.3 

IC 

2.6 
23.~ 

4." _.-.---._----.-... -------------.----_._.--------_._---._-----------------
4~ 

~6 

7tl1 

64 
ge 

111 

12~ 

14'" 
1~4 

.1!I:55 
,1Cll' 
.12f11 

.D'9~ 

.~6(5 

.C'45 

.r"49 

.",~jI; 

.(115 

,277 
,722 
.:'I~1 

.~ 
.458 
.'-71 

.3~7 

.1516 

.e'71 

9.LI! 
14.5 

1 n 

7 
!3 

5.~ 

:, 
22 

4 

.045 

.055 

.027 

.(161 

.14Q! 

.Ql55 

.0811 

.047 

.092 

17 .5 
14.3 
15.2 

23.4 
20.1 
14.9 

16.3 
1 ~.1 
II. ~ 

4.0 
loJ.7 

11.e 

5.3 
2.7 
3.4 

2.3 
3.5 
j.~ 

3.0 
6.5 

0 

2.5 
2.5 
2.5 

3 
1 S 

3 

---------.---------.--.. ----------~---.-------------.- -----------------.. 168 
189 

Day 

,""71'1 
,(151 

TP 

.,.,l"l!'il 
Y.lt9 

TN 

3.5 
.121 
.04g 

Microcosm 8 

TC TFe 

20.i1! 
13.2 

SS 

3.5 
1.6 

VSS 

2.5 
2 

IC 

---------------.--.----------------------------.-~-------"-.---~---------7 .Y195 .5!H; 4.8 • III 17 .1",5 .QI!> 2.b 
13 .<'159 .148 27,'5 .0li6 14.3 3.3 21.5 
27 .1i11 .'577 13. .01')6 2<'1.1 5. f; 6.5 

-------------------------------------------------------------------------
42 .2Q11'1 .21\3 111l.'" .146 65.~ n.3 4." 
56 .453 <,.44('1 17 ." .529 1"i7.4 24.1 5.~ 
7\'1 ."45 .197 8 .016 12.8 '.k.i 3.5 

---------------------------------------._._------------------------_ .. ---
84 .fl48 .?39 6.5 .161 39.5 1 J.l 2.5 
98 .365 1. rl 39 14.5 .47~ lUl.9 26.7 5 

111 .2A5 .472 12 .452 03.6 15.~ 6.5 

--.-----.-------"--------.-----.------.. ~.---.-.---.-- .-.-------._-------1215 .r-I8 .339 6.5 .183 37.1 2.4 J 
140 .1119 .Srl2 15 .172 65.0 1'.~. 6 2.5 
154 .08R .120 8 .151 34.8 5.5 3 
---.-._---_._._-------... ----.------"_ .. -----._ .... ------_ .. _----.-------
168 .147 .241 7.5 .147 71.0 11.5 2.5 
189 ,i>29 .315 4 .086 17.9 3.0 2 
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Table C-2. Continued. 

Day 

7 

1~ 
27 

412 ,e 
7~ 

64 
98 

111 

TP 

.09'5 

.9135 

.~39 

.244 

.40Q1 
.2 

.'43 

.!'i52 

.!592 

TN 

.312 

.74~ 

.91214 

1."'5 
.504 
.943 

.935 

."49 
1.132 

Microcosm 9 

TC TFe 

4.8 
25.121 
7.0 

19.5 
15 
15 

1121 
19 

20.5 

.11J17 

.046 

.Ql29 

.236 

.J713 

.088 

.135 

.515 

.749 

ss 

.\015 
7.3 
9./5 

116.1 
134 

53.3 

63.4 
291.6 
318.51 

vss 

.0::' 
2.7 
3.7 

25.1<1 
29 

27.6 

27.!.I 
IS VI 

71.7 

IC 

2.6 
21. 
1d.5 

3.5 
3 
3 

2.5 
4 
5 

-----.------------.-------.----~--~-.~~---.. ---.. ---.-----------~-.-----. 126 .383 .941 18 .418 173.7 29.2 8 
141i'! .4H 1.228 3.5 .3 19f'1.4 ~5.7 .5 
154 .31119 .1549 13 .26 113.3 28.7 3 
---------------.------.-------_._------.. -.--_._.----.---.---------------
158 
189 

Day 

7 
13 
27 

42 
5e 
70 

84 
98 

111 

.1~8 

.1Ui 

TP 

.095 

.037 

.0l26 

.r61 

.127 

.032 

.022 

.e38 

.0417 

.292 

.1512 

TN 

.1'5(217 

.734 

.4151 

.648 

.111 

.313 

.319 

.525 

.232 

7 • 1 
7 .122 

Microcosm 10 

TC TFe 

4.8 
27.k) 

6.5 

7.0 
7 
7 

4.5 
4 

3.5 

.017 

.072 

.012 

.051 

.11l48 

.018 

.025 

.12147 

.038 

31.9 
37.8 

ss 

.r!; 
9.9 
4.;11 

17.g 
13.0 
6.1 

1.7 
7.1 
4.1 

1111. 1 
7.5 

vss 

.115 
3.3 
2.8 

3.g 
2.1 
2.g 

.7 
2.0 

.4 

3.0 
1.5 

IC 

2.6 
22.5 

.50 

1.5 
1.5 
2.5 

2 
1.5 

1 

-----.-----.---.---------~-.------.---.------.----------_._---.----_._---
12e .014 .239 4 .022 6.3 2.3 1.5 
1413 .~37 .485 3.5 ,035 4.13 2.1 1 
1::14 .047 .075 3 ,055 9.0 2.0 3 

--------.--------------~--.-----... -.-.-.-----.------- ._-.... -.-.----_ ... 158 .Pl5!5 .080 2.5 .015 4.4 1.2 2 
1119 .(II1J .344 2.5 .121"'8 2.2 .5 1 

Day 

7 
13 
27 

42 
5~ 

7'" 

84 
98 

111 

TP 

.(I'9~ 

.f'l40 

.v.l3~ 

.LlI43 

.147 

.LlI25 

.0175 

.0'55 

.~3~ 

TN 

.298 

.539 

.3~7 

.81'15 

.1~!5 

.595 

.514 

.537 

.273 

Microcosm 11 

TC 

4.8 
29.0 
7.5 

15.5 
5 

5.5 

6 
8.5 

5 

TFe 

• III 17 
.12159 
.1335 

.02111 

.045 

.1319 

.1Il97 

.187 
• ~H57 

ss 

.~5 

7.7 
9.2 

9.9 
12.7 
1P1.9 

?1.7 
31.1 
14.8 

vss 

.""5 
2.5 
4.1 

3.9 
3.5 
2.7 

3.7 
4.7 
3.Z 

IC 

2.6 
2!;. 
2.!I 

1. \1 
1.5 
2.5 

2 
2.:> 

3 _________________________ w _______ .-____ • ______________ _________ ~ _________ 

12('; ."'28 .2 01 15 3 .017 9.4 2.0 1.5 
14;;' .1'145 .528 3.5 .1Il4 6.5 2.3 1 
154- .rA29 .213 3 .1Il42 6.7 2.3 2 
--------- .. _---------------------.--_.-.. _---_.-.-.-_. ---" ... --------~---
Hie 
189 

Day 

7 
13 
27 

.~45 

.1'11 

TP 

.2'95 

.~~1 

.P.35 

.113 

.142 

TN 

.595 

.741 

.446 

1.5 .024 
2.5 .034 

Microcosm 12 

TC TFe 

4.8 
t'4.0 
7.0 

.017 

.054 

.0211 

7.0 
3.8 

ss 

.05 
13.0 
10.4 

1. \II 
Iil.~ 

vss 

.05 
4.1U 
5.5 

IC 

2.6 
21!1.5 

1.0 

42 .~28 .199 5.0. ~0005 3.8 1.4 1.5 
56 .~57 .172 5 ~~i0! 3.~ 2.~ 1 
7~ .0l1~ .3159 5 .~005 .5 .5 1.5 • ___ -. ________________________________ • __ • _____ ~J~l_._ ~ _______ • __ • ______ _ 

84 .014 .520 5 .013 1.5 .5 1.5 
98 .Ql115 .521 3.5 .12122 3.8 w7 1 

111 .024 .197 3 .001 4.5 1.3 1 --_.--.. -.. _._--.--.. ---... ---------_.--.---.-... -----.-------_.-._------
126 .ll'?::? .129 9 .1il17 2.4 .7 3 
140! .036 ,638 4 .016 4.7 1.3 .5 
154 .F!8~ .470 7.5 .025 10.!iI 5.3 2.5 

---------._----------------------"-... --------.-.----------.-------------
1151' ."'4:5 .106 2.5 ."'005 3.1 1.9 
189 ."'0~ .276 2.5 .0f!l7 1.g 0.2 
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Table C-2. Continued. 

Microcosm 13 

Day TP TN TC TFe ss vss IC 

-----------------.----------.-.--------~------.. ------ -----------_ .. _----7 .!l'95 .312 4.8 .017 .05 .:115 2.6 
13 .041 .H'l 30.0 • ~'H'I2 11.0 1.4 20.11J 
27 .(1135 .411 1121 .111 .016 6.0 2.1(; 5.5 

--.---------------~----.------------------.----------- --------------.----42 .1i'34 .01 9.0 .~340 8.9 .01 J.~ 
56 .0159 .056 6 .054 13.0 2.~ 2.5 
7D1 .!"57 .Dl55 7 .048 16.3 3.7 2.~ 

84 .Dl55 .781 5 .0!.51 10.4 3.3 2.5 
98 .?!415 .760 5.5 .148 22.8 3.0 3 

111 ."'R~ .19A 6 .141 ?2.2 2.8 3 ------_ ... _----------- ... _ .... ---_._---.---._-----------------_ ...... ----
125 
140 
1~4 

'1')8 
189 

Day 

.0:88 

.Vl39 

.~38 

.G'lse 

.Q!23 

TP 

.248 

.';85 

.~64 

.11J~6 

.315 

TN 

5 
4.5 

5 

2.5 
3.5 

.074 
.04 

.056 

.041 

.042 

Microcosm 14 

TC TFe 

14.5 
6.6 

101.0 

9.1 
7.0 

SS 

2.7 
1.6 
2.6 

1.8 
.9 

VSS 

2.5 
1.5 

3 

C!.5 
2 

IC 
-.-.-----------_.-._. __ ._--------.--.. -._------.-------------------------

7 .17195 .507 4.8 .017 .1715 .1115 2.5 
13 ."'47 .499 25.0 .063 11.4 3.5 ?1.0 
27 .17144 .258 8.21 .040 9.5 4.9 4.0 

---------------------------------... _.-.-------.------ ..... -.... _-------. 
42 .Ql2~ .11122 6.0 .0130 6.4 .7 2.0 
!'I 5 .eJ49 .25i' 5 .040 9.5 2.~ 2 
i'0 .~:59 .194 15.5 .033 17.7 3.4 3 

--.--------.-.-------.---.----------.~----------.--.-----~--.-------.----84 .!'I9J .535 5.5 .11118 2Q.4 4,2 2.5 
98 .08 .7!111 7.5 .2132 34.8 5.3 4 

111 .11I7e .292 6.5 .124 26.6 2.8 3.5 

----------------------------------------.--------------------------------1215 
140 
154 

168 
189 

.1/15011 

.17163 

.111415 

.1"515 

.('121 

.22i' 

.412 
.:117 

• UIS 
.119 

4.5 
5 

7.5 

3 
4 

.088 

.082 

.0'9 

.062 

.042 

21.0 
21.0 
16.4 

15.8 
7.4 

3.b 
3.0 
3.1 

3.3 
.6 

&!.5 
2 
4 

:5 
2 

Microcosm 15 
Day TP TN TC TFe ss vss IC 
--------.. _-----------.-.--------._.--_._----.-.--._.---.----------------

7 .~95 .298 4.8 .017 .~5 .(115 2.6 
13 • PI!')", .385 28. .063 11.9 3.9 24.5 
27 ."57 .395 11.5 .A28 9.7 5.4 6.0 

--------.----.--------.-------------------.----~.---.-------~------------42 • [~4!5 .177 51.0 ."'37~ 12.9 5.6 2.5 
56 .0'59 .256 8 .052 1:5.1 3.4 2 
70 ."'31 .119 7 .0~1 6.:? 2.0 2 

84 • !?lIS 5 .490 6.5 .099 25.3 2.3 3 
98 .Pl515 .315 6.5 .1!.~8 24.3 -3." 3 

111 .PI:58 .16 7 .078 12.7 2.3 4 
-------------------------------._._.---------... _-----._.----_ .. _-----.--
125 
14(11 
154 

158 
t89 

Day 

.Ql36 

.Vl3~ 

.02~ 

.17132 
."'2 

TP 

.15 
.245 
.1143 

.0172 

.102 

TN 

4.!! 
6.5 

5 

5.5 
!! 

.034 

.111!')'5 

.068 

.i/l74 

.077 

Microcosm 16 

TC TFe 

5.6 
9.9 

1".7 

13.5 
8,15 

SS 

1.6 
2.6 
3.~ 

3.0 
:3.7 

VSS IC 

2 
2 
3 

3 
2 

--------.~------------------------.----.---~---------- -- .. --.-------_.,.-7 .1'195 .5Q!'j 4.8 .~17 .P.5 • III 5 2.6 
13 .f1~8 .595 2!!.'" .0i'5 18.5 5.1 22.0 
2' .(1141 .3?0 Sl.v'! ,024 ~.9 3.5 5.5 -... -------.... ---.----.. -~-----.---~--------------.-- --------.----------
42 .n, .157 5.!5 .018 7.8 .!,i 3.1d 
56 .1115 .149 6 .0013 5.i' 2. ,j 2 
70 .e3? .152 7 .038 1.' 1.4 4 

---------.---.-----------.------.-~------------.------ ------_._---------. 84 .02 .554 4.5 .00:2 2.6 1.7 2.5 
98 ."':52 .447 4.5 .028 4.0 2.0 2 

111 .11141 .176 6.5 .027 8.0 2.5 4 --------.. ---------.--~.------------------------------~---------------~-. 1215 
140 
154 

1~8 
189 

.023 
.02 

.!1I13 

.031 

.r:l06 

.~('i5 

.411:1 

.056 

.Q!33 

.144 

3.5 
3.5 

5 

5 
5 

.02 
.015 
.014 

.0000 
.012 

2.1 
2.2 

.7 

2.7 
2.9 

.4 
2.iII 
.1/11 

1.4 
1. 1 

3 
1 
::3 

3 
2 
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Table C-2. Continued. 

Filtered 

Microcosm 1 

~~ _______ ~~~. _____ ~~ ________ ~~;:~ ___ ._~?~:~ ___ ._~~~N ••• ___ ~~ ___ • ____ ~: 

7 
13 
27 

42 
58 
7fl1 

.Pl8" 

.~6~ 

.2~PI 

.275 

.193 

.182 

.0112 

.r11157 

.268 

.2158 

.218 

.185 

.0005 
.003 

• t'l011d 

.01111 
.00!'15 
.1'J005 

.008 

.021 

.019 

.007 

.0Vo5 

.006 

.061 

.590 

.51'i5 

.41~ 

.345 

.53~ 

4.8 
26.S 
14.e 

14.16 
12.5 

13 

.011 

.018 

.,;,13 

.1'176 

.~43 

.012 .-.. ---.-~-.-----------------.--.. -.. --.-.--.-.---.-.--------------------84 .173 .1A0 .002 .056 .~7~ 11 :093 
98 ,1~~ .155 .~00~ .004 ,441 1~ .~36 

111 .128 .137 .I'I~05 .01605 .J~2 10 .045 

12(1 
140 
154 

168 
189 

Day 

7 
13 
27 

42 
58 
70 

.152 

.136 
.11 

.147 

.102 

P04P 

.080 

."'60 

.:370 

.~37 

.227 

.U5!5 

.144 

.139 

.131 

.1~6 

.11113 

TP 

.082 

.IHi3 

.3A6 

.22ft 

.266 

.148 

.L'l1'll'l5 

.[11005 

."'01"5 

.0005 

.li'I~"'5 

Microcosm 2 

N~-N 

.&'101'15 
,003 

.V'!005 

.002 
,l'J020 
.l'J005 

.01114 
.001'15 
.0~!5 

.007 

.011 

N03-N 

,314 
.136 

.032 

.001 
,008 

,21005 

,148 
•• 31';3 
.5P6 

.529 
.45 

N~-N 

.061 

.495 
.365 

.545 

.490 

.221 

7 
7.~ 

12 

7 
b 

TC 

4.8 
32.0 

17,1:1 

16,0 
18.'1 

13 

.ki96 

.118 
.02 

.135 
,036 

TFe 

.011 

.017 
.254 

.1d22 

.155 
• ;'36 -.. --------.-.. --.... ---.~-----------.. -.. ---.. --.--.----.--.---_._---_.-

84 .158 .185 .01'11. .01113 .420 14 ,U9 
98 .194 .193 ,00015 .01'12 .541 11.5 .1/i\') 

111 .155 ,149 ,0005 .00('15 .3~4 1\1.5 .125 -----.--.. -.--.--.------.~-.--.---.---.-.-----... ----.-----.... -.--------
128 .1615 .154 .C'lrdI'l5 .004 .532 e .116 
140 .156- .161 .0005 .001 .4S9 9 .143 
t~4 .157 .173 .~00'5 .004 .6:52 8,5 ,fII7!t .. ~ •• _._._ .•••. _. __ .. _. ____ ~._.~_._. __ . _____ . __ .. ___ ._ .e_._._. ___________ 
168 .138 .12 4 .O005 .006 .~12 e .IIlElS 
189 .13~ .133 .001115 .01'13 .48' 7 .Vl95 

Day 

7 
13 
27 

42 
56 
70 

84 
98 

111 

126 
14t! 
154 

168 
189 

Day 

P04P 

.\'ISQI 
.1'I4e0 

.236 

.:94 
,179 
.l41 

.13" 

.17 !5 
.15 

.le7 

.147 

.149 

.14 
.129 

P04P 

TP 

.rS2 

.11152 

.2")5 

.187 

.2115 

.145 

.143 

.166 

.149 

.158 

.139 
,171 

.131 

.137 

TP 

Microcosm 3 

N~-N 

• 0'lJG~5 
.002 

.0ero5 

,01'11 
."'02&'1 
,00£!15 

.~HH'I' 

.",005 

."'~I?J:5 

,0005 
.t'l0!115 
.001'15 

.1'!0~5 

.0005 

'Microcosm 4 

N02-N 

N03-N 

,008 
.114 
.0~15 

.001 

.0~e 
,0~4 

.0e5 

.0e4 

.002 

.008 

.005 

.0105 

.016 

.01'13 

N03-N 

NH3-N 

.061 

.220 

.205 

.465 

.485 

.527 

• 4 I'! , 
.:37g 
,426 

.~156 

.382 

.586 

.491 
,405 

NH3-N 

TC 

4.t! 
26.S 
if). [cI 

15.5 
15.0 
13.5 

12 
12 

9.~ 

7 
i',:> 

8 

12 
6.:> 

TC 

TFe 

,011 
.019 
.1215 

.~13 

.i1?8 

.033 

.~46 
,1:3f) 
.07 

.0&3 

.1d156 

.~73 

.~61 

.074 

TFe 
--------_.-_. __ ._.----_ .. --_._---.-.-._._---_.-_._--_.---... -.. -..... __ .-

7 • 1'18 I'! .082 .0005' .314 .061 4.t! .011 
13 .058 ,060 .002 .189 ,52' 27.5 .021 
27 .173 ,lP3 .00:30 .022 .43' 115.~ .~12 

42 
56 
70 

,:;>:37 
.2~1 
,148 

.222 

.218 

.135 

.002 
.0010 
.00"5 

,0005 
.01114 
.001 

.4'5 
,5:35 
.586 

15. 
14 ,0 
13.5 

.075 

.152 

.021 
------.. _.-_.-._.-._.-----.--.-._._---_.-..... -----... ---.---------------

84 ,1J0 .143 .0005 ,003 ,40' 12.5 .039 
98 .1:5e ,147 .001"15 .002 .' 11 .0156 

111 ,135 .138 • PI 01'1:5 .002 ,474 9 .0315 
--_.--_.-----_.-.-----_ .. -.. -------.-.. -----.. _---.---------------------. 
12(1 ,13e .133 • t'l00!5 .003 ,098 ~ .11.124 
141!! .11 .111 ."'01'15 .000:5 .539 8 .052 
154 .1549 .711 .O005 .001 .842 4.5 .549 
---.--.. _._._.-._----._-.-.------.-_ .. -.----..... _._-----.. --~--.-.. -----
1158 .Ql85 .087 ."'0015 ,00~ .567 22 .16 
189 .163 .11;9 • (l!01115 .0P14 .405 I) .~8t! 
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Table C-2. Continued. 

Microcosm 5 

Day P04P TP N~-N N03-N NHrN TC TFe 
_. _________________________ ._._._._. ___ • _____________ ._._. __________ r ____ , .I1ISIlI ."'82 .t'J0P15 .01218 .0til 4.8 • t:ll1 

13 .11102 .01019 .12I12I1l!5 .01i13 .023 25.5 .11115 
2'1 .111:?5 .el45 .001115 .01215 .03~ 8.1tl • ~10~ 5 

-----------_._---._-----.- .. ---._-_.-.-.. _._--_._--_.-._--------_._--.---
42 • I'! 06 .040 .011!2 .1!I00~ .024 7.5 .!il0Q15 
56 .008 .02'1 .~0C1!5 .007 .015 6.5 ~v0015 

'''' .11113 ."'22 .",,,,,,5 .0i714 .r~5 5 • 1-1 "H" 5 

----------.--.------------------.-----.---.-.. ~-----.-----.. -----.-~-----84 .02 ."':31 .1'I~!l .10:1 111 7 .1"~4 5.~ • ~ 13 
98 • (!I 2 .1'122 .004 .012105 .1-15 7 .VlS1 

111 .!II14 .02 .0lI1II1 .01111 .046 5.5 .1'13 

--.-------.-.----.----.. -~----.-.------------------~-- ---.------._.------12e 
140 
154 

158 
189 

Day 

.013 

.008 

.021 

.11!27 
• ill 0'1 

P04P 

.015 

.1211'18 

.028 

.11132 
.1'12 

TP 

.~0!1 .~01 
.11I1OC'l5 • OIO~)5 
.Pl005 

.01011\5 

.00('15 

Microcosm 6 

.01'14 

.0~6 

.010:13 

.e:74 

.053 

.Z'12 

.l/I69 

.1"49 

~ 
5 
5 

3.5 
3 

.015 

.ldlY 

.1041 

.e14 

.i:l12 

N02-N N03-N NH3-N TC TFe 

----.---.----.. -.----------.--------~~--.--.--~------~ -------------------7 .!lI8A .082 .001115 .314 • ~H51 4.8 ,!all 
13 .002 .008 ."01115 .010 .026 28.QJ .018 
2'1 .PllS .Ql30 .0005 .013 .018 12.:5 • ~'21 (0 

---.---------._._----------------.-.-_._---_.-_._-----------------------. 
42 .01:3 .025 .ilJ02~ .0,1005 .020 9.it1 .~~"'5 
se .0162 .094 .011 .00"'~ .Pl9 1'21.5 .118 
70 .t'!15 .!lJ32 .0~2 • (l0Vl!5 .fI139 6.5 .1111 

.------------.--------.--~~-------.-.~---------------- ---.--_.--_._----_. 84 .(1144 .065 .~H'I2 .00'5 .075 g.5 .1a24 
98 .10,18 .117 .006 .0005 .118 15.5 .0Qg 

111 .082 .107 .00A5 .00J .067 13.5 .022 _. ______ • ______ •• _____ • ____ • ___ .u._. ___ • __ •• __ • _______ _ w_. _____ ~ __ . ______ 
125 .(lIll .022 .0(113 .00Q15 .07 14 .1154 
14Pl ."'211 .03~ .0005 .0005 .053 21.5 .12 
1~4 .052 .0511 .0005 .022 .084 14 .193 

-----------.. ----------~-.. ---.-----.-.-.-----.------.----------_._._----158 .(lIS4 .11171 .1'.1005 .'H"~ .1043 14.5 .~96 
189 .~Pl2 .011 .0005 .00,12 .033 7 .041 

Day P0 4P TP 
Microcosm 7 

N02-N N03-N NH3-N TC TFe 

---------------------------------------------~-------- --.---_.-----------7 ."'B0 .11182 .~0"'5 .~Vl8 .~t;.1 4.6 • e 11 
13 • !~Cl4 .012 .tlI~(;)5 .1:11 e' .1l15 2'1.5 .~li 
27 .011/5 .~21 .0005 .003 .;1119 5.il • 0~12 ----------------------------_.-._--.--_._----_._._-----------------------
42 .('113 ."'18 • ii!1~2 • iii 0 (;15 .1l'2l'J 6.:5 .~vW5 
56 .~63 .1 V,4 .01111 .111114 .0128 11.5 • v,~r15 
7111 • iii 01'1 .l"I29 .~~1 .0.101 .!il2 g • ~.':"J (,~ ~ 

------------.---------.-----------~---.---------.----- --.-----.----------84 .0/j1, .~25 .el3t115 .0 111 5 .7022 5 .~, 12 
!If' ."'1 .CII1~ .111"'2 .r,005 .~41O 5 .042 

111 .IiIVI~ .0115 • ~~ i:I C'l5 .01'13 .1:"29 I; .it\2~ 

------------------_.---------------.. ------------------------------------
12R 
14?! 
154 

16a 
1B9 

Day 

.Q!I'I9 
.V'l1II~5 

.('114 

.(;121 

.111",4 

P04P 

.~ 1 
.0"'8 
.CII18 

.111:39 
.M 

TP 

.0:112 
.0~CII5 

."'121015 

.0011\5 

.0M5 

• (11,,,,5 
.r1005 
.005 

.~07 

.0013 

Microcosm 8 

N02-N NOrN 

.~78 
• ~'4~ 
• (')55 

.J44 

.~38 

NH3"N 

4 
22 

3.5 

:3 
3 

TC 

.'::27 

.10.")2 

.ld2"l 

.lill1 
• ~H1Y 

TFe 
------.---.----_._._----------------------_._-------_.--------.----------

7 ."'8111 .\:l82 .rfi01115 .31 4 • ,,~61 4.d • IU 11 
13 • "'PI 4 .1111118 .~010 .0,114 .~31 ~t!.~ .0<'5 
27 .~14 .Pl25 .Ql0~5 .1t'I~g .(.\2~ '1.5 .~~9 

------------------------.-. __ .. _-------------_ ... _---------------_._-----
42 .1A3~ .0 41 9 .11103 .01'1"'5 .·;126 7.5 .J2'" 
~5 .115 .139 .IiH3 '2.195 .~"2 12 .142 
7~ .t'll I .~28 .0!i'1111~ • "'1t'I05 • '.1215 8 .:'1:.)015 

-._---------------------.-----------_.-._-----------_. ------~------------
R4 .111 .0,132 • 121 VI 1 .0\13 .1054 5 .\11.)7 
98 .~53 .068 • 11 .00"'5 .11 a 15.5 .146 

111 .~4 .17152 .fIII1I~5 .1il(-13 .&'117 5 .135 

--------.----.---------.--.-------------------.------~--------------~----12(5 ."'37 .0) 4 6 .004 .0)01115 .076 4.!:i .liJdl 
14111 .~2l9 .019 .001115 .0~3 .iJ!54 5 .1'149 
154 .CI!28 .0131 .00C'l5 .ftH19 ."'56 • (~7 4 
-------------------------------._--..... ---.-.--_._._-_ ..... _-----_._----
1(58 .11145 .l'!69 .00e'l!!'i .009 .C64 3 .~82 
189 • ~"''1!'i .013 .0 01 1715 .0('12 .ei415 3 .:;j~8 



-N 
0\ 

Table C-2. Continued. 

Microcosm 9 

Day P04P TP N02-N NOrN NHrN TC TFe 
-------------------_.---.------._.-... _--------------- -.----.~-----------

7 .080 .082 .01005 .0f'8 .l2Ib1 4.8 • .:l11 
13 .~~2 .1111'15 .001" ."'005 .011 24. (\ • .d15 
27 .C'tt2 .VJ22 .012105 .1:1.,4 .041 6.'" .:(Hi!jl 

------------_.----------------------.--.-------.-_.-.-----------------_.-
42 .Ql18 .043 .1210\1 .121~",5 .11115 !;.1iI .,,32 
56 .02Q .1'178 .121",7 .002 .055 8 .0~5 
721 .0113 .032 ."1'11 .0.,5 .""39 B .v\0~5 

----------------------------------_.-----------_.---_. ---.-~----.-.------
84 ."'1115 ."15 .0"'2 .t1I1il2 .(1141 1l.5 .~21 
98 .r22 .073 .(111'5 .(11005 • (1~7 9 .240 

111 .(II1~ .1(151 .I<"'(ll5 .~[,,5 .0~4 5.5 .127 

-------.-.. ---.-.. ------------------.----.-~---.. ----------------------.-
12~ 
1421 
154 

lee 
189 

Day 

."'73 

.1'13:5 
.03 

• ~H~8 
.0104 

P04P 

.12199 

.055 

.043 

.029 

.013 

TP 

• "'13 
.(')0"'5 
."'''''''5 

.01il0l!5 

.00015 

.21005 

.21005 
.ldl1 

.003 

.111~2 

Microcosm 10 

N~-N N03-N 

.127 

.069 

.;'81 

."'65 

.04' 

NHrN 

11 
3.5 

/) 

d.~ 
7 

TC 

.24 
.19Y 
.~1l7 

.~Zl 

.il14 

TFe -----.-.. -.-... -----------------~--.------~--.. -.----- -------------------7 .ra~ .11162 .0005 .31 4 .0151 4.6 .filll 
13 .0~A .11110 .111010 .(}I180 ."1~ 215.Vl .~22 
27 .00e .0311' .0005 .008 .026 15.', • t111 

----------._-------.. ---._---------------------.-.--_.-------------------
42 .L'l03 .041 .001115 .121005 .0019 5.~ .i1it1et5 
56 • 01 13 .022 .01211 .01"3 • 01 15 B • ,\ 1(1 C'15 
70 .00le .12116 .0005 .911/105 .1Z26 5.~ .v.ll1 

---------------.. ---------.----------------------------.. _.--------------
84 .Pl00~ .01'115 .0~((!5 .e005 .027 • idri'l 1 
;8 .0"'7 .0~8 .00\05 .t'i0111!5 .037 3.0 • ~j2~ 

111 .0rl .11!",g .00\?15 .002 .~24 5.5 ."-"1 
------------._----_.-------_.------.-----------------------.-.-----------
126 .((!P.4 .0(114 .00~5 .0{112 .(1157 3 • v)\ 3 
14111 .Q)QtV!!5 • (}IClJ35 .30'215 .01114 .e4 .5.~ .~~B 

154 .!lI08 .1211 .0005 .006 .~b9 .i;106 

----------... _----.---------.. ---_ .... --------.-.. --_.-------------------
1158 ."'03 .023 ,111005 .0!!14 .04~ 4.5 .0~00 

189 .Ql01 .011 .0005 .004 .059 2.5 .t"'Vli1'5 

Microcosm II 

Day P04P TP N~-N N03-N NH3-N TC TFe 
-.----------.. --.---------------_.-.-.-.----------._-- ---------~---------7 .~801 .082 .IiI0r15 .~H'I8 • ~161 4.8 .<111 

13 .(''''9 .11113 .(;111211(;1 .01020 .1'1(;)8 23.'5 .~35 
27 .~"'7 .014 .02105 .003 .11126 7.0 .O,,);15 --.----.. --.. ---.---.-.-.---.--.----.----.----~------- ._-----.-----------42 .""1112 .006 .012135 .~0!l1'5 .?llft! 5. \~ • ~1i/l(il5 
56 .0013 .022 .121011 • o iii 3 .~19 " • 00!21') 
721 .016 .018 .00"l5 • I/! 00 !'5 .0~1 5.5 .0<1lil5 

-----------._ .... -------_ .. _------_ ... --_._----.--.-------------------.-. 
84 .01~ .~H7 .01112 .0Vl3 .1!l~7 4.5 • '12~ 
9B .11127 .2131 .0215 .1ilV<1 .~9 3 .eJ/d 

11 t .1111"6 • ~ 12 • "''''!'lI5 .0~2 .l'I42 .l.~ .~3 

----------------.---------------------------------------------------.----
12e 
14111 
154 

168 
189 

Day 

.111~4 

."~1'I5 
.",0A 

."'1115 
.0P!OI~ 

P04P 

.~OI4 

.0~4 

.11115 

.P12 

.01 

TP 

.001'15 

.e005 

.0101'15 

• Pl 211'1 5 
.0005 

."'0015 
• 00EH5 

.21 C1 5 

.0~2 

.01'12 

Microcosm 12 

N02-N N03-N 

.054 

.'~36 

.",74 

.0:>.8 

.072 

NH3-N 

3 
j.J 

j 

2 
2.5 

TC 

.i'll 
.12112 

.(110015 

.V1I/a!!5 

.))0135 

TFe 

------.--.------... ----.-.--.-.-----~.--------------.- .---------_._------'1 • 'J80 .082 .A~t'I~ .314 • "1/'i 1 4.1:1 • ~ 11 
13 ."'11)4 .00l1 .0005 .01301 .01; 24.0 .~21 
27 .~0!5 .011 .00"'5 .011 .016 5.5 .i(!07OJ 

.---.------.-.----------------------~-.-.---.-"--------------------~-----4~ .111017 .11115 .111005 .2101115 .018 5.~ .e:i:l~5 
!'it'! .Z'I'lOl!l .020 .301 .0~3 .015 5.5 .010(,\5 
7ft .~13 .\?Il1 • 111 o ill 5 .001115 • ~117 8 .~jM5 

.-------.-----------------~--------.~--"--~-"-------.- --------------.-_.-84 .MI0~ • "'!'loll .00?15 .0~1 .;;)3'3 :1.5 • .li:jil'5 
98 .~05 .0('.7 .1110"'5 .0(112 .~!,!8 ~ .1304 

111 • PI 111 3 .0"'9 • Pl 12101 5 .002 .026 3 .012105 

--.-------------.----------.------.-----.--~---------- -------------------126 .I1IPl05 .~0V.5 .0021' .0005 .062 3 .~~1 
14121 • 111 PI 05 .001J .e1lJ11I5 .A005 .03 3.5 .016 
154 .029 .056 ."0"l5 .0P18 .066 :5 • Vl 11(1; 5 

--------------.---------------------~ ... ------------.--~-----.-------.---lSI! .~0e .·~2Q .111005 .023 .038 2.5 .0~05 

189 .fIIP10~ .1111 .0005 .0\1:13 .0152 2.5 .~I/l"'~ 



-N 
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Table C-2. Continued. 

Day 

7 
13 
27 

42 
51'5 
70 

P04P 

.~8111 

.11109 

.(II0Q 

.t"i'lR 
• (~11 
.(/'24 

TP 

.('182 

.01~ 

."'1£1 

• CI! Ie. 
.!/I18 
.D!32 

Microcosm 13 

N02-N 

.C1J00~ 

.c;,1d23 
• ~~ "'(II ~ 
.~0"'5 

.0D!2 

.01'14 

NOrN 

.008 
.001115 
.0~J 

.111005 
.O01 

.0005 

N":3 -N 

.~';1 

.e~2 

.018 

• ~~·8 
.:>135 
.;,51 

TC 

4.R 
~k!.0 

g.:> 

6.~ 
6 

6.5 

TFe 

.llIll 

.025 

.~03 

• fill"'!:> 
• f~"r, ~ 
·.IHl7 

----------------------------_.-._--.---.---.-._---.-.. -.---.---.---.~----
84 .PIlI8 .2'06 .~0(l!5 .0"'3 .1.l2 !5 • ~~, 5 
P8 ."'1!'i .('Jlg .01114 .00e!'i .<141 5.5 ... i6r;15 

111 .02 .[:1215 .003 ,~011l5 .~2a 5.5 .<;3!J 

-------~-----.-----~-----------------.. ~.-.-.-.. -.--.--------------------126 .Pi1il9 .0~9 .01005 .001115 .0flB 3 .018 
14t'! .00l":5 .c-l"'05 .0005 .01 .0::5::5 J.5 .iCll 
1:54 .009 .ilI15 .001'J5 .00ti .059 3.5 .':[,16 

-.--------.. ---... _--------------------------.. _------.--.---------------
1158 .1'115 .031 .lil0"'5 .003 .~33 2.5 .1'J~2 
la9 .0!~15 .1'123 .0005 .0L'l1 .f'l45 3 .016 

Microcosm 14 

Day P04P TP N~-N N03-N NH3-N TC TFe ----____ ._ •• __ • __ • __________ ._. ___ ~.~ _______ ~.r_. _____ __________ • ________ 
7 .1-180 .C'I82 .ilI00~ .314 .i£l61 4.a • ~ 11 

13 .l'lIll!5 .012 ."'020 .0140 .i'l3e 24,5 • ~125 
27 .",(116 .0115 .012105 .121~8 .el19 7.~ .~Ql5 

--.-----.--.--.. ~-----------------.--... -.-----.. ------------.-.---_._---42 ."''''15 .l'I17 .111005 ,012105 .~17 5.C • ~0~i5 
~e .000' .02 • lZlili 1 .11108 .013 5 .e.1IJP!5 
713 .01::5 .022 .001 .00l'15 .015 7.~ • ~"I) 1 
.-.----------.------------.---.------------------~---------~------------. e4 .1'1115 .02 .0((12 ,121"'1 .02 4 5 .k!0a 

g8 .I'!~~ .042 .008 .11101115 ,V,73 5,5 .093 
111 .1i'19 .03!5 .001 .0005 .032 fi .029 
-.------·--.-.----·---.--~------------.-.--P----.. ---. . -________ .. _ ... ___ 
126 .0015 ,1i\~6 ."'005 .0005 .063 4 .1023 
14((1 .O00~ .001 .001 ,~1 .052 3,5 .ro33 
154 .001 .0P19 ."''''0' .005 .015~ 3.5 .013 

--.---~--.-----.-------~-~-.-----.--.-----.-.-------------.-------------~ 168 .008 .02Y ."'00~ .0il14 .038 3 .111il4 
189 .0"'4 .014 .0005 .006 .047 3.5 .007 

Day 

7 
13 
27 

42 

'15 
71'1 

P04P 

.0f1f1! 

.1/1(114 

.V" 10 

.007 

.1"08 

.9'0.t 

TP 

.I'l~2 

."'10 

.~17 

,016 
.1'12 

."'It; 

Microcosm 1 S 

N~-N 

.(II0~~ 

.0020 

."'00~ 

.011l05 

.2'0"'5 

.0005 

N03-N 

.008 
.!/I020 

.003 

• 002 
.~HJ3 

.00{11~ 

NHrN 

.~~1 

.014 

.01~ 

• ,~~7 
• ~··1 9 
.~49 

TC 

4.8 
2g .l~ 
:f.~ 

7 • 
I) 

6 

TFe 

• ~ 11 
.o1S0 
• ..:l11 

• .);;\15 
• ~HH~5 
• !'lI.'5 

---~---------------------------------------.--.----~-- -----._---_._------114 .017 .~18 .01'2 • 1'10 !II !" • .125 5 .iH!l 
98 ."'33 .I'l37 .1£""7 .~0"'!5 • .,49 !l .~9;) 

111 .0iH5 ,ilI18 • "''''!lI5 .00~5 .('1 (:I .~27 

-.------------------------------------------------------------------"----
12~ .000~ ."1005 ."'1111'15 .11!005 .~5 4.:' • ~ 11 
14" .QJ~0~ .1710::5 .e"Hl5 .004 , '·315 .).!:i .024 
154 .009 .0",9 .I1HH1!'5 .00~ .Vl4 ::5.5 .01b 
-----------------·------_- ____ • __________ • __ ·_~ _____ w • • -. ___________ • ____ 

168 .0~8 ."2B .0005 .0"2 .022 (i.t. .~13 
189 .l'l03 • ~ 13 .001!/15 .000~ .~3(j 3 .illl 

Microcosm 16 

Day P04P TP N02-N N03-N NH3-N TC lFe .-.-----.. ----.----.. -~-.--.. --------.. ------.~.---.-. --_.----._.----._.-
7 • ",a V! .~a2 .~005 .314 .~61 4.8 • iii I 1 

13 .t'l07 .013 .~005 ,0120 .1:126 28. ~l .1t2~kl 
27 .C'lt'l9 .(lI16 .V!0;'J5 .~13 • ~120 1121. ~ .1d(15 

--------------... ----._. __ ._---._---------"--_. __ ._------------_._-------
42 .et09 .ilI18 .0013 .00P!!i .026 6.5 • ,'dil5 
56 .~02 .027 .002 .019 • ~ 1S~ 5 _001 
70 .\11(1)4 .1?l22 .00~5 .0kl"'~ .152 15.5 • VJtJ.l5 

--.-------------.--.------~---------~-----~-.--.---.---.. --.---.-.-----~-84 .004 ,0"'9 .0005 .0~5 .0315 5 .G0""5 
Sl8 .~05 .005 .0005 ,0103 .2133 3.5 .1il07 

111 ,003 .018 .012105 ,000!) .t1Jl9 f> .<154 
------_.------_ ... ------.-------.. -... -.-._---._.-.-.. ~-----~.---.----.--
126 ."''''4 .0",9 .0005 .00~5 .073 3.0 • ~, 1 
140 .00"5 .I'l~9 .1il~05 .003 .(1146 :~. 5 .02 
154 .002 .002 .001i\5 .003 .",53 !) • [·~et05 

-----.--.--------------------------.----.. ----~-----.- -----._._-_.-------168 .11103 .!?!24 .I'Ie~~ .~04 .1129 5 • o Vlli\ 5 
189 .0rcl05 .IiHHi .1il00~ ,002 .~47 2.0 ,008 



Table C-3. Atmospheric pressure, room temperature, effluent temperature for specific Microcosms 1-16. 

Atm 
Day p 

RT M 1 
9 

2 
10 

3 
11 

4 
12 

5 
13 

6 
14 

7 
15 

8 
16 

.------... ---.---.. ----~-.. --------... --------------.--------~---.-~-----
2 ~ • 

2(l1.~ 

201,,5 
2~. 
~~. 

2l'l.~ 
2C'1.t' 

:?t;.b 
2~1. 5 

2V'. 
2'~ • 

2l'!.2 
21A.2 

2~. 5 
2 I;! • '5 
~fil. 
:?(1. 

2",,~ 
2~'. :2 

2C' • 
2 \-1. 

?r.2 
2~.~ 

2~, • t-
21t. ,'J 

2(i' • 

2 ". 
2 v; • ,J 
? ~ • £' 

?r,,, !:l 
? ~\ • ~, 

t.: tj • 
:1\0:;. 

.2 [) • e' 
2r..? 

~2 vJ • 5 
2i:i , b 

2 (~ " 
211. 

?~"'I • ~ 
21/..2 

_____________________ •• _. ______ ••• ____________________ _ • _______ M ___ .~ ___ _ 

11 645. 2r, " 

21. 

13 f:47.2 23 

2"'. 
2(:1, 

19. 1 
:21.~ 
2~. !'; 

2~ 

2r.. 
2 r"" 

1 & , 1 
21.5 
2'~. 5 

~4 

:?e. 
£Gl. 

19. 1 
2' • ~ 
2~.~ 

24 

~, . 
2,1. 

19. 1 
?Lt> 
20,0 

24 

2L' , 
&J.~; • 
~, 

2fo.~ 

~? 

22 

" (~ ... - . 
2('. 

~.I( • 

?i'j. 

~:. 

22 
22 __ • _____ " ••• __ •• _________ • _______ ~---. ___ ~_._._. __ •• __ _____ ~r __ ~ ________ _ 

?2, 

21.5 

22.2 

19,5 
~3. 

2e. 
2r. 

21.~ 
24 

19.b 
23. 
21~ 

2Vl 
21.~ 

24 

19.5 
23. 

20 
21" 

21.1) 
24 

19.~ 
"., , ...... 

~1. 
(11 • 

~ ~. ~) 
(!(' 

2V1 
2?~ 

2'-

21 • 
21 • 

2v) 

~2.5 
t'2 

--.---------.------.---.----.--~-.. -------.~-~.------.---------~---------
24.0 
22.5 

~I:i 

22.~ 
2~ 

22 
24.5 
22.5 

25 
22.5 

25 

2~.S 

2t'.!5 
25 

2~." 5 
25 

24.5 

~'." 2t:> 
~2.5 

Z:; 

?0 
2~.5 

~3.2 
~3.? 
23.2 

2~ 

t~ 2. !'i 
?3.2 
~'3. 2 
~13, 2 

~,~ 

22.~ 

e. " • ~ 
23.:2 
23,2 

;!~ 

23 
22.S 
23.2 
2,~ .. 2 
23.2 

23 

.-.--~--.~-.---"--.-.--.-.-.--.----.... --.--_&.~--.----.--.~----.--.. ----
21 t-45.6 23,,4 

22 e36 24.2 

23 647,9 23 

24 64ei 

25 654.3 ~3,5 

24.~ 
22.~ 

2~ 

22.~ 
2f" 

21 
24 
21 
2A 
21 
24 

22 
24.5 
22.5 

()~ 

22.5 
2!5 

21 
24 
21 
24 
21 
24 

21,.5 
22.5 

25 
22.5 

25 

21 
24 
21 
24 
21 
24 

24,5 
22.~ 

22,5 
25 

21 
~4 

?1 
~4 

21 
24 

23 
2~,,2 

23.2 

23 
2;"..3 
22.5 

2~~ 

22.5 
23 

23.2 
2~ 

2~.? 
2~.2 

23 
2~.3 
22.~ 

23 
22.5 

2,) 

23 
2" &; t; " ,J 

2;).,2 
21 

23.? 
2 ~~. 2 

~3 

~~.3 
22,5 

23 
22-.5 

23 

22.5 
23,2 

23 
eJ.2 
2J.2 

23 
23.J 
22.5 

?J 
22.0 

23 

-----.. -.. -.--.~------.--.---.----.---.~.-----.-~.--.--"---.---.---.~----
23 

2~ 

23 
21 
24 
~2 
2~ 

2e1 
23 

20.5 
25 
22 
2!::i 

20 
23 

20.5 
2C; 
22 
25 

21.5 
22 
22 
~3 
2~ 

23.5 

21.ti 
22 
2~ 
23 
23 

Z3.~ 

~~ 
23 
23 
2~ 

2~'. 5 

21.t> 
22 
2J 
23 
23 

2~.5 
._. __ w •••••• __ •• _____ • __ ~. __ • __ ._ •• _. ___ • __ ._. ___ ._-._ ._. ________________ _ 

30) ,,~,.g 

31 f44.9 

21.~ 
25 

21.~ 
25 

21.~ 
25 

21,5 
25 

21.5 
25 

21.5 
25 

21.5 
2~ 

21.5 
25 

2' • ~ 
25 

128 

21.!> 
~t; 

21.5 
25 

21.5 
25 

23 
2:3 
2:3 
?3 
23 
23 

23 
23 
23 
::'3 
23 
~3 



Table C-3. Continued. 

Atm RT M 1 2 3 4 5 6 7 8 
Day P 9 10 11 12 13 14 15 16 

---.-••••• _ •• __ •• _. _____ ~ •••• _-_ •• -___ ._. __ ._._.N ___ ._~ __ . _______ .. ~ ___ ~. 
32 5!51 22,5 21 21 21 ~ 1 ~2.~ 22.~ 21>.5 23 

2~ 2!5 25 ~~ ~3 ~~ 23 ?3 
33 642.4 22.5 21 21,2 2~.A '-1 2~.3 2t1.C'I 2t?e 2J 

24.3 25 2~ ~~ 23 ?'3.~ 23.1 23 
34 ~36.4 23 21.~ 21.6 21 ? J .5 2~.tI 2~ 23 2J.6 

24.7 2~ 25 :?5 ~3 23.~ 21.2 2 j, 1 _____ . ___ M_ .. _._~ ______________ ~_. ______ ~_. __ . ____ ~ _____ ~ _____ ._~_. ______ 

~'5 f.4~.~ ~3,5 2' .~, 21.2 21 • 1 21 .2 22.~ 23 ? .. ' • ;2 ~~, • 5 
201!.t 25.2 2!) • 1 2~.1 23.4 ~J ..... 23.~ 2J.2 

36 f4~.~ "3 2~ 21 • H 21 .6 21 " 5 23 .. 4 2~'. ~ ~4 ~~.~ 

25.2 26.2 25.8 ?5.~ t' :~ • f:, ?~, • 7 23.<.i 2,1.5 
37 (441.:> ?2.7 2?.5 22.9 2t'./l 23.8 2?b ?4.~ 24l 24,2 

25,~ 25,4 2~j. :; ~~.~ ~~~I.~~ ::,~. ~. 2 ~\. f ;~ .j .. 5 ______ .~_. ___ ~ _____ . ___ ~_.· _______ ~_~_" _______ w._~_._ .. _______ ._~ __ ~- _____ 
38 6'!~.~ ~5 24.9 25 2~,. 3 25 • ~~ ~~.? ;.: ~ • v; 2~.e :?6 

26,8 2,3 2 t) , 2 '27 2t·. e 2~.1 2b.2 26 
39 h4:3.~ ~t.,g 2 d • ~, 25.0 2~.:1 25.~ ;::). (,; ~~.~ f.! 5. :; 20.b 

2";.~ 26,9 27." 27 • ~\ 2~.5 ~ ~) . ~. 2 r; , ~: 21'5~e 
4 ,~ 541.8 ?~.R 204 24 2,1 24 ... ~ 24l 24. ~, 24. :,. :?4.B 

~5.~ 25.8 25.8 2fi 24.t. 2"' 2~.~ 25 • ____ r __ . __________ . ____ ._.w __ -._.- ___ •• ___ n_. ________ __ • ______ ~ ___ ~ _____ 
41 tH~ 22 22,~ 22.5 2t'.~ 23.C ~\~ .11'1 .2 ~~ • i' 23,2 23.5 

24.~ 24.t; 2d,5 24.8 2 ~~ _ ~ ? 3.5 22.8 2", • vl 
42 f,~{1l. 5 2.~ 23 23 2~,5 22.~ 2.5,1 :?5,5 ~o."i 25.5 

2fi.? 27 27 27 ~~;. S '2 !; , t· 2 ~) 2t;.::> 
4:5 '~4~.4 2J.A 22 22.2 22 t-'2 ?,~.f,I ~4 i.4 24.2 

2~.~ ~5.e 26,3 ?~ 24,~ 24.~ 24.~ 24.5 ____ ••• _ •• __ • ________ ~."_r __ • ___ ._._. ___ • _____ ._~. __ • __ ~ ___ • _____ • _______ 

44 F.49.~ ?4.1 23 23,5 23.3 24 24 24 24.H 24.8 
25.~ 25,b 2"i ~ ... ti5.8 ~4.2 2~.~ ,4.5 24,5 

4~ ';51.3 24,3 23 23.2 2~.5 ~4 24 ~4.~ 24.F< 2~ 
~4.~ 26 2115 26 24.~ e4.tj 24,6 25 

415 f, od~. ~ '4 23 23.5 21 24.2 "3,5 c:~ 2 i'l • ~'. (!4,5 
25,5 25,5 2~,7 ·2fi :'.~,~ 24,~ 20;,6 24.5 • ____ ~ __ ". __ •• __________ •• _w ____ ._-._~ _____ ~ ________ .~ _____ -~ ______ " __ • __ 

47 f37.7 25 24,~ 24.9 2'.~ ~5.~ ~~.7 c:'~.~ 2b. s;.. 26 
26.4 27 2e"Q ?7 2d"Fi ~~ 21:'.2 20.3 

48 1':·37.2 25,? 23,~ 24.1 24.5 24.8 2ti 2~.2 2::>, ;, 25.3 
29 26.1 27 25.8 25.4 25.c 25,;", 25.2 

49 ~4'1.Ei 25 24 24.5 24.5 25 25.5 25.0 25,~ 25.5 
27 27,3 27 27 • 1 25 2:;, ~~ ~5 2~.1 .-----.. -.-.-.-.---------.----.--.--.~.--.-.--... --... -.---~----.. -----.-

5'3 e33.9 ~3 2?.P 23 23.2 24.9 23.2 23.F 2 ~~ • '3' ;>.4 

24.P 2~ 2~ 2~ 23.5 ~J,1:j 2~,l 2;'.8 
51 643,7 24.5 24.2 24.~ 2~,5 25,ti 2J:l.5 25 20.2 25.5 

2ti 2fi.2 26,1\ 25.5 25.b 20.f1 25.t> 2:>,5 
52 641.3 25.~ 24.5 25 20.2 26 2fi ? 5.:.l ~5.ec ~6 

26.8 27 25.8 ';.7 25.5 ~6 26 2t>.8 

----_._-------_._---------.-------_._----------.------ ---.---------~-----
53 ec1B.l 2~. 1 24.5 25 25,2 25.~ 25 25,2 2~.5 25,7 

26.4 26,6 26,5 27 ~o.? ~l"'. ~ 2~', ~ 2t>,2 
54 ~53.J 24.2 i. 23,8 24 24.5 25 24.2 24,,0 24.6 ,4.7 

:25.7 2~.8 2!1.B 26 2A.5 24.9 t::ti.l 24,b 
3!i 5 ~i'1 2J.5 .2:5 • ~ 2~.4 2:!.5 24.1 23.5 ?J,S 2,i.5 24.1 

~4,9 24.9 24,g 2~.2 23,8 ,4.1 23.£1 23.0 
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Table C-3. Continued. 

Day 
Atm 

p 
RT M 1 

9 
2 

10 
3 

11 
4 
12 

5 
13 

6 
14 

7 
15 

8 
16 

._---.... __ ........•.... _------ .•. -... ----.--... --------------.---_.'-----

57 f40.8 

25 .• 1 

24.~ 
2ti.@ 
24,,8 
:'.fi.f.. 

25 
2t;.~ 

25 
25.9 
24.9 

27 
25 
27 

2~.~ 
2~.8 
2 ~I. 1 
26.q 
25.4 

27 

25 
27,1 
25.~ 

27 
2€ 
'?7 

~~.2 
2~.p.. 

25.:3 
25.9 
~O.~ 

25.8 

25.7 
26,1 
~~:; • rl 

26.~ 

25.b 

26.1 
20.tJ 

:?6 
"2 5,. ~ 

?6 
?5.8 ••• __ • _______ •• ___ •• ___ ._._. ______ • ____ ._ ••. _______ ~ _____ .w_. ______ ·~ ____ _ 

25 

62 ~~8.1 

1.5 

2~ 

26.h 
24.5 
~fi.!) 

2cl 
2~ 

~f, 

27 
2A.!"'i 
2f15. ~, 

24.? 
2F1,,11 

~5 

26.8 
2ti 

26.5 
24.~ 
~fi.5 

2~ 
27 

24.~ 

26.~ 
24.7 
26.4 

25,~ 

26.H 
25 

2t3.'5 
24.~ 

2Fi.2 

2~.'S 
~7 
2~ 

26.5 
2d.~ 
2fj.~ 

~6 

27 
25.8 

~7 

25.3 
?';.5 

~t' 
;>7 

25.~ 
26.~ 
25.4 
2F.7 

25.2 
?6 
25 

?:-> •. ) 
; ) . ,.. 
2 J. ' 
.. , .... ." 
' ..... ' • I' 

"24. ;0 

25 
2~.~ 

2~.8 

25.5 
£~'. f; 

2~.d 

"-'''''1 " (.. '., .. ~ 
~c.. 

2"' 
;Z ..... 1 
:24.;:-

26 
20.8 
2~.8 
25.~ 

26 
2t>.7 

;':j.9 
)j.2 

2~.d 
2:; 

2'l.tl 
?~.5 

-----------------.. ---.------------.~-----.. -----.. --.. ----~-----.-~-.---
66 643 

69 643.7 

24.2 
2~.3 

24.~ 
2fi.f> 
2A.l 
26.~ 

24,,3 
2f'.2 
23.; 
2~.r;f 

23,,~ 

2~ 

24.5 
25.4 

?~ 
26.1'1 
24.6 
2~.~ 

24.~ 
~6.Y 

24" 1 
26.::; 
':3.5 
2~.7 

2~ 

25.~ 
2tl.4 
2~.:> 
24.~ 

25. t 

24.11 

2".5 
2:;. 1 
2r;.7 
2"3.9 
25.5 

2' 5" i: 
27 

?oj.] 

'27 
25.Y 
~6,2 

25.4 
26.9 
25.5 
27.1 
24.3 
25 ... 

2..l.Li 
.2(l.E-
~11.7 

2: 
?!) • 1 
~C).~ 

2tl.~ 

23. ~' 
,2;1.t' 

~1~.1\~ 

2 " 
?~ 

?" • ': 
~J.~ 
?:':I.f.: 

.~ ') . ~ 
.2 j.:, 
2j.~ 

'~.7 

2~.i. 

2: •. "l 
2a .d 

23 

2 ~ • ~~ 
(. '3. i-' 

~~ j • 2 
24.0 
')~. 5 

?;:, • 1 
;;'4.9 
?o.4 

2!) 
?4.2 
;3.J 

------.----.-.----.-----~----.--~--.----.--.-.--.--.. -----------~--------
72 fl~8.5 

25 

22 
24.1 

?3 
24.~ 

21.4 
2!'i.4 

24 
26.2 
24.2 

2f. 
24 
2f 

22.~ 
24.ti 

23 
25~2 
23.9 
26.1 

?4.3 
26.'5 
24.5 
26,,7 
24,,5 
26,5 

22.~ 
24.&;\ 

2,~. 2 
2'5 

24 .. 1 
25.R 

24.~ 

215 .. ~ 
21.>i 
2~.? 
24.q 

.26 

22.d 
25. 1 

'4 
25.2 
24,<' 
25., 

25. ;~ 
~~.7 

2:5.2 
26.5 
~:;.j 

2'5.~ 

~.~ " 4 
;?,~ .. 7 

?-4 
24 

~ .. '. :3 
~:'. 9 

?4 
? 4 • ~~ 

~4 
,~ 4 • f, 

~..'I 

-2 (\ ,"'. 

~ j" ~~ 
;2 ,J • j 

).4.2 
d4.? 
:2 ~ • c., 

24 

?J.~ 
~ 11. 'J 

.2 J,,', 

24.1 
.~ 4. '.' 
c' .1 • ,) 

,,4 
2.:.i 

24.~ 

2a." 
2.1 
(!l! 

2/1.0:.; 

1:::.4 •. 'i 
2.;)." 
24.7 
~4"t 
?G.b 

;'.).0 

2';,,1:) 

:~4. 8 
;. I~ " 2 

~5 
24.5 

2!; 
~4.5 

?5 
~4.5 

25 
;4.~ _____________ • ___ • ____ •. ~ ____ "_. __ -•• ~ ____ . __ .~ •• --. ___ ._w~ __ ._-___ .. ___ _ 

78 6.19.5 

2'5 

23.5 
:?!i.~ 

24.5 
2~ 

23,7 
25~f.l 

24 
25 

24.S 
26.5 

24 
26.2 

~~ 

25 
~5 

25.2 
24.3 

'-" 

130 

25.3 
2f'.5 
~5.2 

20.' 
25 

?~.2 

~~ !"! 
:25.? 
?4.B 
?d.~ 

?'5 
,.2'5.2 

~j 
') ,< • ,- ) , ('. 

2 ,l • :5 
24.~ 

2j .. ? 
:2'). ? 

25 
2J.a 
2.a.~ 

2t;; 
2~'. 5 
2,.') 

25 
::.: 4.7 

2~ 

24,8 
"?'J.7 
7!).2 



Table C-3. Continued. 

Atm RT M 1 2 3 4 5 6 7 8 
Day P 9 10 11 12 13 14 15 16 

·-·--·--------.-··---------.------~.-~ __ ~ ___ ~ __ w ______ • ____________ ••• ____ 

80 51~.8 24.? 2~.7 2-1 24,,~ ~4.d 25 ?:5 ~:. --' t: 5 • .3 
2~,5 26 2 ~5 • 9 20 2b 2'i • ..? 2:.i • .!l 25 

81 ~~Ci'I.7 24.1 24 24.3 24.? 24"t< 24.? 2..t.r 2 " 24.9 
2f 25,3 2'3.7 :26 2 -~. 7 ~4.t' 2') ;>,5 

~2 ~I5Vl.9 24. ~ 24.~ 24.2 24.9 ? 5 • 1 21..7 2 4. i} 2 u._~ '-3 
2F 26,,4 :2', " ?, 26.5 2 -1,8 2) 2::' ~4.6 --.---.. --------.---------.--~---.-- .. -------~--------"~----.--~-~-----.-83 6IH~. 5 24" 1 23.7 24 24 24.7 ~4 '4 24 24.3 

25,,7 26,,1 25 ?6,;:> 24 ~4.2 211.4 ?4.2 
84 (;41; 2<1,5 24.? 24.5 24.1} 24,,2 (' ~ • ~s :~ 4. s; 211.7 25 

25.t 26,,4 '-",,~ 2').6 24 :_~ .1 II il 25 ~4.7 
85 r;.d5.~ 24.~ 24.2 2.4.5 2-1.') 24,2 2 4 ,,3 24 • .'3 2 11 ,,7 2~ 

26.4 26,,4 26.2 26.ti 24 ;. l! • (. 2:-; ~4,7 

--------.. ----.-----.-----~---.. -~.~.---------.-.---.--------~-----~-~-.-AS o43.~ 2; 24.1 ~4.5 .24 2~.R ? 4 • ~; ~ 4 • :) 2'"· 25."; 
2f, 2t'.3 2'i.7 2·5 ?~ 2~ 2~.4 2~ 

P7 R«17.5 2 5. 3 24.1 24.6 ~J.1 24.8 ;Z".~ ~4.c ';.~'. ? .,? 5. J 
25.H 25.6 ~~ 25.2 2~ ?~ 2:;.1 2:>.2 

P8 54~.3 24.~ ~~,e 24,1 24.5 25 2~ ?-4.4 '4.~ "1.4,0 
21'5 25,4 25,2 26.4 25,~ 2.' 25 24.5 -----_--_- __ • __ • ________ . __________ .w. ________ •• ______ _ ~ ____________ ._._. 

89 ~-4J,~ 2' 24 24.5 24 •. ~ ;>:-; ;4.£1 ;>1.~ ,5 2j 
25.7 26.6 2n.J 27 2~ .. 2 ~~ 25 :'5 

901 ~J8,6 215 24 ~A.5 24.a 25.2 ~4.5 2-'.7 24.~ 24,9 
2~.~ 2:5.5 215,'5 26.~ 2~ ?~- 2~ ~1.8 

91 ~~3.e 2~ 24.2 24.5 24.8 25.2 24.~ ;'.1.~ 24.J 24.9 
26.3 26.3 20.~ ~o.4 25 ? ~.' "'" ,~ t'4.~ 

------.--.----.-.--------.~-.-----.-.---------.---~-.---~.- .. --~---------Q2 6J3.8 2~ 2~ 24,2 24"A 25,,2 '~d. ~ 2 t~ • f:i 24 •. r:l 24.8 
26.? 25.2 .~5 ~6.2 24,e 24,~ 2~ 24.J 

9~ 6~7 24.1 24 24,5 24 ?4,3 ~4.5 ~4,5 2;') 25 
26.5 ?6,o 16 26 '?'4.~ 2:-; 24,t 2';,.5 

94 ~36",41 25 24 24,4 24,6 25 ;4.5 24.5 24.7 25 
26.5 2~.5 ~6~5 26,H 25 25 2~' .. ? ~4,6 

.------------.--.---------~-~---.. --~-.---.. -~------.~ .. ---~-.----~ .. ----
9~ 636 ~4.~ 24 24.1 24,7 25.2 24.3 ~ 4 .. 2 24.3 24.b 

26,2 25,? 26 .. 1 26.3 2 ' •• !-I ~ 4. ~--:I 24.9 24.5 
96 t;,~9.5 ?L1.3 24,1 24.4 ::?~ 25,4 ?4.~ )4.0 24.9 25 

~15,,5 26.5 2';.4 26 .. ~ 2~ 2).2 2~ 24.0 
97 fi~",o ~.1 24.2 24,7 25 25.4 ;2 4" f, e.:4.7 2~.~ 2b 

26.~ 2~.3 2n.~ 26.6 2&i ?~ <~ 24,0 _-_____ . ________ . _________ . _________ ._~w_._._~_~~_ .. _______________ ~ _____ 
9A 541 • , 24.' 23.7 ~4.5 24.~ 20 Z5 .~ .1 • ~~ 24.~ 26.8 

25 .. fl ~6 2·5" ~ 25,,1 25 25.(') 20.1 24.8 
Q9 ~ -38,7 '-4.8 23.3 23.9 24.2 24.R 23 .. ~ 2~ 2, ~5.2 

25. f-. 25,7 ~'5.'5 25.~ ~b.3 20.~ 2~.4 2:-
1~~ 638.7 24 •. ~ '3.8 2;~. ~ ~ 4. 1 24.6 24.1 ~~.~ 2 ~.:1 24.1 

~5,B 26.2 2'5.f5 25. 4 ~4.e 24",E 2~.8 24,0 
_ ••• ___ ._. __ • ___________ .- __________ •• _. _____ wn •• _______ • ____ • ___________ 

1 ~11 6~3,4 ~ 4. 1 23.4 23.2 23,9 24,~ 24 ,! oJ • ~ 2A./J 24.~ 
204,5 ;>5 25.4 25.8 24.2 2 ~. tJ ~4.1 2(1.4 

1 I?, 2 Fi37.~ 24 P.2.9 23.2 2.3.'5 24 2.~. ~ ~J,,7 23." 24 
25.1 25 24.8 2~.2 2~.1 21. 1 24.1 :?,4.1 

1('13 5'32.2 25 23,4 24 2 -~ '" 1 24.13 ?,4.2 ~4.'" 24.6 C:4.9 
2f 25 25,~ 25,1 .?- ~. 1 2 !) ;e:~.~ 24.~ 
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Table C-3. Continued. 

Day 
Atm 

p 
RT M 1 

9 
2 
10 

3 
11 

4 
12 

5 
13 

6 
14 

7 
15 

8 
16 

-----.--.. ---.--.----.----------------.-------~-.~------.------~--- .. ----24 •. ~ 

26 .. 1 

23 .. 1 
2!5.8 

~5 

27.? 
24 • .:1 
?~.O 

23.9 
25.7 
2~.2 

27.2 
24.5 
26.~ 

.~ .~ 

2~,;; 

25.11) 
27 

24. II; 
215.2 

?4.~ 

2~.9 
26.2 
~?7 • :3 
~5,2 
26,4 

?4 
24.b 
:!t..~ 

2(".~ 

2:5.2 
~!:5.4 

£!1.4 
24.6 
~".~ 
')" I~ ... . 
?:>.1 
). 'j , :) 

(;'-1.'5 

?4.7 
2 h. 1 
2r;,~ 

25.2 
25,f 

24.0 
i:!4.7 
26,,4 
<;6.3 
25.4 
/0,4 

-.---.-.----------.. -------.--------.-------.-~-.... -------------.,~------25.1 24,2 
26,5 
24. 1 
25.4 
23,'" 
25.~ 

24.4 
26.3 
24,4 
'-5.2 

24 
25.7 

24.7 
25.4 
24.1i5 
26,1 
24.2 
25.~ 

25.2 
26.6 
25.2 
26.4 
24.d 

2~ 

24.~ 
2')." 
~a,,~ 

2!:'.3 
24.l' 
-:!4.6 

2'" 
b'5. t~ 

~~ 

2:';.4 
~4.h 

24. ~J 

20.2 
2t.b 
;~.1 
t.:). ~ 

2 4 .8 
2=' 

;25.4 
2~.5 

25.2 
25.1 
24.9 
24.0 

.------.-.------.-----------.------------------~.--.. ~----~--------.-----11~ f.~6.e 

11' 632.3 

24 
25.3 
2A.t. 
26 .. 5 
23,(:\ 
25,t1 

24,2 
25,2 
24.4 
2l; 41 4 

24 
25.7 

24.5 
25 

24.7 
2~,2 
24,~ 

25.6 

~5 

26.4 
25 .. .3 
26,e. 
24,0 

26 

24,~ 

:2 ~. \ 
~4.P, 

25,5 
/J.1l. J 

24.7 

24.J 
2',2 
;2 i • i 

'25.~' 
;2 4. ,\ 
24.7 

2~.2 
2~.4 
2~) .. ;? 

2~.7 

2".6 
24.A 

2:5 • .3 
20 

2:).4 
2~ .. 4 
!4.7 
24,5 _____ ... __ ._._ .. _ .... ___ ._._ .... _____ ._ .... _________ .. _~-~-W~" .. -_~ _____ _ 

11~ fS42 23. f· 
26.2 
24,1 
26.4 
24,1 
2~.3 

24 
26.1 
24,,4 
2~.3 
24,5 
25,2 

24.~ 
26 

24.~ 
21'1.2 
24.5 
25.1 

24.d 
26.4 
25.2 
25,6 
25,2 
26,5 

24.4 
~5.' 
213.9 
25,4 
24.~ 
25.4 

24.2 
2?2 

~'. 1 
2'5.~ 
.! j • 1 
2:j.~ 

~~ 

2[..4 
~j.2 

2 !_'. ~ 
20.1 
2~'. b 

25,1 
?4,Y 
?:'.5 
<5,,2 
25.4 
~5.2 

-----..... _-.. ----.. -- ... ----_._-... -_ .... _---.--- .... --.-.----.---~.-.-. 
115 638.8 24,5 23.S 24,3 24.4 24.9 2A.6 24,~ 2~ ~~,2 

26 26 2~.q 25,2 2~.~ 2~.~ ~~.J 25 
117 63~.7 25,1 24.3 24,7 24.8 25.4 25.1 25,3 2~,5 25.7 

26.7 25.5 26,5 ?5.7 ?~.~ 25.~ 2f.; 25.~ 
118 635.6 24.9 2.:1 24,4 24.5 2~ .. 2 24.8 2~ 2~.2 ?5,4 

26,.:1 26.2 26.1 ?6.5 ?5.4 ~5.4 2~).6 ,,25.2, 
_._. __ ..... ___ -; _____ .. __ • ____ • ~_:. _ .... ~. ";;';';' _;,; ..... _ •• _; _ .'. ____ •• _ •• _ ... ____ ... _ ;.~. __ ~ ~ ,'.111 

25 

23.7 
215 

?~.9 
2~.2 
24.3 
26,f. 

2.1.1 
25,9 
24,3 
26.1 
24.5 
26.5 

24. ~~ 
215 

2.1.~ 
2~ 

24.~ 
25,5 

24.] 
26,2 
~!'i,l 

2~.4 
~:>.2 
25,7 

2441~ 

25.1 
?4.~ 
2;',3 
24.~ 

25.5 

24.7 
2 ~\ 

24.:J 
2 -, • (~ 
2':>.) 
25. ~.; 

24.~ 

~5.3 

~5 
2~,5 

20 • .3 
25,E 

25.1 
24.9 
?~ .. 3 
?5:e 
2~.5 
2~, ·3 

-.-----.-.----.----~.--.---.--.---.-~ ... -.---.-----.---.-------~--.----.-

124 '551.6 

24,1 
25.2 
24,3 
25.9 
24.2 
26.6 

24.:3 
26.2 
23.9 
25,9 
24,~ 
26.!'i 

24.5 
25.1 
24,1 
25.~ 
~H ,8 
26.3 

25.1 
25.4 
24.7 
25.1 
25.2 
26.6 

2t1.6 
25.2 
'24" t: 

~!5 
(J~ 

20.f:i 

25 
;?3.3 
.24.7 

2 !) 
25.2 
25.6 

24,t! 
2t,4 
24.~ 

25.2 
e.~.1 
25.8 

2ts,2 
25.1 
2~.~ 

24.8 
2S.4 
~ti.4 

---------... -----------.----~-----.---.----.--.----.-. -------------------
24,~ 

26. E· 
24.5 
26,7 

2~ 

27.1 

24.7 
26.5 
24.8 
26,7 
25.3 
27,5 

24.7 
26.4 
24.8 
215.5 
211j.4 
27.4 

132 

e;5.5 
26.8 
25,0 
25.9 
20,\ 
27.(\ 

25 
2~.7 

25.2 
211i.~ 
:?~.2 

2h .t:> 

2;,1 
?:;.e 
25,~ 
25.:) 
20.2 
~3.7 

2~.3 
25 .. ~ 
2~.4 

2'5 
20.3 
2f'.8 

25.6 
2:5,5 
25,7 
2 ~ • .7 
20,0 
26,4 



Table C-3. Continued. 

Atm RT M 1 2 3 4 5 6 7 8 
Day P 9 10 11 12 13 14 15 16 

-.-.--------._---------_.-.-------_._--.--- ... _.------ ------.--~-~.~---.-
128 645 25.8 24,8 25 2;.4 25,~ 2~.R 2.,.7 2t>.,;o 26.2 

26.7 2t5,~ ~S,~ 26,9 :.?S.A 2 j. "I 2foi 2~.7 

1'-9 64A 25,4 23.f' 2 ~ , 1 24.5 25.1 24.b :?4.7 24.t3 ~~.2 
:?5.f 25,5 2~.4 t:S.8 c:!4.e 2l. b 25 t'4.3 

13;21 644,~ 2!'i 23.7 24.1 24,a ?'4.9 ~4.P 21.h 2~ 2:') .. 2 
~~.8 ~5,7 25,7 ~6 24.9 ~4.C;; 2'.1 24.9 ______________________________ - ____________________ • __ _____ N ________ ~ ____ 

131 644.2 2!:i.::' 24.3 24.4 25 25,,5 2!J.1. ~3.,J i25,5 2J,6 
2~.3 21'5,3 26,3 ~6.5 2~·. 5 ?-5,/: 2 ~1. 7 i:l. ~ 

1~2 646.6 24.6 ?3,7 ,4 24.4 25 2,1.8 :?4.7 2A.g e5.2 
2~.~ 25.7 2~.5 ~6 £5 2 ~) 2:; 24 .. 9 

l~J 6124 25 23.A 24. 1 24,4 2" ~.l,R .?4.~ 2~ ~o.J 
25.f- 25,9 25.7 2" • 1 25 2:>.t.' 25.2 ?5 

---.--.---------------_ .. ---_.-.-.-... --- ..... _.----_. -~--~~.------.---.-
134 639.6 25 2~.F- 24.2 24.:) 25.-1 ?5.3 ?5.? 25.4 :.'5.6 

26.3 2~.3 25,2 "6.6 25.~ 25.4 25.~ 2:) ., ~; 

135 t537.2 25.3 24.2 24.4 24,8 25,4 2b.4 25.3 2!).5 25,,0 
26.~ 26.3 26.:'0 2~.6 ?~.f 2:=i.r; 2~.? 25.3 

\35 641.2 25.4 ~4.:3 24.4 2t1,9 ~5114 25.3 2j.~ 25.t; 2!>.ti 
26.1 26.3 2!).1 25.4 21).4 25.6 2~.:i 2G.2 

.. _.---------------------------._.-_._._-"-.-._.----_.-------------------
137 642.2 25.8 24.2 24.5 24.9 25.6 2~,~ 2'5.4 25,3 25.6 

26.e' 26,2 26.1 20,5 ~~.~ ?5.4 2~,6 25 • ~~ 
138 f.:37.3 ~5.4 2i1 24.3 2,j .7 25.J ,';.2 2:5. 1 2ti.l 25 .. :5 

26.1 26 26 2e).~ 25.2 2!l.1 ~b.2 25 
139 ~J5 25.1 2~ 24.4 24.7 25 .. 3 2~'. 1 2~ 2!).3 24,,5 

25.9 25 25 25.3 ~5.3 25.11 2~,,3 ~5.1 ----------._-----.. ---_._---- ......... _--_.P_._---_ ... --.- __ .~ __ . __ ~ _____ 
14t11 635 23.9 2~.f, 23 23. :.3 ~3.9 23.5 23.6 23.3 24.1 

24,5 24.6 24.5 24.9 23.8 ~3.9 23.9 23.8 
141 f~5.8 21.7 22,1 22.3 22.9 22.7 22.0 ~~,S 23.4 

24.7 25 24.8 24,7 22.9 ~2.f. 23 22.7 
142 ~.:14,2 25.1 22.8 23.1 2J.t5 24.3 23.9 24.1 24,1 ~4.5 

25.8 26.2 2~ ~6 24 24.2 24.2 24 
_ •• _- __ •• _ •• _. __ ••• _.-_~ __ ~-.-. ___ • ______ •• _________ ~ __ • ________ ~_~. __ nM_ 

143 645 23 23,~ 23.8 24.1 24.5 23.4 24.5 2.a.4 24.7 
25 .. 5 25,4 2~.3 25.7 24.6 24.4 24.6 24.4 

144 641 24.8 22.1 22,3 22," 23 .. 2 23,2 23.03 23.5 2 ~~. 5 
24,5 24.5 24.6 24.9 23.4 23.5 23.4 2:\.3 

l~5 f,4P'.2 24.2 22.~ 22.5 23 25,5 23.3 23,5 ~:" 6 2J.8 
~4.8 24.8 2~ 25.2 2~.~ ?3.f. 2J.6 23.5 -.. --.-.. --.. -.-~.----------~-.-------.~~ .. ---.. ---.-----~---------~-----145 Foil2 .. ~ 24.9 22.~ 22.!5 22.9 23,4 iC!3.3 ~3.d C?t-.6 '.3.t.4 
24.6 24.7 24,7 25.5 23.S 26.6 23,~ 23.4 

1.:17 1547 22.8 22.1 22.~ 22.':> ~3 :22.8 2'3, 1 2J.l 2:';.3 
24,1 24.1 24.:'5 2~.5 23,1 2.3. t 2·~ • 1 23 

148 11542 24.2 2~ 23,4 23.~ ? 4 II 1 24.3 24.5 2t5 2.4.6 

2~.' 25.3 2!).4 25.7 cl.l.4 24.4 24.4 24.2 -.. ---------.. --. -.. ----... ---.. -... --..... -.. -..... --.. ---.. -----.. ;.; ------. --.... ---.. ----
149 637 .. 2 24.~ 2~.~ 23.8 24 2.:1.5 «2~.F 24.6 2'~ • r. 2~.1 

25.p 25.8 215 26.2 24.~ 24 , r.~ 24 • (~ '-~.7 

1!>'" 636.2 ~4.8 23.~ 23.8 '- 42 • 1 24.'- ~4.6 2~ 2,j • f'I ?5.1 
2~.f, 25,,1 25,? 26,4 24.P 2". ,. 2 ~ .13 24.6 

151 6~5.4 ?3.5 22.~ 22.8 23.1 23,5 23.4 23.~ ~3.~ 24.~ 

24,6 24.7 24 •. ~ 25 .. 1 23.5 23,3 2:~. 5 ?3.4 
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Table C-3. Continued. 

Atm RT M 1 2 3 4 5 6 7 8 
Day P 9 10 11 12 13 14 15 16 

__ • ___ • ________ • _______ • ______ ._ •• J __ • ___ ~ __ " ________ • • ___ • ____ •••• _______ 

152 647 ?3.4 22.!' 22,,7 2.3 • 1 ~~,,5 23.~ 2,~, 5 2:~" 6 2,).9 
2A"t3 2~.7 24.c) 25. 1 ~,~. ~ 23. :3 2j.~ 2J.4 

153 6.d9.~ Z3.3 2:2.~ 22.5 22.1 23.5 2.~. 1 2;'.4 2J.J 23.6 
~4.~ 2~.fi 24.7 24 .. ~ 2,' • ;; 2 j. t 2.).1 2J.2 

154 647 24.~ 22, t; 23.~ 2"3.3 23.6 ~3.7 2d 24 :;>".2 
2~ 2~.2 2:").2 2~ .. 4 24 23.H 24 2:3.9 

.... _----..... -----._.-----------.---_ ... ----._-----_.--------.--_ ... _---
1!5!'5 64"'.3 25 23,~ 23.7 2~.3 24.6 ~4.2 2; 2-!.r "', ~ 

<....J 

25.f 26.2 25.2 25.~ ~4.9 2 4 ,3 24.h 24.7 
156 6~6.~ ~3.~ 25.e 25.~ 2~.!:t 26.5 2f1 215.t: 2 i-;" 3 21:'.4 

27.2 25.8 2 ~ • 1 28 .. 5 '27 2fi.Fi 2h.4 2tJ .2 
157 f~9.5 24 '25.4 25.:.'1 26.1 "15.1:) 2fJ.C' 2ti.4 2b.!) 2f.i.S 

27.~ ')..7.4 2~.4 26.4 ~~.2 25,f "f>. ~ 
JI!, .0 20,/; 

--------.--.----.----.---.------~---.-------------------.------.---~-----158 6d6.5 25 2~.~ 26.5 2ei.9 ~7.6 26.~ 27,;:> ~i'.3 '27.6 
:28.1 2R.7 29.2 ?'Q.? 21.~ 27. ,1 27.4 27.5 

159 6411.~ 2A.1 26.~ 27.2 27,4 ~8 ?7.4 "?.1.'2 21.7 :!8 
~~.5 28.5f 29.5 3(" 28 c7.? 2R 27.~ 

16~ 6.d6,1 ~7.1 26 ~5.8 26.? 27,2 2f:'.4 2~.4 2 fi • 5 26.8 
27.4 28 28.4 29.3 ~7 27.? 27.1 ?7 -.. -----.--.-.--.-.----.---.--.---.-.-... -------.--.-~--.----------.~----

151 f)4Cl!.1 25.3 24.4 24.6 24.9 25,~ ~;.1 12:5.2 2~,2 ?5.7 
2t;.~ 26.6 27.4 27,6 2 ~. ~l 2 J.:, 2~.b 2:'>,6 

16~ F,417,9 ~5.1 24.3 24.4 24.A ?5.4 ~~ 2 ~ • 1 2 ~~ • 1 25.4 
26 26.3 27,3 27.8 :?~ 25,::' 25,5 25.5 

16J 650.5 25.4 24.A 24.7 2~.1 25.7 2~.? 25,t. 2b.4 2:;.6 
26.3 26.7 ,7.6 28" 1 2~.7 2:;,7 2::,2 ;?5.7 -.---_ ... _.-.-----------.-.-----_._-_._._-._-----._--- .-----~------~-----

154 647,5 26 24.8 25,1 2!5.5 25,1 2~.4 25.6 25.6 25,6 
26.f5 27.1 28 28,5 C!F.'2 ~t5.1 2t- 26 

155 ~"e.3 26,4 25 25.1 25.5 25.1 2~.6 25.7 ~ ti, 7 25.8 
25.8 27,1 28 26.5 26.~ 26.J 2b.3 ~6.2 

\66 648,6 25.9 24.P 25 25,4 ~6 25.:2 2~.j ~~'. A 20.7 
26.6 26.~ 27.8 28, .3 26,1 25.9 2 t, 1 25.1 ---.-.-.. -.----.-.. -.--~ .. --------.-.----.-~----.--~-.-.---------~.--.---

167 649.5 26.5 24.8 25.1 25,~ 2h =':;.~ 25.4 :2 0 • ~, 23.7 
26.7 27 27.q 26.3 2f>i ?5.9 26 25.9 

156 €4S.1 26.6 2~ 25.4 25.7 25.? 25.8 25.9 26 25.2 
27 27.5 28.4 28 .. 8 26.5 26.0 ~t" .• t· 20.~ 

169 6~4.4 26 24,:-- 25,4 25.8 26,2 25.F.- 25.e 2h 2fi.1 
:27 27. A 28.2 28.8 26.8 2-3.4 26.3 26.2 

--.---.-.--.. --.-.. -.--.-.--.--.... -... -.--P~.------.-------.---- __ ~ _____ 
17'" ~44,3 26.1 25.2 25.3 25,~ 25.1 25.6 2~.~ 25.15 26 

25,; 27.4 28.\ 28.6 26.4 26 • .:1 26 .. 4 ?6.2 
1 7 1 644.:" 26.2 24,9 25.2 25.5 26 21:1.5 25.5 2~.~ 2~.7 

26.7 27,2 27.~ 26.4 26 25.2 :2 f.! • ? 26.2 
172 f;42.9 25.1 23.P 24,9 2".1 24",7 24.4 24.4 24.0 25.1 

25.t; 26 25.8 27.2 2!5.1 25.1 25,,1 ;!4.8 

---~---....... -.-.. -.---.. ---.-.----.. --.-.---.-----.-----~------- .. -----
173 642.1 ~~ 23.8 24 24.~ 24.a 24.3 24.7 24.!' 24.6 

2~.~ 25.1 2';.9 27,;,s ~5.1 2:; • ;~ ~b.2 24.9 
1,4 6«11 41 ' 25.~ 24.2 24.5 24,7 ~5.2 24.!! 2~ 2!".1 25.2 

2fl.1 2b.4 27.4 27,8 26.3 26.6 26.6 20.3 
175 e3e.,s 2~.2 24.e 25 25.3 25.6 26 211 2f.l 26.2 

2f1i.9 27,1 28 2e.4 27 2' .. " 27.3 ';7 
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Table C-3. Continued. 

Atm RT M 1 2 3 4 5 6 7 8 
Day P 9 10 11 12 13 14 15 16 

_____________ •• _. ________ ~ ___ ~- ___ ._~. _____ ~._. ____ ~_., ___ ~ ___ M __ ~ ____ "_._ 

17~ 636.1 ~6.~ 2.1.9 25.3 25.~ ('6 t!.~ • 1 26.~ 2t,. ? ~6.4 

27 27.3 2d.l 28.6 27.~ ;. 7 • ,J 27.4 ;: I • 1 
177 ens ?4 2J~~ 23.6 23.Q 24.'- d J .3 24.-1 2 t.,~, (?4.o 

25. 1 25.1 26.1 26~6 ~'i.l 2~.:2 2~.b 2:>.3 
]78 645.!, 24 23. 1 21.A 20.7 24 .. i ~4.3 ? 4" :i 2 <~ • 3 24.4 

24.~ 25.2 26~1 (?6.' 2~ 25.2 25.5 25.2 ________ .. ____________________________ . ____ ~_. __ ~-_ft. ___ ~. ____ .. ___ ~_~ ___ 
179 I'icl7 ~~ 4.2 23. 1 2,~. 3 23.7 ~4 23.9 24.j ~ I,j • ,~ dll.4 

2~1 25.2 2';.9 26.':1 25 ~'.4 2~). 5 2:1.2 
18 ~, ~045.7 ~4,,8 23.' 23.7 24 ~4.4 ~4.4 24. ':, ~11.6 ~4.6 

2S.4 ?5,,7 26.3 26.~ ~e·. ~ 2":>.5 ~h.9 (.~.7 

181 645.6 :!.5 23." 23 .. 9 ~4.~ ~4.~ 24.3 24.6 2.i. r, 24.9 
25.P. 25.9 26.6 27. 1 2~.(; '?~ 21').1 C'::i.9 

-._.-._-----._--.---------.----.-.----------- .. _._---- -.--.~.--.---~-----
1A2 f.39.1 ~fI5,3 24,t 24.5 24.? 2:', 1 ~~,~ ~~,6 2 ~. ~-, (".6 

2~.? ?6.4 27.1 27.6 2r:5.? 2t..4 2t.tj ?6.5 
183 6~5.7 ~5.9 24.~ 24.8 2~.1 25,4 2S.~ 2~.F 25.6 ~~.g 

25. II:; 26,8 27.4 2~ ~ 5.!'J 2~. ('j 27 2(;.7 
184 638.6 24 •. ~ 2.4 • 1 24.4 24.4 2~ ~d 4 • ~ 25.1 2~.1 2~.2 

25.f. 2~ 2fi.l 27.4 2:'.~ )~ " 1_ '\-0 • '-_ 2t.3 2h.l 

----.--.---------------~----------.---.-.--.--"-.----- ------------"------185 64~.3 ='5 23.C. 24,2 2..1.4 24.0 "4.f' 2~ 25. 1 2b.1 
25.S; ?O 2 Pi •• '5 27.4 2:;.7 ? € • 1 ~6.2 26 

1A~ F44.8 ~4 23.3 23.6 2.~. ~ 24,2 2 4 ,,2 ;! 4. 'J 2 il .4 24.4 
~e- :25.2 25 :'.~.7 C:S.2 ;~.3 2t),e 25,4 

187 f'49.3 2~ 23.7 23.9 2l1.2 24,5 ?'l.~ ?!. .1::' 2'" ?':) 

2~,f 25.7 2'i.4 2 1 ,2 25.f- 26 26 ~!5.B 
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Table C-4. Nutrient/gas accumulation values. 

Day 

p 

27 
4:1' 
~~ 

7(} 
/14 
q8 

111 
12" 
14" 

154 
1611 
187 

Day 

1':5 

27 
4'-
513 

7f'J. 
e4 
96 

111 
126 
141/1 

154 
168 
187 

p 

_.':1(' 

2.1~" 
~.5QQ 

R.';21 

I~.H 
I? 41 
1~.Q7 

1<1.911 
16.';7 
17 .16 

17 .A:? 
19.46 
lQ.99 

p 

-.1:'05 

4.tJ44 
6.1158 
1('1."'1 

11.115 
12.';8 
14.015 

I ~. ~~, 
ll'i.:n 
1.7.79 

~"'. OI~' 
2~.96 

2\.97 

Fe 

.~1561 

.1'1577 
4.743 
6.229 

1'i.513 
7.552 
8.4('15 

11.982 
".912 
1;~. 7 J 

1:~. 61 
t2.:Hi 
D.31 

Fe 

.5211 

"i.144 
5.6713 
7.57 

7.52 
1!.~ti'I 
1~.49 

11.15 
12.34 
1,3.44 

IJ.e13 
14.15~ 
16.1110 

Hg 

ovW56 

.(11119 

.(lllS7 

."25" 

.~JI3 

.0376 

.~439 

.(II49 A 

.~56tl 
• ('I/'l2A 

.01691 

.r-l754 

.,118'39 

Hg 

.fIl~~6 

.1'1119 

.(11187 

.0251 

."313 
,111377 
• :144 

.21494 

."'~156 

.r-l62Q 

.0691 

.21755 

.11"1 111 

N 

32.23 

46.22 
1 '5.17 
41.17 

50.64 
69,65 
77.76 

96.61 
1"9.7 
121.~ 

12~.5 
126.3 
13~.7 

N 

11,!'i8 

78.26 
126.7 
1158.6 

187.9 
210,7 
217 .21 

238.9 
251.8 
2153.8 

271.0 
2B2.Vl 
293.9 

Microcosm I 

C 

260.~ 

~77.15 
58~.~ 
735.'" 

117a.~ 
1001. 
11215. 

1190. 
13"'3. 
1357, 

1476. 
1';38. 
l609. 

Microcosm 2 

C 

287.~ 

432.0 
'598.1 
9216,3 

1068. 
1246. 
1437. 

1534. 
1699, 
1825. 

19213. 
20\!l7. 
2119. 

VNET N2 

.. 9.64 28.0:1 

.. 26.8 
-8.26 
16.24 

32.68 
48.55 
56.9[(1 

7~.(II7 

71'i.42 
76.7('1 

73.72 
83.37 
87.92 

VNET 
-21'i.3 

10.77 
70.91 
120.9 

169.9 
197,QI 
C!21.2 

254.3 
273.1 
287,3 

264.4 
308.4 
318.8 

32. 9~) 
.7159 
26.~1 

"5~.9~ 
39.93 
47.7~ 

65.92 
715.02 
1'12.33 

77.77 
~".89 
87.76 

N2 

S.241 

7B.t'l7 
121.'i 
162.1 

186.8 
211l7.6 
215.[1 

241.9 
253.4 
264.7 

271.3 
283.6 
297.6 

°2 
-:>q.?~ 

-2,')5. 
-326. 
.. 4>!i1!. 

-ao2.,,~ 

~552. 

.. 678. ',' 

-773. 
.. ~81. 
-979. 

-1~77. 

-1170. 
-13,18. 

°2 
.. 38. 0~1 

"1<;;t".1 
-3,'3.8 
-:S73.2 

"43~.9 
-311.R 
-622.8 

..721.6 
-k'.25.7 
-921.1 

-1':117 • 
-111;? 
-1241. 

~ 
52.56 

116.5 
340.0 
396.6 

427.a 
~57.3 
~45.1j 

63".2 
7:J6.0 
779.0 

1'49.6 
't5eJ. :~ 
IV147, 

CO2 

62.25 

185.6 
427. (1 

493.2 

01)2.7 
637.0 
7651.5 

8134.2 
IVl37. 
114i1l, 

123"'. 
1351. 
1498. 

CH4 
1.826 

2.1'i35 
44.011 
31.43 

3!J.44 
44~{j2 

57.11 

64.21 
64.58 
63.48 

61.42 
~3.30 
55,S"; 

CH4 
1.65 

~.68 

48.93 
6ti.32 

ge.13 
I.Vi.5 
144.1 

171.7 
19!).7 
217.2 

224.4 
244.4 
264,8 

Day 

1:5 

27 
42 
5" 

79) 

p,4 

98 

111 
1:?6 
1<l?l 

154 
1 !'ill 
187 

Day 

13 

27 
42 
'515 

7f'l 
n4 
98 

p 

.. ~.~f5 

2.5"r 
!'i. tif'i4 
11. Jr; 

12.41 
13."19 
15.13 

I"l. ;!4 
17.22 
18,l'i7 

1!:l.R4 
?VI.83 
21.88 

p 

... n6 

1.415 
3.784 
8.393 

1\11.52 
P.48 
14.:>" 

Fe 

.1274 

2.172 
4.2215 
'5 .~11 

!).46PJ 
~.96" 
7.151cl 

7.7t'l11 
8.7911l 
11.390 

lI. 72~J 
9.4Ul 
!:l.820 

Fe 

.240~ 

.1~158 

2.~3~ 
5.8021 

15.355 
7,RI5", 
Il.Q89J 

Hg 

".495 

-1.V'5 
-1.65 
-2.23 

.. 2.78 
-3.34 
-3.69 

-4.24 
-4.~4 

-5.33 

-~.81 
-S.3 R 
..7.15 

Hg 

-.472 

-1."'~ 
-1.49 
-2.14 

-2.7'" 
-3.1Il9 
-3.113 

N 

Microcosm 3 

C 

39.27 

74.1'58 
97.11 
119.1 

113.5 
1~e1.et 
76.50, 

80.C'lB 
62.36 
46.4~ 

14.77 
.23 74 
-215.5 

26(1.3 

408.1 
";55.1 
32~.'3 

g86.5 
'L 135. 
12155. 

1345. 
1515. 
1590. 

1655. 
1783. 
1850. 

N 

Microcosm 4 

C 

33.23 

115.(']15 
-35.0 
.15:5.3 

-38,0 
26.1 

"27.2 

259.5 

411.3 
~82.1 
753,9 

~13.5 
t 11\76. 
1210. 

VNET 

"U5.2 

-21.2 
9.2l0 
52.94 

55.72 
54. Hi 
4~,7' 

51.~4 
44.95 
42.27 

N2 

29.35 

67.5l6 
8:>.4'i 
~b.61i'i 

91."'(1, 
72.99 
48.96 

50.87 
2Q.12 
9.59 

30.138 -25,6 
44.43 -42.7 
43.35 ·71.7 

V NET 

-7.09 

-33.4 
-S4.4 
.. 43.7 

7.2.,5 
3,4 w ~e 

53.17 

N2 

27.49 

13.47 
-46.3 
-54,.5, 

.. 4111.7 
·-.3"'.2 
"29.7 

~ 
-66.3~ 

-225.4 
-341'i,9 
- 4V1 4.5 

-5t117 • .3 
-'i73.4 
-694.4 

-78k.11 
-891'1.1 
-995.~ 

-1~Q5. 

-1191:) • 
-1323. 

°2 
-5~.5S 

CO2 

63.24 

153,5 
31~.4 
308.15 

4~8.6 
5.23.4 
644.3 

744.1 
851.0 
952.5 

10J9. 
1122. 
1244. 

CO2 

62.23 

-190.5 153.6 
,,3()7.9 286.21 
.i.37-ei.iZI '3,12.6 

.. 435.5 

.. 51A.l 
-615.5 

3-82'.2 
433.8 
523.21 

CH4 
2.1il2 

4.915 
36.37 
46.10 

58.29 
71.42 
06.60 

69.38 
~5.35 
~~.59 

1i'10.2 
109.0 
117.0 

CH4 

1.1524 

3.24 
25.77 
U~.55 

36.14 
55.40 
79.0 

-. - ... - ... ___ .. _____ • __ ........ __ .......... ___ ._.~ •• ___ "",," __ .. 4 ........... __ ........ ___ .... __ ....... _. 

111 
1215 
140 

1 '5. :36 
16.35 
IA.2:5 

9.330 
9.780 
1.,.83 

-4.12 
-4.61 
.. 5.11 

-4.Dl6 
13.72 
25.89 

1315. 
1515. 
1526, 

93.""7 
121,9) 
142.1 

.. 5,13 
12.~4 
23,45 

-7'13.7 
..8'18.5 
.Q 13.1 

637.3 U9.2 
76 5 • ,Ill 1 ·3 /; .,4 

,8:66.17 . 16'0.1 -·-·_-·_---_·.··_·------_______ ._._._._.-_-_w _______ ........... ___ ...... __ 
154 
168 
187 

27.~l1 
~B.6e 
31.68 

21,t1l9 
2~.68 
23.96 

-5.15~ 
.. 6.17 
.. 6.89 

41.19 
43.80 
5,8"'0 

1728. 
2093. 
2232. 

167.2 
194.111 
1811l.e1 

35.22 
37 •• ]5 
1.280 

-986.3 
-1:1181. 
"1211'1, 

1555. 
1019. 
1743, 

168.4 
179.5 
19." 
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Table C4. Continued. 

Day 

13 

27 
42 
'i6 

7 {'I 

84 
9R 

111 
121'i 
1412' 

1~4 
1611 
lB7 

p 

-.54;" 

-.775 
·1."" 
-~.32 

-3.13 
-3. R~! 
.4.17 

-4.157 
-5.<'5 
-"i.~~ 

-~.~2 
-15.17 
-'.22 

Fe 

.318~ 

.4225 

.221119 

.47",7 

.1'548 
1."'75 
2.56111 

3.223 
3.860 
4.425 

5.693 
15.22(11 
6.!'i30 

Hg 

• 11I e'56 

.13119 

.0187 

.11J25~ 

.111313 

.111377 

.111441" 

.0499 

.0566 

.063~ 

.111693 

.07~5 

.0R44 

N 

Microcosm 5 

C 

.. ~.88 

-2.17 
19.70 
.. 47.8 

-28.5 
-22.7 
00154.3 

.. 87.4 
·123. 
-114. 

-130. 
-59.0 
-4V'.1 

278.~ 

137.9 
351,8 
35t1.B 

385.13 
388.7 
452.9 

452.'5 
.s133, 1 
4155.9 

00.1 
483.0 
-l71.6 

Microcosm 6 

VNET 
-1.95 

1219.6 
213.9 
224.3 

235.3 
2fll.7 
335.4 

357.9 
394.4 
452.tl 

5r115.8 
581.iII 
I5 Q l.!J 

N2 
-l1.el 

-4.91 
17 .76 
.46.\', 

-25.8 
"2~.5 
.. 51.1 

.. 82.7 
"1115. 
-11 ~1. 

"122. 
·48.e 
-215.1 

°2 
13.21f1l 

1Ji5.34 
235.0111 
294.«14 

2')9.901 
291.1.>11 
~87.1" 

422.2.1 
4138.8~ 

535.3;' 

515.5~ 
5R4.3>il 
1574.4:;' 

CO2 
.. 3.78 

.. 9.45 
-1!l.2 
-2".7 

-7.73 
"~.41 
-2.56 

.2<!10 

.9348 
4.14(l 

7.21~ 
15.42 
15.78 

CH4 
2.04 

4.62 
10.21 
16.!il5 

1l.b3 
17 .27 
1tl.811 

1IJ.57 
19.4 
2~.57 

21.53 
23.S9 
24.56 

Day P Fe Hg N C VNET N2 02 CO2 CH4 

13 ... 5i11~ .5099 .011156 22.54 267.~ 37.47 22.30 33.233 .. 3.157 1.584 

27 
42 
515 

7111 
84 
9f! 

111 
126 
14r/! 

154 
16R 
1~7 

-1.43 
-2.11115 
2.161 

1.2~0 
1.494 
3.721 

4.1S6!'i 
6.1ti~ 
Q.2~9 

10,58 
12.94 
13.t7 

.2345 
1.147 
t5.5elll 

'5.232 
7.i1I4V1 
Q.873 

1~.23 
12.6!5 
1'1.27 

2~.07 
~?39 
24.94 

.et119 

.0187 

.0250 

.~3D 

.037t:: 

.",439 

.049a 

.~!'i55 

.062~ 

.111591 

.111755 
• 084r. 

2.810 
90.14 
32.69 

19.45 
4.122 
10.59 

18.72 
-84.8 
"122. 

-135. 
.. 95.~ 
-148. 

387.6 
415,8 
598.5 

605,3 
581l1.7 
882.1 

!)54.0 
1177 • 
1325, 

1452. 
P20. 
1903. 

35,~7 
189.7 
21110.3 

237.4 
244.8 
244.5 

255.3 
270.111 
275.6 

287.7 
295.2 
315.4 

~. 99~' 
97.90 
35.75 

2ti.~t\ 
10.015 
lS,6Y 

24.78 
-82.4 
-130, 

-137. 
-11'11. 
-15iil • 

-lS.lIlti 
4fl.230 
89.l"!311 

113,90 
96.31" 
h'.48 

-53.60 
-17.01 
31.9"'2) 

7.14~0 
-114.4 
.. Y7.7rJ 

.9.33 
"15.1 
.. 20.5 

-9.04 
.. 4.28 
2.880 

28.57 
27.15 
33.25 

36.79 
55.18 
68.30 

3.548 
7.57 
&.02 

12.82 
13.77 
13.79 

18.90 
48.02 
35.42 

35.87 
3tl.59 
42.24 

Day 

13 

P 

•• 43~ 

Fe 

.31';315 

Hg 

-.!'Itll6 

N 

34.46 

Microcosm 7 

C V NET N2 

267,~ 26.92 2i5,ge 
~ 

1~.7~0 

CO2 

-3.158 

CH4 

1.523 
----------_._----------------------------.---.--------._.-----._----------

27 
42 
56 

-1.19 
-1.71-
-.!"~~ 

.1324 

.03529 

.6558 

-1.1111' 
-! • til! 
-2.11 

64.46 
177.5 
159.8 

434.4 
473.4 
1'108,Q 

19!1.4 
377 .~ 
404.0 

56.~6 
1159.9 
155.9 

19d.00 
296.511 
303.UeI 

.. 9.22 
-14.8 
-20.2 

5.15 
"l.977 
12.10 

-.-._-- .... _.---------------------------------------.---.-----------------
7('1 
Roll 

98 

111 
12/i 
14(}1 

1~4 

Hill 
187 

.14~~ 

."4~.s 

-.3~3 

-I. "'2 
-I. /5 4 
·2.12 

-2.7~ 
-?89 
-~.()5 

.'i242 

.9532 
2.48,3 

2.553 
3.43" 
3.524 

4.37~ 

5.55' 
~.844 

-2.69 
.3 •• 11 
-3.ti~ 

-4.17 
.. 4.RI 
-5.3E 

-5.1'17 
-6.41 

7.24 

lQ8.1 
214.8 
20f'.6 

195.1!! 
21£'1.8 
221.3 

215.5 
?2:?.0 
219.3 

~57.5 

1'192.3 
739." 

742.2 
74~.'3 
1004. 

95~.8 
992.1 
Q72.!I 

Microcosm 8 

491.5 
5pi2.~ 

721.8 

802.9 
8S5.S 
957.~ 

1"'47. 
11~/5. 

1232!. 

1 S 1. 3 
195./\ 
179. '" 

175.3 
la9.9 
195.7 

194.0 
203.7 
21!14.1 

Day P Fe Hg N C VNET N2 

1~ -.4"'5 .4649 -.4SP 22.51 256,7 7~.~7 2~.8~ 

27 
42 
"i6 

7('1 
84 
98 

•• <i'3~ 
1.31'il 
1).441 

4.9(>~ 

10.19 
1!'.~5 

.bR"'7 
~.550 
0.662 

Q.332 
1.1.27 
'6,6111 

-.954 
-1. 40 
-2.1119 

-2.72 
-3.2[1' 
-3.7F-

33.79 
126.8 
144.5 

19et.4 
191.4 
198.2 

326.7 
~90.7 
55~.7 

580.9 
6(/12.0} 
744,4 

18~.3 
4r115.2 
507.7 

617.7 
7119.5 
788.1 

32.68 
130.4 
120.(', 

175.9 
181.4 
18V'1.9 

3158.4&1 
493.,0 
669.~J 

784.50 
878.1~ 
9~Y. 1 \~ 

tzq~.~ 

ll rll.r?: 
1234." 

.7.94 
2.74C!l 
-2.52 

.1064 
2.990 
/5.1iJ10 

9.t;48 
13.1:18 
14.65 

17.!1I2 
18.95 
23.84 

24.51 
24.05 
26.61 

26.64 
27.35 
30.24 

02 ~ CH4 

1~1.9~ -3.5!i1 3.bl 

217.7111 
421:1.5'" 
59:J.4VJ 

582.1'" 
8"'!:i.61<1 
9C;7.3~ 

-9. ~,2 
-14.5 
-19.7 

-7.il!) 
-1.71i! 
5.89J 

3.983 
4.525 
4.172 

6.765 
7.214 
6.610 . --- -_ ..... -- .--.. ---.---.. ~ -.-. -;;-.. .... ;;.-;. ... ------._. -----_.- -_ .. ----... -------_ .. --_ .. ---

111 
125 
14~ 

1S4 
\tia 
187 

1°.4;? 
IQ.2IV 
19.23 

lQ."'9 
19.~e 
18,71" 

21.43 
22.97 
24.7r. 

26.14 
27.57 
28.51'1 

-4.24 
-011.1"7 
-5."'7 

-5.3/5 
-5.57 
.. 5.29 

215.1 
223.3 
239.8 

243.5 
244.3 
236.9 

R23,3 
837.(/1 
'151.8 

eg7.9 
931.9 
919.6 

872.4 
952.1 
1055, 

1151. 
1211. 
1319. 

201'1.1: 
212.5 
229.11 

24~.4 
245.4 
242.9 

99R.20 
l1tl ... V1 
1227.~ 

1338.1il 
1379.V? 
1526.0 

7.596 
1:i.570 
11.94 

17 .12 
18.58 
2~.28 

6.637 
r, .668 
5.71il0 

6.730 
6.750 
6.790 
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Table C-4. Continued. 

Microcosm 9 

Day P Fe Hg N C VNET N2 02 CO2 CH4 

13 -.e7~ .24~0 .~~56 13.42 228.2 39.57 a.S1P 45.e~~ -3.7~ 3.001 

27 
42 
515 

7" 
1\4 
98 

-1.37 
1."'12 
~.213 

6. r.71~ 
8."311 
14.114 

111 21".53 
t26 24.l-'5 
1401 2/1. t7 

154 
168 
1117 

Day 

13 

3l71.f'i4 
30!.37 
31".73 

P 

-.652 

27 -1.55 
42 -1.94 
56 -1.3~ 

70 
84 
911 

.. ~.40 

.. 3.~4 
-4.~2 

111 .. 4.56 
125 "!Ii.71 
141'1 -/;.39 

154 
, 1!'i8 

187 

.. 15.98 
-7.46 
-A.86 

• 1 !'I 10 
3.264 
7.939 

7.9!5~ 
9.356 
10.28 

25.39 
29.91 
3:.\.(1'1 

35.79 
3l'1.311! 
37.83 

Fe 

.5324 

.1382 

.4450 

.1'!282 

.3716 

.2871i1 

.5128 

.5470 

.3597 

.4390 

.7590 

.4420 

.(l145 

.0119 

.01187 

.02~H' 

.0312 

.171375 

.111438 

.~497 

.0565 

.C"f'i28 

.0691 

.1i'!755 
• ~'lF141 

Hg 

.0V'1!56 

.0119 

.121187 

.0250 

.1'1313 

."375 

.0439 

.111497 

.0!51'l5 

.01528 

.0691 

.07511 

.0839 

70.18 
147.5 
192.8 

295.7 
281'1.3 
266.4 

287.4 
308.3 
3"'9.5 

311.~ 
324.3 
312.8 

N 

13.21 

58.95 
100.5 
91'1.80 

135.3 
147.8 
139.0 

150.7 
154,0 
Ui0,8 

159,4 
164,4 
181.4 

219,7 
450.2 
597.5 

731.7 
787.8 
992.1 

1182. 
1357. 
1310. 

1438. 
1455. 
1495. 

312.5 
501.1 
693.7 

873,1 
905.3 
101/i • 

1117 • 
117:5 • 
129€. 

141119, 
153/;. 
1544. 

Microcosm 10 

C VNET 

250,0 

231,2 
264,7 
291,5 

32~.5 
315.4 
307,5 

291,9 
283.9 
?S7.5 

245.5 
216,7 
179,9 

34.91 

339.9 
469.iIl 
558.1 

652.6 
770.8 
873.0 

990.1 
1089. 
1186. 

1286. 
i385. 
1508. 

57.57 
124.5 
167.2 

261.;' 
238.1 
21t1.1 

227.1 
24".'-: 
228./1 

22~.2 
241.7 
221i.~ 

N2 

11.78 

59.97 
100.6 
98.39 

146.1 
152.2 
154.1 

170.9 
179.2 
187,'" 

193.2 
2134.8 
226.3 

'"f 

37~.6~ 
520.1"l 
71'14.60 

831.50:1 
tHIG.f1i:l 
101lf'l.0 

1176." 
l1'.lVl. ~ 
13,;'/;. !<l 

1<196.~ 
1544.0 
1817 .e. 

°2 
37.43.1 

408.~HI 
53~.20 
5~~.30 

722.0<1 
A56.1':) 
995.10 

1135.~ 
1251.0 
1371.6 

15"3.1(1 
1517 ."' 
1756. \ 

-!:I.46 
"15.4 
-20.8 

.. B.74 
-;).9:5 
-2.19 

-2.~2 

-.143 
2.116 

4.554 
5.557 
10.16 

CO2 

.. 3.76 

-9.38 
"15.1 
-20.5 

.. 1;.64 
-3.54 
-1.~2 

.3228 
2.900 
5.640 

1~.28 
11.99 
15.79 

13.64 
31.63 
54.24 

61.49 
S6 ;93 
63.92 

64.85 
55.36 
67.35 

70.74 
71.95 
72.60 

CH4 

1.325 

14.35 
l~.bl 
18.61 

19.34 
23.21 
26.41 

25.67 
27.65 
26.10 

29.01 
29.34 
31.85 

Microcosm 11 

Day P Fe Hg N C VNET N2 

13 -.616 .386<1 -.517 -35.2 272.5 .. 4.43 -38.~ 

27 
4'­
~6 

7~ 

64 
CIS 

111 
126 
140 

1~H 
IRA 
lR7 

Day 

p 

27 
42 
56 

7., 
fH 
9Fl 

111 
126 
14('1 

154 
168 
187 

.. 1.46 
-~.1<1 

-1.25 

-2.39 
-2.~1 
.. ?1V1 

-3.54 
-4.57 
-5.lb 

.. ';.013 
-1'i.1'i:;l 
.. 1'\.;"8 

P 

-.4~5 

-1.29 
-:?2k' 
-2.112 

.. ~.70 
"4.72 
-"f.71 

.. G. !'I 2 

.. 7.51 
-A.~3 

-11.25 
-O.OIe; 
"lVi.5 

.3724 

.1684 

.39(1'7 

.1529 
1.133 
~.2M 

3.35'(1 
3.Vl4" 
3.180 

3.3~3 
3.149 
3.1lie 

Fe 

.<1424 

.2984 
-.19'" 
... 1511'2 

-1.01 
-1.23 
-1.35 

-1.71l 
-1.97 
.. ::! .18 

.. '-.25 
-2.72 
-3.15 

"I.P" 
-1.72 
-2.30 

-2.86 
-~.4~ 
-3.94 

-4.50 
-5.e!9 
-5.1511 

-1'1.23 
.. 6.78 
-7 • t;~, 

Hg 

-.~lB 

.. 1.Pl9 
"1.72 
"2.32 

-2.8~ 
-3.52 
.. 4.C'!Q 

"4.63 
.. 5.22 
.5.79 

.. 6.09 

.. 6.613 

.. 7.5~ 

59.51 
98.515 
91.11 

123.1 
140.'" 
1'-6.8 

128.4 
128.8 
132.5 

131.4 
141.8 
149.5 

N 

21.15 

71.75 
115.5 
117.7 

166.4 
174.5 
182.0 

195.7 
218.3 
234.6 

248.3 
273.3 
29~./I 

264.8 
288.9 
HI5.'il 

33~.3 
~415.5 

4"'0.11 

411.8 
~83.~ 
~71.4 

348.8 
305.1 
~68.3 

329.9 
450.4 
545.1 

599.1 
6&2.2 
752.4 

846.7 
943.~ 
11-132. 

1141'1. 
124(1. 
1365. 

Microcosm 12 

C 

2115.7 

219.5 
222.3 
225.5 

:'!29.5 
235.2 
218.8 

19801 
::!67.'" 
c47.5 

2911J.l 
252.7 
::!15.4 

VNET 

72.44 

347.9 
494.3 
617 .2 

707.8 
8alS.5 
934.15 

111151. 
1 U~5. 
130111. 

1422, 
1558. 
1688. 

55.212 
86.26 
83.1I!1 

108.7 
121.8 
105.7 

100.4 
111'1.2 
11"'. :3 

110.9 
123.8 
134.1 

N2 

19.51 

72.1'15 
122.2 
129.(0\ 

180.9 
169.1) 
19/.9 

217 .2 
246.3 
25~.fl 

276.5 
308.5 
331.~ 

o.z CO2 CH4 

4/1. -3.72 1.64.:) 

4~2.80 

~3(1.9~ 

651.~i9 

680.f1i:J 
771 •• H'l 
87!' .Ge 

982.10 
11~d.~ 

1224.0 

137~.~ 
1 4 7'l.?! 
104;'.11 

°2 
9<2.8b~ 

43~.2~ 
567.20 
737.891 

797.60 
920.50 
1083.~ 

122t~ .~ 

13~8.~ 
15P.~ 

1680.0 
1812.0 
19154.0 

-9.23 
"14.9 
-20.1 

-B.21 
-3.14 
-1.211 

.972g 
3.650 
ei.440 

9.19" 
11.~~ 
1 <I. 71 

CO2 

-3.66 

-9.e6 
-14.6 
-111.8 

""1.95 
"2.84 
"2.69 

-.052 
2.700 
5.554 

8.38il 
1~.21 
13.74 

16.1(15 
2".8'" 
U.40 

2d.04 
21.1f) 
28.48 

34.0f) 
3J.48 
37.71 

37.20 
40.00 
/I~.1Il3 

CH4 

2.220 

28.86 
31.5'" 
33.40 

32.91 
3".60 
38.75 

3g.153 
40.10 
41.52 

40.75 
4/1.82 
45.78 
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Table C4. Continued. 

Day • P 

13 -.1'1"'8 

27 
4? 
55 

-1.3~ 
-2.10 
-2.59 

7C~ -3.017 
84 -3.';1! 
08 -d.?:1 

111 
1'1'; 
14 \~ 

154 
168 
t87 

Day 

13 

27 
42 
515 

70 
04 
9~ 

-4.56 
-4.!'il 
-5.4~ 

-/).15 
-/'i.5e 
-7.84 

P 

-.54'" 

-1.t9 
-2.22 
-2.74 

*3.47 
"3.37 
-3.~9 

Itl -3.8;l 
125 _.I.4~ 

1401 -4.80 

154 
168 
1117 

-"1.45 
-5.92 
-7.19 

Microcosm 13 

Fe Hg N C VNET N2 02 CO2 CH4 
.4199 ."'('15" -.385 283.~ -5.38 -42.9 55.700 -5.37 1.26~ 

.1022 

.14~1 

.-1560 

.1)332 

.8670 
::1.54[:\ 

3.790 
4.230 
4.240 

4.:59~ 
4.1550 
4.~1~ 

Fe 

.4311 

.4687 

.1501 

.2979 

.2822 
1.398 
3,740 

4.591'1 
5.272 
5.880 

~.447 

e.77'" 
6.929 

.el119 

.~187 

.1il25~ 

.01313 

.~~7f;i 

.0439 

,0498 
.0565 
.01'28 

.06~1 

.0754 

.0841'1 

Hg 

.111056 

-4.52 
34.'18 
28.89 

32.74 
4;'.57 
40,12 

44.76 
44.79 
55,73 

4~.12 
58.43 
83.99 

N 

54.fl2 

• " 1 2 ('I~ 65.57 
.Ql187 108.3 
."'250 138.9 

."31~ 

.1il377 

.V'l44t'l 

.0498 

.t'!561'i 

.0t'i29 

• 0I !'i9l 
."l754 
.0841'1 

195.9 
197.4 
191.7 

208.3 
208.1 
202.7 

132.4 
95.20 
16.57 

305.;11 
~57.9 
:"'5.5 

4015.5 
407.15 
418.2 

433.9 
450.7 
444.1 

448.5 
415.1 
394.1 

90.158 
295.4 
355.8 

42 7 .(11 

515.0 
617 .5 

575.7 
775.9 
874.2 

952.7 
1('149. 
1197. 

Microcosm 14 

C 

~27.4 

229.'-
240.8 
241.15 

274.1 
281.4 
322.2 

339.4 
333.5 
354.13 

392.7 
351.8 
352.2 

VNET 
99.('10 

249.t! 
437.~ 
578.8 

702.1 
743.1 
625.0 

8711l.5 
975.15 
1033. 

1038. 
1048. 
1071. 

-9.49 
34.7~ 

31.84 

38.93 
42.22 
33.15 

40.63 
41.43 
48.15 

45.!I~ 
48.7>'1 
g4.21 

N2 

56.1'14 
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Table C-S. Genera identified in wall scrapings at microcosms obtained at the end of the experimental run (day 
183). 

Occurrence in Microcosms (Values in Estimated %) 

1-4 5 6 7 8 9 10 11 12 13 14 15 16 

Sulfur Bacteria 
Thiobodaceae 10 
Achromatium 20 

Fungi 
Actinoplanes 5 

Protozoa 
Macromonas 
Trachelomonas 5 

Blue Green Algae 
Microcystis 60 75 25 50 97 50 40 35 35 30 90 95 75 
Oscillatoria 40 1 35 15 25 60 30 5 2 5 
Anabaena 75 25 30 15 

Green Algae 
Chlorella 20 5 5 30 5 5 
Chlamydomonas 5 5 15 15 10 3 
Ankistrodesmus 15 
Scenedesmus 
Vorticella 
Oedogonium 5 

Diatoms {not classified} 5 
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Appendix D 

Mercury Results 

Table D-l. Total water phase mercury concentrations (Jlg/I). 

Microcosm 

Date 3 4 7 8 8cent. 11 12 IS 16 

23 Jan. 3.7 2.1 15.5 3.6 2.9 3.1 5.2 3.0 
21 Feb. 5.6 17.0 22.0 * 2.6 * * 3.8 
8 Mar. 20.3 8.9 2.3 5.4 4.9 3.0 4.2 4.1 
2 Apr. 6.0 13.0 3.2 16.8 5.3 4.3 2.9 6.7 
9 Apr. 12.0 15.8 3.5 9.0 6.2 5.7 3.1 4.1 

16 Apr. 11.0 11.3 5.7 18.0 6.2 5.0 4.4 3.3 
24 Apr. 15.2 9.0 10.0 30.5 10.8 4.5 9.1 7.8 6.0 

1 May 12.1 7.9 10.5 25.7 4.4 23.3 9.5 7.6 
8 May 8.5 5.8 6.2 12.7 1.6 2.2 10.3 6.9 4.3 

14 May 5.8 8.8 7.5 31.6 3.0 5.9 6.1 9.8 5.4 
21 May 9.8 5.9 7.9 11.1 5.1 4.9 2.8 8.9 4.4 
28 May 15.5 13.2 3.3 6.3 4.9 4.0 2.4 5.9 2.3 
8 Jun. 5.1 7.7 2.0 7.9 2.3 1.4 5.5 10.5 

*Indicates less than 1.0 Jlg Hg/I. 
-Indicates no analysis performed. 
8cent. means the supernatant of 8 centrifuged. 
Samples were centrifuged @ 20,000 RPM for 10 minutes. 

Table D-2. Total suspended solids (mg/l). 

Date Microcosm 

3 4 7 8 11 12 15 16 

25 Jan. 3.3 3.8 14.5 158.7 12.9 3.5 15.3 5.9 
8 Feb. 2.4 2.8 15.5 13.0 11.1 0.7 6.4 1.9 

22 Feb. 1.4 2.3 23.7 40.0 21.9 1.7 25.6 2.8 
8 Mar. 1.6 2.6 20.3 120.0 31.3 4.0 24.5 4.2 

21 Mar. 1.6 1.4 15.1 54.3 15.0 4.7 12.9 8.2 
5 Apr. 1.2 0.9 16.5 37.3 9.6 2.6 5.8 2.3 

19 Apr. 1.8 3.7 15.3 65.3 6.8 4.9 10.1 2.4 
3 May 1.0 0.7 12.0 35.0 6.9 11.1 10.9 0.9 

17 May 1.4 4.5 20.2 71.5 7.2 3.3 13.8 2.9 
7 Jun. 1.4 3.4 13.4 18.1 4.0 2.1 8.8 3.1 
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Table D-3. Volatile suspended solids (mg/I). 

Microcosm 
Date 

3 4 7 8 11 12 15 16 

25 Jan. 2.3 2.1 9.2 26.7 3.8 2.8 3.7 2.3 
8 Feb. 1.6 2.3 11.5 3.3 3.0 0.7 2.3 1.7 

22 Feb. 1.4 2.3 7.0 14.0 4.0 0.8 2.8 2.0 
8 Mar. 1.2 1.0 3.0 28.9 4.9 1.0 3.3 2.3 

21 Mar. 1.6 1.4 3.7 17.9 3.3 1.6 2.6 2.8 
5 Apr. 0.1 0.7 2.6 2.7 2.3 1.0 1.9 0.7 

19 Apr. 1.0 1.7 3.8 11.3 2.6 1.6 3.1 2.3 
3 May 1.0 0.7 3.3 6.8 2.6 6.6 3.3 0.3 

17 May 0.3 2.9 3.8 12.4 2.2 2.2 3.3 1.7 
7 Jun. 1.4 1.7 1.9 3.3 1.2 0.5 4.0 1.4 

Table D-4. pH versus time. 

Microcosm 

Date 
3 4 7 8 11 12 15 16 

31 Jan. 6.8 6.5 8.6 8.7 8.9 9.1 8.8 9.2 
16 Feb. 7.1 7.4 9.4 9.6 9.6 10.0 9.4 9.7 
23 Feb. 6.6 6.6 9.4 9.3 9.4 9.8 9.3 9.7 
2 Mar. 6.9 6.8 9.3 9.3 9.4 9.6 9.3 9.6 
9 Mar. 6.9 6.8 9.3 9.2 9.4 9.6 9.3 9.5 

20 Mar. 6.9 6.8 9.5 9.4 9.6 9.9 9.3 9.4 
27 Mar. 6.8 6.8 9.5 9.5 9.7 10.0 9.6 9.6 
6 Apr. 6.6 6.6 9.5 9.5 9.5 9.8 9.4 9.4 

20 Apr. 6.6 6.7 9.2 9.2 9.3 9.5 9.5 9.8 
4 May 6.5 3.3 9.2 9.3 9.6 9.9 9.5 9.9 

18 May 6.6 6.S 9.0 8.9 9.3 9.6 9.0 9.4 
25 May 6.6 6.9 9.1 9.1 9.4 9.6 9.5 9.9 

142 


	Nutrient Dynamics and Gas Production in Aquatic Ecosystems: The Effects and Utilization of Mercury and Nitrogen in Sediment-Water Microcosms
	Recommended Citation
	Authors

	tmp.1330469531.pdf.xHtoe

