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Ammonification
Ammonification is the microbial conversion of organic nitrogen to inorganic

nitrogen as ammonium. The ammonification process is represented as follows:

H,CCOOH + 3/20, —-> 2 CO, + H,0 + NH,
I

NH,

This reaction is carried out by many different species of heterotrophic microorganisms
(Alexander 1961; Tusneem and Patrick 1971; Hardy and Holsteﬁ 1972). In soils,
ammonification may involve bacteria, fungi, and actinomycetes, with bacteria being
predominant in neutral and alkaline conditions, and fungi in acidic conditions (Alexander
1961).

The amount of ammonium released during microbial decomposition is dependent
on the C/N ratio of the material being decomposed (Alexander 1961; Bartholomew 1965;
Power 1968; Tusneem and Patrick 1971; Keeney 1973). Ammonification is favored
when the C/N ratio is less than 20:1 by weight (Enwezor 1976). The extent of
ammonification also depends on the type of organic material being decomposed
(Bartholomew 1965). The more stable the material being decomposed, the less
ammonium will be released. Stanford and Smith (1972) have shown that only part of the
organic-N in soils is subject to ammonification and this fraction is "extremely variable".

Chemical and physical properties of the soil or aquatic system also affect the rate
of ammonification. Ammonification rates are more rapid at neutral pH values than under
acidic conditions (Alexander 1961). The optimum temperature range for ammonification

is in the thermophilic range of 40° to 60°C. Ammonification reactions
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will occur under both anaerobic and aerobic conditions. Although the ammonification
process will be slower under anaerobic conditions (Tusneem and Patrick 1971; Keeney
1973), the net release of ammonium is greater than under aerobic conditions due to the
lower nitrogen requirement of anaerobic microorganisms (Tusneem and Patrick 1971;

Waring and Bremmer 1964).

Nitrification

Nitrification is the biologically mediated oxidation of nitrogenous compounds.
This process can be carried out by both autotrophic nitrification and heterotrophic
microorganisms, although autotrophic nitrification is generally considered the primary
process in nature. In wetlands, nitrification of ammonium may be the limiting step in
the loss of ammonium and organic nitrogen. Ammonium in the surficial sediments and
overlying water is oxidized by nitrifying bacteria to nitrate, which then diffuses to
underlying anaerobic sediments, where denitrification can occur (Patrick and Réddy
1976). Similarly, organic nitrogen can be converted to ammonium in anaerobic sediment
layers where sequential nitrification-denitrification can occur (Patrick and Tusneem
1972).

Nitrification rates are very sensitive to environmental conditions, especially
dissolved oxygen and pH. Oxygen is an obligate requirement for nitrification; therefore,
if the oxygen supply is insufficient, there will be little nitrification. Although oxygen is
an essential requirement, nitrification can occur down to about 0.3 ppm dissolved oxygen
(Reddy and Patrick 1982). Since most nitrifying activity occurs within a thin aerobic

surface sediment layer (EPA 1975), the development and thickness of this layer may be
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a limiting factor to nitrification (Patrick and Tusneem 1972). In a waterlogged peat soil,
Dickinson (1972) reported oxidized soil conditions to a depth of 3 cm.

Reddy et al. (1976) described the development of an oxidized layer in initially
anaerobic soil-water columns amended with 200 ug NH,-N per gram of soil. In the first
week, a thin aerobic layer developed which increased to 0.5, 1.25, 1.5, 1.6, and 2.0 cm
after 7, 15, 30, 60, and 120 days, respectively. The rate of development and thickness
of the aerobic layer depends on the oxygen supply and the amount of readily
decomposable organic matter, with the layer being thinner with more organic matter due
to increased microbial activity and higher oxygen demand (Engler and Patrick 1974;
Patrick and Reddy 1976).

Another factor which greatly affects nitﬁﬁcaﬁon is pH. Alexander (1975, 1977)
reported a significant relationship between nitrate production and pH. The optimum pH
range for nitrate production has been reported from 6.6 to 9.0 (Alexander 1977; Keeney
and Gardner 1970; EPA 1975). Although nitrification has been reported below pH 4.0,
it generally does not occur at significant rates until a pH of 5.0 to 5.5 is reached
(Alexander 1977; Tilsdale and Nelson 1975). In laboratory soil-water column studies,
Erickson (1978) showed that the rate of nitrification occurring at the soil-water interface
tripled when the pH was increased from 4.7 to 7.0 through the addition of lime.

The pH range for autotrophic nitrification is fairly restricted due to the toxicity
of free ammonia and undissociated nitrous acid to Nitrobacter. The concentrations of
ammonia and nitrous acid are pH-dependent (the pK, for NH;/NH,* is 9.3 and the pK,
for HNO,/NO, is 3.4). Based on these equilibria, Anthonisen et al. (1976) examined

tolerance levels of ammonia and nitrous acid for the nitrification process. At ammonia



2-29

levels and nitrous acid levels above 150 and 40 mg N/liter, nitrification was found to be
completely inhibited. However, if ammonia is removed, nitrification can proceed
unaffected up to pH 11.2 (Prakasam and Koehr 1972).

Temperature also has an effect on nitriﬁcatioq. The optimum temperature range
is between 25-35°C (Alexander 1977; Broadbent 1973). Nitrification becomes negligible
above 40°C (Tilsdale and Nelson 1975) and below 17°C (White et al. 1977). Below
10°C, nitrification is completely inhibited (Chen 1974; Sharma and Ahlert 1977; Keeney
1973).

- Temperature may also affect the availability of nitrogen for nitrification. During
spring warming periods, organic and biomass nitrogen are rapidly converted to mineral
forms (Focht and Verstracte 1977). The subsequent release of ammonia through
ammonification stimulates the growth and metabolism of nitrifiers (Focht and Verstraete

1977).

Heterotrophic Nitrification

Although heterotrophic nitrification has been known for over half a century, not
until the last 10-15 years has it been shown to be of quantitative significance in some
environments. A variety of bacteria, fungi and actinomycetes can oxidize ammonium as
well as other organic nitrogen compounds to form a variety of products (Eylar and
Schmidt 1959; Hirsch et al. 1961; Verstracte and Alexander 1973; Tate 1977). The
heterotrophic nitrifier Arthrobacter is reported to excrete hydroxylamine, a hydroxamic
acid, nitrite, nitrate, and a compound tentatively identified as 1-nitrosoethanol (Verstraete

and Alexander 1972). Tate (1977) showed that the populations of autotrophic nitrifiers
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was only sufficient to account for 0.1% of the nitrate present in a south Florida organic
soil with a pH of 7.1. After selective culturing, Tate (1977) isolated large populations
of Arthrobacter.

In acidic soils (pH < 4.5), many authors have suggested that heterotrophic
nitrification may be responsible for nitrate formation. One piece of evidence supporting
this hypothesis is that several authors have reported that in acid soils where nitrification
has been observed, autotrophic nitrifiers cannot be isolated (Lemee 1967; Overrein 1975;
Ishaque and Cornfield 1974; Cooper 1975; Verstraete and Voets 1976). A second point
is that the optimum pH appears to be around pH 4.5. Ishaque ard Cornfield (1972)
noted that the addition of lime to an acidic Pakistan "tea" soil inhibited nitrification.
Verstraete and Voets (1976) also noted that the optimum pH for acid forest soils was 4.5-
5.0. A third fact is that the formation of nitrate is related to the amount of organic-
nitrogen present, and the addition of ammonium either inhibited or had no effect on

nitrification (Weber and Grainey 1962; Verstraete and Voets 1976).

Autotrophic Nitrification

Autotrophic nitrification is a two-step process involving the sequential oxidation
of ammonium to nitrite, and nitrite to nitrate. Ammonium is oxidized primarily by
Nitrosomonas, although Nitrosococcus, Nitrospira, Nitrosocystis and Nitrosogloea are
also capable of oxidizing ammonium (Alexander 1961, 1965). Nitrobacter is the primary
organism responsible for the oxidation of nitrite in freshwater and sediments. The
autotrophic nitrifiers, other than Nitrosomonas and Nitrobacter, tend to occur in much
lower numbers and have narrower temperature and pH growth ranges (Focht and

Verstraete 1977).
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The autotrophic nitrifiers utilize CO, as their carbon source and obtain energy by
oxidizing ammonium and nitrite. The oxidation of nitrogen from -3 (NH,*) to +5
(NO;) oxidation state covers a span of 8 electrons (Alexander 1965). Because the free
energy charge (QF) is about -65 versus -20 Kcal/mol for the oxidation of ammonium
and nitrite, respectively, the nitrite oxidizing bacteria require approximately three times
more nitrogen than the ammonium oxidizers (Focht and Verstraete 1977). However, in
nature, the ammonium oxidizer populations are not always larger than the nitrite
oxidizers. Morrill and Dawson (1967) showed that populations of Nitrosomonas were

only slightly greater than Nitrobacter and varied depending on pH.

Role of Plants in Nitrification

The role of plants on nitrification is not well understood at present. In one study,
White et al. (1977) suggested the coupling of photosynthetic oxygen With nitrification
since nitrification rates were higher at mid-day than morning, and higher in July and
August than any other months. Other work by White et al. (1977) shoed daytime nitrate
production three times greater than at night. On the othér hand, Rice and Pancholy
(1973) have suggested that the production of tannins by plants may inhibit nitrification.
Based on evidence that many plants, particularly wetland plants, can use ammonium
more effectively than nitrate (Allison 1931; Cramer and Myers 1948; Ferguson and
Bollard 1969; McFee and Stone 1968; Moore and Keraitis 1971; QOertli 1963; Shen
1969), the inhibition of nitrification would make good biological sense. In their study,
Rice and Pancholy (1973) found that the presence of as few as 2 ppm of tannins inhibited

oxidation of ammonium by Nitrosomonas.
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Denitrification

Denitrification is one of the major mechanisms by which nitrogen is lost from
wetland systems. It involves the biological reduction of nitrate to nitrogen gas. Many
heterotrophic bacteria and a small number of autotrophic bacteria are capable of nitrate
reduction (Payne 1973). Because of the wide diversity of the denitrifying bacteria,
denitrifiers are found in high numbers in nearly all soils. Of these, species of the genera
Alcaligenes (including Actoromobacter) and Pseudomonas are the most corﬁmon (Valera
and Alexander 1961; Vives and Paris 1975).

In the absence of oxygen, denitrifiers utilize nitrate as the terminal electron
acceptor. Electrons are transferred directly to nitrate from cytochrome C via an iron-
molybdenum complex (Fewson and Nichols 1961; Forget and Dervastanian 1973) as
opposed to being transferred to cytochrome oxidase A; in the presence of oxygen (Payne
1973). The denitrification pathway is now regarded as a four-step process as follows

(Payne 1973):
NO; ---> NO; ----> NO --> N,O --—-> N

The rate of denitrification as with most biochemical processes tends to increase
with increasing temperature until enzyme deactivation occurs (Focht 1974). In their
review of denitrification, Focht and Verstraete (1977) concluded from the literature that
the kinetic effect of temperature can be related to the Arrhenius equation between 12°
and 35°C. Below 10-12°C, denitrification rates decrease rapidly although slow

denitrification has been reported down to 3°C (Nommik 1956). Rates increase slowly
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above 35°C to about 60-65°C, dropping off rapidly at higher temperatufes (Nommik
1956; Bremmer and Shaw 1958).

Organic matter may be the single most important factor affecting denitrification.
Several authors have studied the effect of organic matter on denitrification (McGairity
and Meyers 1968; Stefanson 1972; Engler and Patrick 1974). Because organic matter
in soils is generally humified, and thus resistant to microbial decomposition, a measure
of available carbon is a better indicator of denitrification rates (Bremmer and Shaw 1958;
Reddy et al. 1978).

In a study of 30 widely varying soils, Stanford et al. (1975) obtained an r* value
of 0.82 for extractable carbohydrate versus apparent first-order denitrification rates while
total organic carbon versus apparent first-order denitrification gave an 1> of 0.69. In
another study, Burford and Bremmer (1975) obtained an r* value of 0.99 for zero-order
denitrification rate versus "mineralization” carbon, as determined by CO, evolution for
17 soils, while total organic carbon yielded an r* value of 0.59. Graetz et al. (1980)
studied 15 Florida wetland soils and developed a predictive equation for denitrification
rates based on soil organic carbon content and soil pH. The equation (r> = 0.864,

d.f. = 13) is given below:

K, = [8.9 x 10* (OCW) - (3.9 x 10*) (OCW) (pH,5) + 0.002]°5

where:
K, = apparent first-order denitrification rate constant, day™
OCW = organic carbon content by weight %, as determined by the
Walkley-Blacke method
pHes = the pH-deficit (in pH above 6.5 = 0; below pH of 6.5 = 6.5 -

observed pH)
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Effect of Soil pH on Denitrification

Denitrification is also greatly influenced by soil pH. Several reports indicate that
the optimum pH for denitrification is between pH 7.and 8, and drops off considerably
below pH 6 (Wijler and Delwiche 1954; Nommik 1956; Bremmer and Shaw 1958).
However, several authors have reported rapid denitrification rates near pH 5.0 (Van
Cleemput et al. 1975) and below pH 5.0 (Ekpete and Cornfield 1965; Erickson 1978;
Gilliam and Gambrell 1978). These discrepancies in optimum pH range may be due to

the lack of adapted microbial populations in some of the earlier studies (Brezonik 1977).

Effect of Oxygen on Denitrification

Since oxygen is always used in preference to nitrate by denitrifying bacteria, the
reduction of nitrate does not occur until oxygen becomes limiting. Wuhrmann (1964)
and Chance (1957) reported that oxygen consumption .shifts from zero-order to first-order
at about 0.1 to 0.2 mg/l. However, denitrification has been observed to occur under
well-aerated conditions (Focht and Verstraete 1977). This is due to the presence of many
small anoxic microsites, which are usually too small to measure with an oxygen probe
or platinum electrode. The existence of these anoxic microsites is dependent on three
factors: (1) the oxygen consumption rate, (2) the oxygen diffusion rate, and (3) the
geometry (Focht and Verstraete 1977). Greenwood (1961) showed that anoxic microsites
could exist in a well-aerated soil crumb having a 200 um diameter.

In wetland systems, where sediments are frequently flooded, two distinct soil
layers develop: (1) a surface oxidized layer and (2) an underlying reduced layer. For

denitrification to occur, nitrate must be present in the reduced layer. Therefore, where
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an oxidized layer is present, the diffusion of nitrate into the reduced layer affects the rate

of denitrification (Phillips et al. 1976; Reddy et al. 1976).

Effect of Plants on Denitrification

Plant roots have been widely reported to enhance denitrification, particularly in
soils with low endogenous carbon (Stefanson 1972; Bailey 1976). This has been
attributed to increased organic matter content and lower oxygen levels in the root zone,
or both (Volz et al. 1976; Alexander 1977).

Sherr and Payne (1978) conducted a study on the effect of Spartina alterinflora
roots on denitrification. The above-ground parts of the plants were cut back and the
roots were pruned in order to reduce the below-ground effects of the plants. They
observed that the denitrifying activity was unaffected after 5 months, but significantly
lowered after 18 months. Thus, they concluded that the effect of root exudates was
relatively unimportant over the short-term and that the main effect of the roots was due

to long-term maintenance of underground biomass.

Dissimilatory Reduction of NO, to NH,*

Dissimilatory reduction of nitrate to ammonium is analogous to denitrification
except that ammonium is the final product rather than N, or N,O gas. As in
denitrification, the reduction of nitrate is for the purpose of obtaining respiratory energy
rather than obtaining cell nitrogen. The pathway for the reduction may involve the

following sequence of reductions (Campbell and Lees 1967):
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HZN 202 s > N 2
7 (Pathway 1)

v

S
2NO, ----> 2NO, ---> 2[HNO]

\ .
N 2NH,0H ----> 2NH,*
(Pathway 2)

The assimilation of hydroxylamine and ammonium by microbial cells may be considered
an extension of pathway 2 while pathway 1 is the denitrification pathway.

Verhoeven (1956) was the first to describe the reduction of nitrate to ammonium.
In his studies, Verhoeven (1956) observed the copious production of ammonium and

gaseous products by Bacillus licheniformis, however other commonly known denitrifiers

(e.g., Micrococcus denitrificans and Pseudomonas aeruginosa) produced only N, and
N,O. The reduction of nitrate to ammonium is favored by strict anaerobic conditions and
large quantities of readily oxidizable organic matter (Nommik 1956; Stanford et al.
1975a,b; Terry and Nelson 1975; Chien et al. 1977; Buresh and Patrick 1978). Because
of the highly anaerobic conditions required for the reduction of nitrate to ammonium,
Buresh and Patrick (1978) suggested that the diffusion of nitrate into a highly reduced
soil zone may be a limiting factor in nature.

In wetland systems, the diffusion through less reduced soil zones and the thickness
of these zones probably affects the proportion of nitrate which is reduced to ammonium
or denitrified to N, or N,O. In PN labeled denitrification studies, various amounts of
ammonium and organic-N have been formed from NO,-N. A summary of the final

conversion products of denitrification in various studies is given in Table 2-4. The



OF DENITRIFICATION IN SELECTED STUDIES

TABLE 2-4

SUMMARY OF FINAL PRODUCTS

PRODUCTS OF DENITRIFICATION

REFERENCE (%) COMMENTS
NH,* N, or N,O Organic N
Chen et al. (1972) 7 90 3 Lake sediments after 2-day
incubation
Chen et al. (1972) 0 89.5 10.5 Under aerobic conditions
Somponyse (1982) <3 95.5 < 1.5 Cypress wetland after 2- to 6-day
incubation period
Brinson et al. (1981) 30 - - Isolation chambers in North
Carolina riverine swamp
Buresh and Patrick (1978) 35.7 30.3 34.0 Crowley silt loam pre-incubated
for 1 day with glucose
Stanford et al. (1975b) 19.4 62.4 18.2 Timrik silt loam incubated after 24
hours

LET
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considerably different reduction of ’NO; to ’NH,* in studies summarized in Table 2-4
soils may reflect different soil properties and experimental conditions, such as levels of
incubation of glucose and NO;, degree of anaerobiosis, length of pre-incubation,
temperature and different types of organisms involves.

Of the factors listed above, the length or presence of pre-incubation may be the
most important. Caskey and Tiedje (1979) suggest that fermentative anaerobes, such as
Clostridium, are responsible for the reduction of ni&ate to ammonium in soils. Since
Clostridium form spores and require intensely reduced soil conditions, their populations

may not reach significant numbers in studies with short or no pre-incubation period.

Water Quality Parameters in Wetlands

Within the water column of a wetland, variations in pH, specific conductivity,
dissolved oxygen, redox potential, and color are the most evident under different wetland
conditions. Each of these parameters will be discussed briefly with the exception of

redox potential which was addressed in an earlier section.

pH
The two most important factors affecting the pH level in a wetland area: (1) the
PH and characteristics of the inflow waters and (2) the type and magnitude of metabolic
activity within the wetland (Verry 1975). In a comparison of a groundwater fed and a
perched wetland in Minnesota, Verry found the isolated perched bog to have a pH value
in the range of 3.1 to 4.2. He theorized that the hydrogen ions were produced during

the dissociation of sulfuric acid derived from hydrogen sulfide gas. By contrast, the
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groundwater fed wetland had a mean pH value near 6.5. Lee et al. (1969) found diurnal
fluctuations in pH values in marshes as a result of algal productivity and reported higher

values of pH in the summer and decreased values in the winter.

Dissolved Oxygen

In addition to diurnal fluctuations in pH, Lee et al. (1969) also reported diurnal
fluctuations in dissolved oxygen concentrations in marshes. During winter months, D.O.
levels in the range of 6 to 9.5 mg/l were found, while a range of 0 to 8 mg/l was
reported in the summer months. However, regardless of the time of year, D.O. levels
were almost always at S0 percent saturation or less. Sparling (1960) conducted a detailed
study on reaeration in bog waters. He found that the primary mechanisms for input of
oxygen into the water column were reaeration during water movement and circulation
around vegetation. He reported that a water velocity of 1 cm/sec was necessary to
maintain an agitated and saturated water column. At water velocities less than 0.4
cm/sec, reaeration rates were insufficient to offset sediment consumption and root

respiration, leading to depletion of D.O. levels even in shallow waters.

Specific Conductivity
Specific conductivity is used primarily as an indicator of dissolved solids content
and degree of treatment in a wetland system. Vérry (1975) suggests that specific
conductivity can also serve as a good indicator of the source of freshwater in wetlands.
Values of specific conductivity less than 80 umho/cm are indicative of an isolated or
perched condition, whereas values greater than 80 indicate a continuous surface or

groundwater input.



2-40

Color
As discussed previously, color is indicative of the presence of decomposition
products such as humic acids. Wetlands exhibit large variations in water color due to
interactions between sediments, microorganisms, and decaying plant matter. Verry
(1975) found that color values were inversely proportional to the amount of surface
inflow in a Minnesota wetland. Lee et al. (1969) reported higher color values at the end

of the growing season as a result of the breakdown of plant matter.

Characteristics of Urban Stormwater Drainage

During the past few years, it has been recognized that urban stormwater runoff
is not just "rainwater" in terms of quality. Stormwater runoff typically contains
substantial quantities of impurities, and in some locations it has become a more serious
source of pollutants than municipal wastes (Sartor et al. 1974). Street litter, gas
combustion products, ice control chemicals, rubber and metals lost from vehicles,
decaying vegetation, domestic pet wastes, fallout from industrial and residential
combustion products, and chemical applied to lawns and parks may be sources of
contaminants in urban runoff.

One of the first comparisons of area yields of pollutants from varying land uses
was performed by Loehr (1974). A summary of mean area loading rates from 12 urban
and rural sites is presented in Table 2-5. Urban runoff was found to produce higher
concentrations of every parameter measured, and in the case of total PO,, urban runoff
loadings were approximately 19 times that found in rural runoff. Loehr (1974) also

concluded that runoff from residential streets contained the highest concentrations of total



TABLE 2-5

AREA YIELDS OF SELECTED CONSTITUENTS
FROM URBAN AND RURAL RUNOFF SOURCES

2-41

AREA YIELD
(kg/ha/yr)
CONSTITUENT
URBAN : RURAL
RUNOFF RUNOFF
TOC 345 144
Total PO, 150 7.8
TKN 7.5 1.9
Nitrate-N 13.3 5.0
Sodium 235 42.5
Potassium 133 21.7
Calcium 960 628
Magnesium 290 290

SOURCE: Loehr (1974)
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phosphorus, whereas runoff from arterial streets contained the highest concentrations of
orthophosphorus. The quantity of pollutants per unit length of street was also shown to
increase as the time interval since the last rain event or street sweeping increased, with
the greatest quantity of contaminants located within 6 inches of the curb.

Mass loadings of urban runoff from residential and commercial areas surrounding
Lake Eola, Orlando, Florida, are presented in Table 2-6 (Wanielista et al. 1982).
Measured loading rates of total phosphorus and nitrate-nitrogen at the Lake Eola site are
substantially lower than those measured in similar areas by Loehr (1974). The
differences can possibly be attributed to the large number of storm events and higher
runoff volumes during much of the year that the Orlando area experiences.

Sartor et al. (1974), in an investigation of the water pollution aspects of street
surface contaminants, found that the major constituent of street surface contaminants was
consistently inorganic mineral-like matter, similar to common sand and silt. One of the
most significant findings of the study is that a great portion of the overall pollutional
potential was associated with the fine solids fraction of the street surface contaminants.
The fines accounted for only a minor portion of the total loading of street surfaces. Yet,
as shown in Table 2-7, the very fine silt material (<l 43 microns) accounts for only 5.9
percent of the total solids, but about one-fourth of the oxygen demand and 56.2 percent
of the phosphate concentration. This fraction also accounts for over half of the heavy
metals, nearly three-fourths of the total pesticides, and one-third to one-half of the algal
nutrients.

A study of stormwater characteristics in Boca Raton, Florida, was conducted by

Cullum (1985) on a 122-acre single-family residential development containing 311
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TABLE 2-6

MASS LOADINGS FROM URBAN STORMWATER RUNOFF FROM

A 28-ACRE COMMERCIAL

AREA AND A 16.1-ACRE RESIDENTIAL

AREA IN THE LAKE EOLA DRAINAGE BASIN

AVERAGE MASS LOADING
(kg/hal/yr)
CONSTITUENT
28-ACRE 16.1-ACRE
COMMERCIAL RESIDENTIAL
ss 338 195
BOD 50 74.6
COD 296 442.3
TOC 123 138.5
TKN 4 1.8
NO,-N 6 2.2
OP-P 2 0.8
TP-P 3.5 2.2

SOURCE: Wanielista et al. (1977)




POLLUTANT FRACTIONS ASSOCIATED

TABLE 2-7

WITH PARTICLE SIZE

2-44

FRACTION OF TOTAL
PARAMETER (% by Weight)
<43 p 43 1 -246 p > 246 p

TS 59 37.5 56.5
BPD; 24.3 32.5 143.2
COD 22.7 57.4 19.9
VS 25.6 34.0 40.4
Phosphates 56.2 36.0 7.8
Nitrates 31.9 45.1 23.0
TKN 18.7 39.8 41.5
All Heavy Metals 51.2 | 48.7
All Pesticides 73.0 27.0
PCB 34.0 66.0

SOURCE: Sartor et al.

(1974)
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residences with a population density of 2.5 persons/acre. The drainage system consisted
of grassed swales, catch basins, and 7.9 acres of interconnected lakes.” Stormwater
runoff samples were collected over an 18-month period. Total phosphorus concentrations
averaged 136 ug/l, while orthophosphorus averaged 84 ug/l. Concentrations of total
nitrogen averaged less than 1‘mg/1 with approximately 75% in the organic form. A
comparison of stormwater quality characteristics at the South Florida site with mean
values from the National Urban Runoff Program (NURP) database is given in Table 2-8.
In general, concentrations of measured parameters at the South Florida site were
substantially less than those reported in the NURP study. Only the mean total Kjeldahl
nitrogen (TKN) and orthophosphate levels at the residential site studied were within the
range of those reported from NURP, and both were at the extreme lower end. Mean
concentrations of TSS, TP and NO, measured at the Boca Raton site wefe lower than
even the minimum values reported in the NURP study.

A comparison of mean stormwater concentrations in a 28-acre commercial area
and a 16.1-acre residential area in the Lake Eola drainage basin is given in Table 2-9.
In contrast to the findings at the Boca Raton site by Cullum (1985), concentrations of
TSS, TP, ortho-P, NO,, and TKN at both the commercial and residential sites were
within the range of values measured in the NURP study for these parameters. In fact,
concentrations of TKN, NO,, and TP at the commercial and residential sites at Lake Eola
were very close to the mean values reported in the NURP study.

Stormwater runoff studies of three small basins (residential, commercial, and
highway) were conducted in Ft. Lauderdale, Florida, between 1974 and 1978 by Miller

et al. (1982). They found the greatest total phosphorus loadings to be located in the



TABLE 2-8

COMPARISON OF SELECTED STORMWATER RUNOFF QUALITY
CHARACTERISTICS BETWEEN A SOUTH FLORIDA RESIDENTIAL
COMMUNITY AND THE NATIONAL URBAN RUNOFF PROGRAM AVERAGE

BOCA RATON, NATIONAL URBAN RUNOFF PROGRAM (NURP)

PARAMETER | FLORDA BvENT . —
TSS (mg/l) 20.6 249 22 -2,216 35
TP (ug/l) 136 640 210 - 4,100 34
Ortho-P (ug/l) 84 182 | 69 - 313 16
NO, (ug/l) 180 1,560 330 - 7,840 2
TKN (ug/l) 750 2,710 480 - 10,790 32

SOURCE: Cullum (1985)

9v-C
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TABLE 29

COMPARISON OF STORMWATER CHARACTERISTICS
IN A 28-ACRE COMMERCIAL AREA AND A
16.1-ACRE RESIDENTIAL WATERSHED IN
THE LAKE EOLA DRAINAGE BASIN

UNITS OF RUNOFF CONCENTRATION
PARAMETER
MEASUREMENT | COMMERCIAL | RESIDENTIAL
pH units 7.39 7.72
Spec. Cond. pmho/cm 195 128
Alkalinity mg/1 57.1 67.3
Turbidity NTU 39 24
S.S. mg/1 157 80
V.S.S. mg/1 62 46
BOD mg/1 16.2 9.4
TOC mg/1 133 72
NO;-N mg/1 1.69 2.56
nh;-n mg/1 0.22 0.25
TKN mg/1 3.56 2.52
Diss. OP mg/1 0.41 0.23
Total P mg/1 0.80 0.59
Total Zinc mg/1 0.42 --
Total Lead mg/l 1.42 -
Total Copper mg/1 0.513 --
Total Chromium mg/1 0.042 -
Total Nickel mg/1 0.031 --
Total Iron mg/1 1.39 --

SOURCE: Wanielista et al. (1982)
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residential drainage basin, possibly due to lawn fertilizer being blown onto hydraulically
effective impervious areas and also to pet wastes. Typical daily loading rates for total
phosphorus averaged 0.0216, 0.0168 and 0.033 pounds/day for the residential, highway
and commercial land-use areas, respectively.

Mattraw and Miller (1981) conducted a systematic collection of rainfall, runoff
and water quality samples from three small urban areas of Broward County, Florida,
between 1974 and 1977. A summary of stormwater characteristics measured at an
18.5-hectare residential area with 5.9 percent impervious is given in Table 2-10. Mean
concentrations of most parameters appear to be similar to values measured at Lake Eola,

Florida, and are within the range of values reported in the NURP study.

Wetland Treatment of Stormwater Runoff

Wetlands have come into focus in the last decade as natural systems which may
have the potential to improve water quality of both stormwater runoff and secondary
wastewater effluent. Wastewater effluent has been applied to various natural wetlands
throughout North America. In many of the studies, wetlands have acted to improve
water quality, including uptake of nitrogen and phosphorus, to some extent. However,
pollutant removal efficiencies in other studies were extremely variable, and a more
quantitative assessment is needed of the capabilities and limitations of wetlands to remove
nutrients (Nichols 1983). In addition, concentrations of nitrogen and phosphorus in
wastewater effluent are generally much greater than values measured in stormwater
runoff, especially in the Central Florida area, where nutrient concentrations in typical

wastewater effluent and stormwater runoff may easily differ by a factor of 10 or more.
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TABLE 2-10

MEAN STORMWATER QUALITY CHARACTERISTICS
AT AN 18.5-HECTARE RESIDENTIAL AREA
IN BROWARD COUNTY, FLORIDA DURING 1974-1977

CONCENTRATION (mg/l) NO. OF
PARAMETER
MINIMUM | MAXIMUM | AVERAGE | SAMPLES

Conductivity (pmho/cm) 34 350 96 452
NH,-N 0.00 2.60 0.33 379
NO,-N 0.00 2.09 0.46 . 380
Organic N 0.14 9.4 1.2 379
Total N 0.29 11.5 2.0 380
Diss. OP 0.03 1.8 0.21 380
Total P 0.06 2.4 0.31 380
TOC 0 104 14 366
BOD 2 289 41 377
Color (Pt-Co Units) 5 160 31 348
Turbidity (JTU) 3 70 13 380
Total Residue 9 625 113 367
Suspended Solids 0 249 26 367
Total Cd (ug/l) 0 6 0.8 96
Total Cu (ug/l) 0 41 8.0 96
Total Fe (ug/l) 0 5,300 298 300
Total Pb (ug/l) 30 1,100 167 96
Total Zn (ug/l) 10 560 86 96

SOURCE: Mattraw and Miller (1981)
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Therefore, studies of the treatment efficiency of wetlands for wastewater effluent may
not be applicable to treatment of stormwater, even in the same wetland.

Investigations concerning the use of wetlands for treatment of stormwater runoff
have been extremely limited. The few studies undertaken reveal that: (1) a wide
disparity exists in the capability of wetlands to remove nonpoint source pollution,
particularly with respect to nutrients; (2) the nature of flow and seasonal factors are
major influences on pollutant removal capabilities in certain wetlands; and (3) the greatest
consistency in pollutant reduction appears to be for BOD, suspended solids, and heavy
metals (Morris 1980; Nichols 1983; Hickok et al. 1977; McCuen 1978). A summary of
pollutant removal efficiencies obtained in four wetland stormwater treatment systems is
given in Table 2-11.

In one of the few previous studies on the feasibility of treating stormwater in
wetland systems, the Wayzata Wetland in Wayzata, Minnesota, was investigated by
Hickok et al. (1977) to evaluate the interactions of stormwater runoff in a wetland area
and determine the potential usefulness of such areas for water quality management. The
study site was a 3.06 ha peat wetland with a contributing watershed (26.3 ha) of mixed
urban, sparsely developed, and open wooded land uses. Phosphorus was found to be the
limiting plant nutrient in the system. Microbial activity in the wetlands appeared to be
the initial and most important mechanism for removing phosphorus from the soil-water
solution. The removal efficiency of phosphorus (on a concentration basis) averaged 78
percent on an annual basis. Under submerged, anaerobic conditions, the microbial
activity was found to decrease dramatically, suggesting a similar decrease in phosphorus

removal capability.



TABLE 2-11

OBSERVED POLLUTANT REMOVAL EFFECTIVENESS
OF WETLAND-STORMWATER TREATMENT SYSTEMS

HYDRAULIC/ APPLICATION
SYSTEM/ WETLAND REMOVAL
LOCATION TYPE HYDROLOGIC CONCENTRATION EFFICIENCY COMMENTS
FACTOR (annual average)
Wayzata, Minnesota Peatland 28.3 ha watershed NH;-N 3.94 mg/l Net Increase Nutrient discharge from wetlands
related to seasons.
(existing runoff 2.8 ha wetland area Total P 0.92 mg/l 78%
situation) P seems to be limited to plant
Inputs: SS 701 mg/l 94% nutrients. Microbial activity appears
Hickok et al. (1977) to be initial and most important
Precipitation: 2.38 ha-m Cd 0.4-1.4 ugl/l 25-80% mechanism for P removal.
Groundwater: 1.20 ha-m Cu 12-19 ugll 73-83% Heavy metal inflow concentrations and
removal efficiencies varied according
Runoff: 3.19 ha-m Pb 26-71 pg/l 90-97% to contributing land uses. Greatest
) reduction values for commercial area
Zn 10-15 pgll 78-86% runoff.
Lake Tahoe, High Several sites investigated NH;-N | 0.02-0.44 mg/l Up to 67% Extreme variability in nutrient
California Altitude with watersheds of several removal. Many instances of increase
Meadows hundred to 14.350 ha. NO;-N 0.02-0.57 mg/l Up to 96% through wetland. Most significant
(natural system) reductions during storm episodes.
Wetland slopes of 2-7%. TKN 0.6-6.6 mg/l Up to 76%
Morris et al. (1980) TKN released from wetland systems
Total P | 0.018-1.9 mg/l Up to 93% during spring snowmelt runoff.
Ss 1-2,978 mg/l Up to 9% SS removal greatly enhanced by sheet
flow conditions.

16-¢



TABLE 2-11 -- CONTINUED

HYDRAULIC/ APPLICATION
SYSTEM/ WETLAND REMOVAL
LOCATION TYPE HYDROLOGIC CONCENTRATION EFFICIENCY COMMENTS
FACTOR (annual average)
Palo Alto, California Brackish 248 ha marsh Total N 3.67 mg/l 37% Inflow/outflow pollutant relationships
extremely variable from storm to
(flood control basin) 72 km? watershed Total P 0.36 mg/l Net Increase storm.
Hickok et al. (1977) 224,000 m® dead storage SS 290 mg/l 87% Outflow SS exhibited less variability
than inflow levels. Because of
Mainly channelized flow, VSs 62.9 mg/l 85% hydraulics, very little solids
high marsh areas deposition appears to occur in high
inundated infrequently. BOD 12.2 mg/l 54% marsh areas.
Cd 0.5 mg/l NA Heavy metals inflow and outflow
levels were at limits of detectability.
Cu < 0.01 mg/l NA
Consistent decrease of Pb measured
Ni 0.07 mg/l NA across marsh.
Pb 0.16 mg/l NA
University of Cypress 9.76 ha watershed, with Total N 45 kglyr 95% Slow moving, circuitous flow allows
Central Florida Stand 67% impervious area particulate matter to settle and
Total P 8 kglyr 97% accumulate rapidly.
Lynard et al. (1980)
SS 22,580 kg/yr 99%
BOD; 145 kglyr 89%

(454
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Consistent removals of approximately 80% or more were observed for total P,
SS, Cu, Pb, and Zn in the Wayzata Wetland. However, as seen in Table 2-11,
concentrations of total P were near 1 mg/l and SS were near 700 mg/l. Even after the
removals listed in Table 2-11, concentrations of total P still averaged greater than 0.2
mg/l and SS averaged 42 mg/l. The peatland was not effective in removal of ammonia,
and many times increases were noted during travel through the system. Removal of
heavy metals was found to be greatest for the commercial runoff. This result is not
surprising since concentrations of metals in this runoff were much greater than those
reported for the other land uses.

Morris et al. (1980) recently conducted a one-year field investigation of the
effectiveness of natural marsh and meadowlands to provide treatment of surface runoff
in the Lake Tahoe Basin. Seven systems consisting of four streams and three tributary
drainage areas were investigated. The contributing watershed consisted of a mix of
urban, rural residential, pasture, and forested lands. Results indicated an extreme
seasonal variability in the nutrient removal capacities of the marsh. There were many
instances of nutrient concentration increases through the wetland, with the most
significant reductions occurring during storm events. On an annual basis, phosphorus
concentrations were found to have increased, over background levels, in 64% of the
sampling areas. Both nitrate and ammonia were found to be removed from the wetland
on some occasions and added to the flow on others. Maximum removals occurred during
storm events at concentrations near the upper range of measured values, while little

removal was observed for runoff with low concentrations.
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The nature of flow through wetlands is considered to be a critical factor affecting
nutrient removal. Morris et al. (1980) found the extent to which runoff followed a sheet
flow pattern to be the most significant factor distinguishing pollutant removal efficiencies
at different sites. In a Palo Alto study of a 248 ha tidal marsh by the Association of Bay
Area Governments, widespread sheetflow did not occur. Rather, the flow remained
confined to well-defined channels traversing the marsh. The resultant effect was a net
increase in the concentrations of phosphorus during flow through the marsh. Mean input
concentrations of phosphorus were 0.36 mg/l. Removal of total N, which averaged 3.67
mg/1 in the inflow, was extremely variable, but a net removal of 37% was observed.
Concentrations of heavy metals in both the inflow and outflow were near detection limits.

The influence of the seasons has also been observed to also be an important
factor. Nutrient discharges in particular were related to the seasons in the Wayzata
wetlands (Hickok et al. 1977). The flushing and leaching effects of spring snow melt
appeared to be the cause for higher TKN and organic carbon discharges in the Lake
Tahoe meadowlands as well.

The final study summarized in Table 2-9 was conducted at the University of
Central Florida by Lynard et al. (1982). This study examined the removal effectiveness
of an isolated cypress dome approximately 2.5 ha in size. The contributing watershed
was 9.76 ha and was largely impervious parking areas. Since the wetland was isolated,
the majority of inputs remained within the system. Loading rates of nutrients and solids
were relatively high (Table 2-11), but excellent removals from the water column were

observed for total N, total P, SS, and BOD. Removal efficiencies for all four parameters
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were thought to be a result of the slow moving circuitous flow which optimized settling
of particulate matter.

An 8.5-hectare wetland treatment system was also investigated was part of the
recent NURP study. Five rain events and one snow melt event were monitored at the
Swift Run Wetland in Michigan. This study is one of the few wetland studies to attempt
measurements of both inputs and outputs so that pollutant removal efficiencies could be
calculated on a mass basis as well as a concentration basis. Land use in the 549-hectare
drainage basin was a mixture of rural and pasture (42%), residential (12 %), commercial
and industrial (1%), parkland (15 %), and agriculturai land (30%). A summary of inlet
and outlet concentrations for selected parameters measured at the Swift Run site are given
in Table 2-12.

Summaries of the pollutant loadings into and out of the wetland system are given
in Table 2-13. These loadings represent the total measured load during each event which
includes both the baseflow and runoff volumes. As seen in Table 2-13, the removal
efficiency of the wetlands for most parameters monitored was very good. Removal of
total suspended solids ranged from 76 to 93 percent for the five rain events. Removal
of total iron and lead was also good with most removals in excess of 50 percent and
some as high as 87 percent. The observed removal efficiencies for iron and lead were
found to be closely associated with the removal of suspended solids as well as with
detention time.

In general, nutrient removals by the wetland system were lower and more variable
than those observed for TSS, lead, and iron. Removal of total phosphorus ranged

between 0-62%, with a mean removal efficiency of 42%. Removal of organic nitrogen,



TABLE 2-12

RANGE OF INLET AND OUTLET EVENT

MEAN CONCENTRATIONS AT SWIFT RUN WETLAND

PARAMETER STATION MINIMUM MAXIMUM AVERAGE NUMBER OF
EVENTS
TSS Inlet 17 139 74 6
(mg/1) Outlet 4 46 18 6
TKN Inlet 1.0 1.7 1.2 6
(mg/1) Outlet 0.8 1.7 1.0 6
T-P Inlet 0.05 0.42 0.18 6
(mg/1) Outlet 0.04 0.26 0.10 6
T-Fe Inlet 0.5 2.3 1.4 6
(mg/1) Outlet 0.1 1.7 0.7 6
T-Pb Inlet < 0.006 0.02 0.01 5
(mg/1) Outlet < 0.001 0.005 0.003 6

SOURCE: National Urban Runoff Program (1983)
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TABLE 2-13

SUMMARY OF POLLUTANT LOADS AT SWIFT

RUN WETLAND, WASHTENAW COUNTY, MICHIGAN

RUNOFF AVERAGE
RAIN DETENTION RUNOFF TSS T-P TKN T-Fe T-Pb
STATION DATE (cm) V(?g'}ﬁf)}z TIME COEFFICIENT (1bs) (Ibs) (Ibs) (Ibs) (Ibs)
(hours)

Inlet 08/22/80 8.45 3.4 33 0.16 5,300 13 75 110 1.3

Outlet 3.7 390 7 73 20 < 0.2
% Removal 93 46 3 82 > 85

Inlet 02/81 Snow 10.8 12 - 20,000 100 420 550 3.2

Outlet Melt 10.8 11,000 60 420 410 2.1
% Removal 45 40 25 34

Inlet 04/11/81 2.79 1.6 67 0.11 2,900 4.9 36 38 0.34

Outlet 1.6 500 2.2 26 15 0.08
% Removal - 83 55 28 60 76

Inlet 04/13/81 2.01 2.5 53 0.26 7,800 10 74 110 0.68

Outlet 2.5 1,700 5 56 50 0.09
% Removal 78 50 24 55 87

Inlet 04/22/81 2.24 3.4 48 0.30 4,100 8 79 97 < 0.4

Outlet 3.4 770 3 59 53 < 0.08
% Removal 81 62 25 45

Inlet 05/29/81 1.50 1.6 v82 0.21 600 2 45‘ 19 < 0.08

Outlet 1.6 150 2 33 4 < 0.04
% Removal 15 27 79 50

SOURCE: National Urban Runoff Program (1983)

LST
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most of which was present in a soluble form, was even more variable than phosphorus,
with a range of 0-28% and a mean value of 18%.

The extreme variability of treatment efﬁcienciés observed in most studies strongly
points to the need to carefully examine each individual wetland system priof to predicting
its usefulness in stormwater runoff management. In addition to flow regime, vegetative
communities and species, sediments, wetland slope, redox potential, and pH should be
examined very carefully since each of these factors are important in regulating the

nutrient removal capacity of a wetland.



CHAPTER 3

FIELD AND LABORATORY INVESTIGATIONS

Site Description

The natural wetland site investigated during this research is part of a 48.4 hectare
hardwood wetland hammock located just south of Sanford, in Seminole County, Florida
(Figure 3-1). The wetland lies adjacent to and partially encloses Hidden Lake, which is
the ultimate receiving waterbody for the surrounding wetland. The wetland is surrounded
on the north and east by a residential community of single-family and multi-family
residences. A small portion of the wetland, approximately 1.0 hectare in area, has been
receiving stormwater runoff from a 22.4 hectare residential drainage basin since 1975
and was selected for study in these investigations. A schematic of the study site is given

in Figure 3-2.

General Characteristics of the Wetland Community
The wetland study area, which constitutes the major flowpath for stormwater
inputs, occupies only approximately 1.0 hectare of the total 48.4 hectare in the hardwood
hammock (Figure 3-2). Vegetation along the flowpath is both abundant and diverse, with
the hydrologic regime, primarily the duration and depth of flooding, being the major
factors affecting the spatial diversity in the community. Since the ground slopes in study

areas are steepest along the upland boundary and gradually decrease toward Hidden
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Figure 3-1. Study Site Selected in Seminole County, Florida.
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Lake, the species composition changes are much more rapid along the upland boundary
and become less distinct as one moves toward the lake.

The wetland itself exists on land slopes which are nearly level to gently sloping
with a slight positive gradient from the inflow canal to Hidden Lake. This slight gradient
appears to be a dominant factor influencing both the hydroperiod and the vegetative
species composition. The slightly higher areas of the path near the inflow canal were
observed to have a hydroperiod of approximately 250 days with dominant canopy species
such as red maple and swamp ash. The understory in this area of the flowpath is
dominated by strands of greenbriar, blackberry, grapevine, galactica, lizard’s tail, royal
fern and cinnamon fern. This type of vegetative association has been termed a hardwood
wetland by Brown and Starwes (1983).

In areas closer to Hidden Lake near the control site, which are subjected to
hydroperiods in excess of 300 days per year, the dominance of red maple and swamp ash
decreases while sweet bay and sweet gum become the dominant species. Ferns become
the dominant understory plant species in this part of the wetland and include species such
as cinnamon fern, Virginia chain fern, and royal fern. This type of vegetative
association has been termed a bayhead wetland by Brown and Starwes. In numerous
areas throughout the wetland, the vegetative species form a thick foliage that appears to

be impenetrable.

Characteristics of Soils in the Wetland Community
Soils associated with the Hidden Lake wetland are organic soils, primarily

histosols, which are commonly called peats and mucks. The histosols are primarily



composed of decayed and partially decayed plant tissue and contain approximately 80-
90% organic material by weight. These organic soils are characterized in general by:
(1) a very low bulk density; (2) high water holding capacity and content by percent
volume; (3) low hydraulic conductivity; (4) low percent ash; (5) high organic matter
content; and (6) high organic nutrient content.

The soils in the wetland are nearly always m(;ist, with the water table at or near
the surface during much of the year. Soil moisture during non-storm periods is provided
by groundwater seepage from surrounding upland areas. The surface soils in the study
area are characteristic of wetland soils associated with the different wetland communities.
In the mixed hardwood region, the surface sediments are dark brown and reddish-brown
muck 10-30 cm thick overlying a loose peat layer 1-2 m thick. In the bayhead region
near the lake, soils are almost entirely peat to depths over 1.5 m. The entire wetland
appears to be underlain by a dense sand or clay layer at 1-2 m deep which acts as an

aquatard for vertical seepage.

Groundwater
The groundwater table in the hardwood hammock varies seasonally with wet and
dry months. During the winter and spring months (December through June), the
piezometric surface ranges from near the surface to as much as one meter beneath the
wetland surface, although the upper soil layers remain damp. Stormwater inputs during
this period usually infiltrate into the groundwaters and do not discharge directly to
Hidden Lake. However, during the summer months, standing water, ranging from 1-20

cm, is common in all areas of the wetland. Vertical movement of groundwater is
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retarded by the underlying clay liner, and as a result, the dominant groundwater flow is
horizontal. The groundwater table in the upland areas contributes a continuous but
variable subsurface input to the wetland. Groundwater seepage into the inflow canal
from upland areas also contributes a continuous but variable surface inflow to the wetland
during much of the year. This background flow through the canal into the wetland is
greatest during the summer and fall, decreases during the winter months, and usually
stops completely during spring. Virtually no direct surface runoff was observed from
adjacent upland areas into the wetland.

The groundwater regime in the study area is regulated to a large degree by water
elevations in Hidden Lake. As the water elevations in the lake change, the groundwater
gradient between the wetland and the lake also changes. From October to March, the
piezometric surface in the wetland is generally higher than that of Hidden Lake, and a
positive gradient exists for groundwater movement into Hidden Lake. However, from
April to September, elevations in Hidden Lake are higher than the piezometric surface

in the wetland and the lake appears to recharge the wetland groundwaters.

Hidden Lake
Hidden Lake is located near the center of the wetland community. Physical and
morphometric characteristics of Hidden Lake are listed in Table 3-1. In most areas, the
shoreline of Hidden Lake exists in an undeveloped and natural state. The lake maintains
a constant population of Nuphar luteum (yellow water lilies) which normally peak in
numbers during the summer, covering 25-40% of the pond surface. However, during

the winter months, these plants retreat to a coverage of less than 10%. Numerous



TABLE 3-1

PHYSICAL CHEMICAL CHARACTERISTICS
FOR HIDDEN LAKE, FLORIDA

PARAMETER QUANTITY
Approximate Surface Area 44,400 m?
4.44 hectares

(10.97 acres)

Approximate Volume 66,500 m’
17.6 x 10° gallons

Mean Depth 1.5m

4.9 ft)

Maximum Depth 25m
(8.2 ft)
Length of Shoreline 1760 m
(8770 ft)

Shoreline Development 2.36

Volume Development 1.80
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patches of other rooted emergent macrophytes have been noted in the lake. Hidden lake
appears to be geologically old and in an advanced state of natural eutrophication. As a
result, sediment material, which is predominantly organic in nature, has accumulated to
a depth of several meters within the lake. In general, the water can be characterized as
acidic, highly colored, and relatively high in dissolved phosphorus and organic nitrogen.

Hydrologic inputs into the lake originate as overland flow from the surrounding
wetland as well as direct inputs of runoff from the developed residential areas. The
piezometric surface of the lake is variable and fluctuates in excess of 1 m with seasonal
precipitation. Hidden Lake discharges to the south during the wet season through a
series of vegetated canals which eventually flow into Lake Minnie. The two lakes, as
well as the wetland, become hydraulically connected as the wet season progresses and

the quantities of rainfall and runoff increase.

Characteristics of the Contributing Watershed

The hydrologic regime of the hammock was modiﬁed in 1975 when it began
receiving stormwater runoff from the adjacent 22.4 hectare drainage basin of newly
constructed single-family and high-density multi-family residences.  Prior to
development, this area was primarily a pine flatwood community. Watershed
characteristics of the drainage basin are given in Table 3-2. Curb and gutter, grasses
swales, and stormsewers are used to convey runoff to a small vegetated canal, 1-2 m in
width, which flows into the wetland (Figure 3-2). Other residential areas outside the

drainage basin discharge runoff into the perimeter of the hammock at various locations.



TABLE 3-2

WATERSHED CHARACTERISTICS OF
THE HIDDEN LAKE STUDY SITE

3-9

PARAMETER QUANTITY
Drainage Basin 22.36 hectares
55.22 acres
Percent Impervious 26.0
Impervious Area That 68.0%

Is Directly Drained

Time of Concentration 26.5 minutes

Weighted Runoff Coefficient, C 0.11

Mean Slope (ft/ft):

Watershed 0.0050
Inflow Canal 0.0049
Mean Yearly Rainfall 132 cm

52 inches
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However, these inputs are relatively small and are not hydraulically connected with the

study area.

Runoff Flow Regime

Upon entering the wetland, runoff from ordinary rain events as well as baseflow
generally follow a shallow well-defined flow channel to the south for the first 25 m
before gradually spreading out over the entire flowpath. During extreme or high
intensity rain events, the capacity of the shallow inflow channel can be exceeded, and the
inflow has been observed to travel not only south but north and west as well. However,
even though some variation is possible in the initial flow regime for inputs to the system,
the dominant flow regime remains through the 1.0 ha study area in the direction of

Hidden Lake.

Field Investigations

Field investigations conducted at the Hidden Lake site during 1984-85 were
divided into the following tasks: (1) assessment of fhe quantity of nutrients and heavy
metals entering the wetland by way of stormwater runoff; (2) characterizétion of water
quality in surface waters in the wetland; (3) monitoring the accumulation and movement
of nutrients and heavy metals in groundwater; (4) measurement of the accumulation of
nutrients and heavy metals in the sediments of the wetland; and (5) changes in
productivity of runoff water during flow through the wetland. Each of these tasks is

described in the following sections.



3-11

Characterization of Hydrologic Inputs
A 90-degree V-notch weir was installed across the inflow canal adjacent to the
trailer to monitor direct hydraulic inputs into the wetland. Surface water flow through
the weir into the wetland was monitored continuously for both baseflow and runoff flow
using a programmed ISCO flowmeter and flow totalizer from December 1984 to April
1986. All water entering the wetland through the V-notch weir was totaled and recorded

on an hourly basis.

Characterization of Rainwater

Direct precipitation was monitored in the Hidden Lake wetland from March 1985
through December 1985. A wet/dry fallout collector was mounted on the roof of the
research trailer and used to collect rainfall samples. A tygon sample tube was inserted
through the bottom of the wet collection bucket and was routed to a 4-liter polyethylene
storage bottle located inside the trailer. The initiation of a rain event would cause the
wet collection bucket to be uncovered. A composité rainfall sample would then begin
to collect in the bucket and drain through the tygon tubing into the storage bottle in the
trailer. At the completion of a rain event, a sensor would signal the cover to return over
the wet collection bucket. Immediately following storm events, the collected sample was
returned to the Environmental Engineering Laboratory at the University of Central
Florida for water quality analysis.

Stochastic monitoring of storm events in the study area was also performed during
the study period. A Texas Electronics Model TR-6118 "Tipping Bucket" rainfall

collector was placed on the roof of the research trailer and was connected to a Model
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1014-P Rainfall Sensor/Strip Chart Recorder located inside the trailer. A permanent
record of direct precipitation, antecedent dry period, rainfall volume, and intensity were

collected throughout the project.

Characterization of Stormwater Runoff

To determine the quantity of nutrients and heavy metals entering the wetland by
way of stormwater runoff, an ISCO automatic refrigerated sampler was installed in the
trailer adjacent to the weir. A tygon sample tube was extended from the ISCO sampler
in the trailer to the inflow canal. A 5-cm PVC rod was driven into the sediments
approximately 1 m upstream of the 90-degree V-notch weir. The sample collection tube
and a sample initiation actuator were attached to the PVC rod. The stormwater sample
collection tube was positioned near the baseflow water level while the sample actuator
was attached approximately 2 cm above the baseflow level. A sudden increase in water
level would wet the actuator, causing the sample collection program to begin. Water
elevations discharging through the V-notch weir were monitored by an ISCO pressure
transducer attached to the weir and converted to a volumetric flow rate by a pre-
programmed ISCO flow meter. A record of stormwater volumes entering the wetland
was made on an hourly basis for each storm event as well as for baseflow during dry
periods.

Flow-weighted composite samples were collected with the automatic refrigerated
sampler over a 12-month period for 24 separate storm events, representing a wide range
of rainfall intensities and antecedent dry periods. After rising water levels reached the

flow actuator, the automatic sampler was programmed to collect a 0.5-liter sample of
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stormwater runoff every S minutes during the elevated flow conditions of a storm event.
The ISCO refrigerated sample used in this research had a capacity of 28 one-liter samples
or 56 half-liter samples. This sampling scheme constituted a possible sampling period
of 280 minutes or until the water level dropped below the sample actuator. Since
approximately 3 liters of runoff sample was required to perform all the desired laboratory
analyses, collected samples were combined in groups of seven (bottles 1-7, 8-14, 15-21
and 22-28) to produce a potential of four composite samples per runoff event. Samples
were collected as soon as possible following storm events and returned to the
Environmental Engineering Laboratory at the University of Central Florida for water

quality analyses.

Characterization of Hidden Lake Water

Water samples were collected periodically from Hidden Lake from April 1985
through November 1985. Since physical access to Hidden Lake was extremely difficult
due to the dense wetland which surrounded it, it was necessary to pump water samples
from Hidden Lake for analysis. A 2.5-cm diameter schedule 40 PVC pipeline was
installed from Hidden Lake to the research trailer, a distance of approximately 300 m,
in order to collect samples for water quality analysis. The PVC pipe was submerged
near the center of Hidden Lake at a depth of 1.0 m from the water surface at time of
installation. The pipeline was attached to a 1 HP centrifugal pump in the research
trailer. On sampling days, the pump was turned on and allowed to run for 30 minutes
before a sample was taken in order to purge water that had been stored in the pipeline

previously. The sample was placed in a 4-liter polyethylene sampling bottle and returned
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as soon as possible to the Environmental Laboratory at the University of Central Florida

for water quality analysis.

Wetland Surface Water Monitoring

Surface water sampling sites were established within the wetland based on
observations of the flow of runoff throughout the wetland during rain events. Surface
water sampling sites were established at seven fixed stations along the flowpath within
the wetland beginning at the inflow canal, then at a distance of 10 m along the flowpath
followed by stations at 25 m intervals along the dominant flowpath to a distance of 150
m as indicated in Figure 3-3. This distance was observed to be the extent of runoff
movement into the wetland during most storm events. A fixed "control" station was also
established in an area of the wetland west of the dominant flowpath which was removed
from runoff influence.

Fixed sample ports were installed in the wetland at the locations indicated in
Figure 3-3. Sample collection devices were constructed from 5-cm PVC pipe with a
sampling port attached into one side of the apparatus. The port was plugged with a one-
hole neoprene stopper and covered with a plastic mesh screen to prevent debris from
plugging the sample port. Five millimeter polyethylene tubing was then inserted into the
neoprene stopper hole to complete the sampling device. A schematic diagram of the
surface water collection device is given in Figure 3-4. Collection devices were placed
along the major flowpath at each of the designated stations with polyethylene sample
tubing extending to areas away from the flowpath. By collecting samples in this manner,

it was not necessary to cross or disturb the flow of water during sample collection.
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Samples were collected from all seven locations for‘analysis on a bi-weekly basis
beginning in December 1984 and ending in December 1985. A Turner portable battery
powered peristaltic pump was connected to the end of the extended polyethylene tubing
and used to slowly pump the surface water samples into collection bottles. Samples were
collected in 4-liter polyethylene bottles which were pumped directly into a flow-through-
cell connected to a Hydrolab System 8000 Water Quality Monitor which was placed in-
line before the sample bottle. This technique allowed direct field measurement of
temperature, conductivity, pH, dissolved oxygen and redox potential as the sample was
being collected. Field measurements collected in this manner are more accurate for
certain parameters such as pH, dissolved oxygen and redox potential which are subject
to rapid change during storage. Collected samples were returned to the Environmental
Engineering Laboratory at the University of Central Florida for analysis of nutrients,

heavy metals, and other water quality parameters.

Groundwater Monitoring

To investigate the possibility of groundwater contamination by leaching of
nutrients and heavy metals, four multi-port monitoring wells were installed at locations
indicated in Figure 3-3. Well #1 was located in the upland area of the wetland,
approximately 30 m south-southwest of the research trailer, in order to characterize
groundwater quality in an area upgradient of the wetland site. Wells #2 and #3 were
installed in the major flowpath of the wetland at distances of 25 m and 150 m,
respectively, in order to monitor areas which receive continuous flows of baseflow and

stormwater. Well #4 was installed in the control section of the wetland, near Hidden
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Lake, in an area which receives no direct stormwater discharges and exhibits generally
stagnant surface water conditions.

The well design was a multi-port approach with all sample ports housed in a
single 5-cm Schedule 40 PVC pipe. A schematic of the multi-port sampling device was
given in Figure 3-4. It was felt that this design would minimize soil disturbance and
reduce groundwater recovery time for obtaining representative samples when compared
to other ménitoring well designs. Sample ports were constructed from one-hole neoprene
stoppers with a 5 mm semi-rigid polyethylene tube inserted in the hole. The stopper was
covered with a small plastic mesh screen to prevent particles from entering the tubing.
Sample ports were inserted in the casing at depths of 0.1 m, 0.5 m, and 1.0 m below the
soil surface at the time of placement. Polyethylene tubing was extended from each of
the sample ports through the PVC casing to the surface where the ends were permanently
marked for identification of sample ports during sample collection.

Bore holes for the multi-port wells were dug to a depth of approximately 1.25 m
using a 13-cm diameter hand auger. A 30-cm PVC casing was used as the drilling
progressed to hold the bore hole open. Upon completion of the bore hole, the multi-port
device was inserted and back-filled with clean silica sand (20-30 grade). A removable
end cap was placed on each well in order to protect the sample tubes. A 30-cm
Casagrande type piezometer tip was also installed in each bore hole with the monitoring
well. A 1.3-cm diameter PVC pipe was extended from the piezometer tip to the surface
for measurement c;f the piezometric level. Piezometric measurements were collected on

a monthly basis with the groundwater samples.
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After construction was complete in Septembér 1984, no samples were collected
for approximately 60 days to allow for groundwater disturbances created during the
installation process to subside. In addition, during this 60-day period, each port on each
well was pumped for 15 minutes on a weekly basis with a peristaltic pump to remove any
dissolved solids and sand which may have been disturbed during the installation of the
multi-port wells. This process removed approximately 10 liters from each port on a
weekly basis.

Groundwater samples were collected for analysis on a monthly basis beginning
in November 1984. Samples were collected using a Turner portable battery-powered
peristaltic pump. Groundwater samples were collected in 2-liter polyethylene bottles
which were allowed to overflow one volume before a sample was taken. All
groundwater samples were pumped through a flow cell connected to a Hydrolab System
8000 Water Quality Monitor which was placed in-line before the sample bottle. This
technique allowed direct field measurement of temperature, conductivity, pH, dissolved
oxygen, and redox potential as the sample was being collected. Collected samples were
returned to the Environmental Engineering Laboratory at the University of Central

Florida for analysis of nutrients, heavy metals, and other water quality parameters.

Characterization of Sediments
Sediment analyses were conducted on core samples collected near each of the
surface water sample stations and in an isolated control area not subject to stormwater
influence to characterize the deposition and attenuation of heavy metals and nutrients.

The location of the isolated control area was indicated in Figure 3-3.
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A "split-spoon" core collection device was used in the retrieval of the sample
cores from the wetland soils. The collection device was constructed of a split Schedule
40 PVC pipe, approximately 75 cm in length, with a beveled edge on one end for ease
in sediment penetration. A schematic of the "split-spoon" sediment core sampler is given
in Figure 3-5. A pair of hose clamps were used to hold the split-spoon sampler in place
as it was inserted into the sediments. In some locations, the collection tube could be
pushed into the sediments by hand, while at other locations a hammer was used. The
sediment removal technique consisted of inserting the sample collection device into the
sediments to a depth of approximately 40 cm and then removing it using an upward
twisting motion.

Core samples were collected at the eight surface water sample stations on March
12, 1985 and May 15, 1985, and in the isolated control area on March 12, 1985. At the
time of collection for the March samples, standing water was present at most locations
in the wetland and the soil was completely saturated.l However, the period from March
to May was extremely dry, and by the time of collection for the May sampies, the water
table had dropped to approximately 1 m below the surface. Thé soils on this date were
moist but were not inundated.

Upon removing the split-spoon sampler from the sediments, each core sample was
immediately divided into the following layers: (1) 0-1 cm; (2) 1-5 cm; (3) 5-10 cm;
(4) 10-15 cm; and (5) 15-20 cm. After separation of the sample into layers, each of the
horizons were stored in polyethylene bottles and labeled appropriately. Three 5.0-cm
diameter core samples were collected at each site and combined to form a single

composite sample for each site. The technique of sampling near the surface water
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stations allowed for further collections at a later date in the same area and also provided
concurrent sediment and water quality data at various locations in the wetland. Upon
return to the Environmental Engineering Laboratory at the University of Central Florida,
the core analyses were begun. Analyses for moisture content, organic content, total
phosphorus, organic nitrogen, and heavy metals were conducted in triplicate on each
layer collected at each station. Concentrations of nutrients and heavy metals in the 0-1
cm layer were used to investigate the horizontal movement of heavy metals after
discharge to the wetland. The extent of vertical migration of nutrients andv heavy metals

was determined using all five sediment core layers.

Rate Experiments

Five isolation experiments were conducted to provide information on the rates of
nutrient and heavy metal exchange in flow-through and stagnant systems with and without
sediment contact. Three 1.0 m diameter and 30 cm tall isolation chambers were
constructed from 5 mm thick semi-rigid polyethylene sheets by forming a ring which was
fastened using teflon bolts and silicon glue to ensure a watertight seal. The rings were
then inserted approximately 15 ¢cm into the sediments near groundwater monitoring well
#2 to completely isolate an area of sediments and the overlying water column from the
rest of the wetland.

The chambers were placed close together to ensure similar sediment conditions
and efforts were made to duplicate as closely as possible the vegetation patterns and plant
species enclosed within each chamber. A thin polyethylene sheet was placed over the

sediments in one of the chambers (A) so that test waters could be isolated from the
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sediments. The other two chambers (B and C) were not modified to allow free contact
with the sediments. Simulated stormwater solutions were then placed inside each
chamber, and changes in concentrations were monitored under various conditions.

At the initiation of each experiment, a simulated stormwater solution was prepared
by adding small amounts of concentrated solutions of nutrients and heavy metals to 300
liters of baseflow pumped from the initial canal into a nalgene barrel. Sufficient nutrient
and heavy metal spikes were added so that concentrations of the solution in the barrel
were similar to those measured in residential runoff. After the solution was mixed, all
of the standing water inside the isolation chambers was removed by hand with a nalgene
beaker. Approximately 100 liters of the simulated stormwater solution was slowly
siphoned into each of the isolation tanks with every effort taken not to disturb sediments.
The volume of water siphoned into each chamber was sufficient to fill it fo a height of
approximately 10-12 cm. Since the mean water level in the wetland during these
experiments was approximately 6-8 cm, the additional water added to the chambers
infiltrated into the sediments, usually within 30 minutes. This process insured that the
water column and pore water in the surface sediments would be initially similar in
chemical characteristics and that no wetland water would enter the chamber. Two
sample ports, similar to those described previously for collection of surface water
samples, were permanently inserted inside each chamber with tubing extending to a
location away from the chambers. Sample ports in the control chamber, which was
isolated from the sediments with plastic, were placed on top of the plastic.

A total of three long-term and two short-term experiments were conducted. In

the first long-term experiment, chamber B was established to simulate slow movement
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of the water through the wetland with a residence time of 4.6 days using a small pulse
pump to circulate the water inside the chamber. Tubing from one of the sample ports
was connected to the suction side of the pump with the remaining sample port connected
to the discharge side. Water within the chamber was then pumped out of one sample
port and back into the other to create a circulation. Chamber C was set up to simulate
a stagnant water system, and chamber A was the control system with no sediment
contact. Samples were collected from each isolation chamber immediately‘after addition
of the simulated stormwater mixture and then periodically during the 18-day experiment
generally at 1-2 day intervals. Field measurements of water temperature, pH, dissolved
oxygen, specific conductivity, and ORP were also made at the time of sample collection
by pumping the sample through a flow-through cell attached to a Hydrolab Model 8000
as described previously.

The second long-term experiment was set up in the same manner as the first with
the exception that chamber C was converted to the circulation system with chamber B
the stagnant system. The third experiment was run using the same experimental set-up
as the second experiment with the exception that the residence time was decreased by
one-half to 2.3 days.

The last two experimental runs were designed to examine short-term removal
kinetics for pollutant concentrations over a 24-hour period. Only chambers A and B
were used in the simulations. In order to investigate the initial rapid uptake by
sediments, two refrigerated ISCO automatic sequential samplers were used in the
sampling process. After the initial input of the stormwater solution, a sample was

collected. Another sample was collected after 15 minutes in an effort to look at rapid
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uptake by sediments. The ISCO sampler was then set to take samples every two hours
up to a maximum of 25 hours.

All rate experiment samples were returned to the Environmental Engineering
Laboratory at the University of Central Florida for analysis of nutrients, heavy metals
and other water quality parameters. Samples were filtered through a 0.45 micron glass

fiber filter prior to analysis.

Channel Experiments

An early objective of this research was to investigate the relationships between
characteristics of runoff inputs and removal efficiencies for various pollutants. It was
decided to isolate a well-defined flow channel area within the wetland, pump a simulated
stormwater solution through this section, and measure reductions in pollutant
concentrations during travel through the channel. The first channel design was
constructed in an area of the wetland adjacent to the dominant flowpath area so that it
would not be disturbed by runoff inputs. This area is indicated on Figure 3-3 as the
Isolated Control Area for sediment cores. A continuous length of rigid polyethylene was
created by connecting 2.44 m (8 ft) sections of 30.5 cm (12 in) wide polyethylene. The
sections were overlapped approximately 15 cm, coated with a silicone sealant on the two
contact surfaces, and then bolted together with four 0.5 cm diameter plastic bolts to form
watertight seals at all connections. Two long sections, each approximately 55 cm in
length, were made in this fashion. |

The prepared sections were stretched out throughout the chosen area in an

irregular path to avoid trees and larger subcanopy shrubs. A continuous narrow slit was
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made along this path into the soil with a flat-head shovel to break through roots and
debris. One of the 55 cm sections was placed in the silt and hammered vertically into
the soil so that approximately 20 cm were below the soil surface and 10 cm above the
soil surface. A second narrow slit was made exactly A1 m from the first inserted section,
carefully following the pattern of the initial section. The second 55 cm séction was
inserted similar to the first to form an isolated channel 1 m in width, 55 m in length,
with 10 cm high side walls.

| Upon completion of the channel section, a source of water was sought for
pumping into the channel during experimentation. Initially, it was decided that the
inflow canal, which maintained a continuous flow into the wetland, would be used as the
source of raw water. A 1-HP centrifugal pump was installed in the trailer with the
suction line in the canal and the discharge extended to the channel area. A concentrated
solution of nutrients and heavy metals was prepared in a 200 liter nalgene barrel and was
pumped into the suction side of the pump at a slow controlled rate to provide the desired
concentrations of nutrients and heavy metals after mixing with the canal water.
However, after 3 days of pumping into the channel, it became apparent that the inflow
canal could not supply an adequate amount of raw water.

After careful re-evaluation, it was decided that the only resource available that
could meet the pumping demand for our experiments was Hidden Lake. During March
1985, a 3.8 cm diameter PVC pipeline was installed through the wetland from the
research trailer to the center of Hidden Lake, a distance of approximately 200 m. The
suction end was equipped with a screened entrance and check valve and then positioned

at a fixed distance of 0.5 m from the lake bottom. This piping, combined with the 1-HP
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pump, could deliver approximately 30 gallons of spiked water per minute into the

channel.

From March through October 1985, attempts were made to obtain experimental
data from the channel with very little success. The first problems which were
encountered involved priming of the pump. Approximately 2-4 hours were required to
remove all air pockets from the 200 m long pipeline and obtain a continuous pumped
flow of water. The check valve was designed to prevent loss of this prime during power
failures. However, the check valve would invariably become clogged with some of the
small debris common in Hidden Lake and even short power failures, which were
virtually a daily occurrence, resulted in a loss of prime. Damage by fallen trees, animals
or vandalism was also a problem. Countless hours were spent attempting to maintain a
prime on this pump. Attempts were made to modify the check valve design, increase the
number of check valves, and even to install electrically operated solenoid valves.
However, none of those designs were totally satisfactory.

During times when a prime could be maintained, other problems arose.
Frequently, the flow would continue for a few days, then a small depression would open
up somewhere along the channel and all the water would seep into the groundwaters.
Attempts to move the channel in these areas were generally only temporarily successful.
Loss of flow under the channel walls and washout of soil under the channel was also a
common problem. After 8 months of largely futile efforts, these experiments were
discontinued.

After careful reconsideration of the persistent problems and potential solutions,

it was decided that the desired degree of experimental control could only be achieved in
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a man-made design. A plywood channel, 30 m long, 0.45 m wide and 0.38 m tall, was
constructed near the University of Central Florida wastewater treatment facility. The
channel was supported with concrete blocks and leveled using a transit. Two layers of
5 mil polyethylene film were placed in the channel, smoothed out along the bottom and
inside walls, wrapped over the outside wall and stapled to hold it in place. The inlet end
of the channel was enclosed with a 0.15 m high weir. A stilling well was constructed
at the inlet end by placing a plywood wall, 0.15 m high, across the channel
approximately 0.25 m from the inlet. Inputs of simulated stormwater solutions would
be initially discharged into this basin. The basin served to eliminate the turbulence in
the flow, and the solution flowed gently over the wall and into the channel. This
minimized sediment disturbance in the channel duriﬁg experimentation.

After the channel was constructed and lined with polyethylene, it was filled to a
depth of 0.15 m with soils from the Hidden Lake wetland. Approximately 2100 liters
of wetland soils were collected from various locations in the wetland and transported in
large polyethylene barrels to the channel site. Soils were only collected within the first
0.15 m from the soil surface. After returning to the channel, the soils were mixed and
spread out evenly over the channel, at a depth of 0.15 m. Native wetland vegetation was
also collected along with the soils, and planted in the channel at the same approximate
density as was found in the wetland. It was originally intended that the polishing pond
for the wastewater treatment plant would be used as a source of raw water for flow
through the channel. However, chemical analyses indicated that concentrations of
nitrogen and phosphorus were approximately 10-100 times that found in the stormwater

at Hidden Lake. It was then decided to use a mixture of potable water and wastewater
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effluent to obtain the desired pollutant concentrations. A large 225 liter polyethylene
barrel was placed near the channel input and a hose was extended from a faucet to the
barrel. The faucet was partially opened to provide the desired flow into the barrel and
a pulse pump was used to inject the desired volumes of wastewater flow into the barrel.
A submersible pump was placed in the bottom of thé barrel and operated continuously
to circulate and mix the two inputs. A gravity overflow was then provided from the
barrel to the stilling well on the channel. Retention time in the barrel ranged between
0.5 and 10 hours, depending on the experiment design. Periodic tests of chlorine
residual indicated that these times combined with the vigorous circulation were sufficient
to reduce chlorine levels to near zero.

Construction of the channel and addition of the soil was completed in November
1985. The channel was allowed to equilibrate and plants allowed to establish until March
1986 when collection of data began. A slow flow was maintained in the channel during
this equilibration period. Virtually all of the initial plantings survived and were
multiplying by this time.

Sample ports were installed along the channel at the inlet as well as 10 m, 20 m,
and 30 m along the flowpath. Sample ports consisted of a 5 mm rigid polyethylene tube
inserted midway between the water surface and the soil surface at each of the four
locations. The tubing was extended from each sample point to the midpoint of the
channel and connected to two dual-head peristaltic pumps. . The pumps were connected
to tachometers so that each could be set to pump at the same number of revolutions per
minute. A timer was used to supply power to the pumps so that each pump would come

on every 2 hours for 90 seconds. Each pump would discharge approximately 200 ml of
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sample at every 2-hour interval. The discharge line from the pumps were connected to
separate 8-liter collection bottles inside a refrigerator along the channel. Each bottle
would, therefore, collect a composite sample from each sample point which reflected
samples collected every 2 hours at each point.

Beginning in March, a series of six experiments at different flow rates were
started. Each experiment would begin by setting an initial flow rate through the channel.
This flow rate would be maintained for 7-10 days without sample collection to allow
equilibration to occur. After the equilibration period, samples were collected every 2
hours as described previously. Each separate experiment was conducted for 7 days after
equilibration. A sub-sample of the total sample collected over this period at each station
was returned to the laboratory for analysis. A summary of the hydrologic characteristics
of the channel experiments is given in Table 3—3. At the end of an experiment, a new
flow rate would be set, the channel would be allowed to equilibrate again for 7-10 days,
and a new 7-day sample period begun.

All samples were returned to the University of Central Florida laboratory for

analysis. Prior to analysis, samples were filtered through a 0.45 micron glass fiber filter.

Laboratory Investigations

Laboratory investigations during this research were divided into fhe following
tasks: (1) water quality analyses; (2) a series of algal bioassay experiments to examine
changes in productivity in stormwater runoff during wetland flow; (3) extraction process
which allowed determination of the chemical speciation of heavy metals and phosphorus

in sediment core samples; (4) a series of investigations to determine the influent of pH



TABLE 3-3

HYDROLOGIC ‘CHARACTERISTICS OF UPTAKE
EXPERIMENTS IN THE ARTIFICIAL CHANNEL

INPUT MEAN MEAN MEAN
EXPERIMENT FLOW FLOW RETENTION HYDRAULIC
NUMBER RATE VELOCITY TIME DEPTH
(L/min) (m/min) (hours) (cm)
1 7.00 0.36 1.39 3.20
2 5.11 0.26 1.92 3.10
3 3.22 0.16 3.13 3.00
4 2.27 0.12 4.17 3.00
5 1.32 0.07 7.14 2.95
6 0.38 0.02 25.0 2.90

Te-€
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and redox potential on the chemistry of phosphorus and heavy metals in sediments; and
(5) series of column studies to quantify removal efficiencies for pollutants during
infiltration into wetland soils. Each of these procedures is described in the following

sections.

Water Quality Analysis
A summary of the various water quality analyses performed on water samples
collected during this research is given in Table 3-4. All water quality analyses were

determined as described in Standard Methods. 14th Edition (APHA 1976) and within the

time limits specified by U.S. EPA Methods for Chemical Analysis of Water and Wastes

(1976). Determinations of dissolved orthophosphorus and total phosphorus were
performed using the Ascorbic Acid Digestion Metho'd (425 F) on a filtered sample and
the Persulfate Digestion Method (425 C.III) on an unfiltered sample as' described in
Standard Methods. A Bausch and Lomb Spectronic 70 spectrophotometer was used in
the colorimetric determinations of the phosphorus species. Carbon analyses were
performed using the Combustion-Infrared Analysis Technique with a Beckman Model
915-B Total Organic Carbon Analyzer. Determinations of total carbon and inorganic
carbon were made directly with organic carbon determined by difference.

Ammonia nitrogen was determined colorimetrically by the Phenate Method as
described in Standard Methods. To avoid interference from color, present in many of
the water samples, sample blanks were run with each sample. The sample blanks

consisted of the filtered water sample without the reagents. Nitrate nitrogen was

determined colorimetrically by the Brucine Method, as described in Standard Methods.



TABLE 3-4

PARAMETERS MEASURED DURING INVESTIGATIONS AT THE HIDDEN LAKE WETLAND

SAMPLE
CHEMICAL ' SAMPLE
PARAMETER WETLAND STORMWATER RAINFALL GROUNDWATER TYPE*
" (bi-weekly) (each event) (each event) (monthly)
pH in field X X in field UF
Conductivity in field X X in field UF
Temperature in field in field UF
Diss. Oxygen in field in field UF
ORP in field in field UF
Alkalinity ) 4 X X X UF
Turbidity X X UF
Ammonia X X X X F
Nitrite X X X X F
Nitrate X X X X F
Organic-N X X X X UF
Ortho-P X X X X F
Total P X X X X UF
Phenol X X F
TOC X X X X F
Oil, Grease X X UF
BOD X X X UF
Color X X X F
Total Residue X X X F
S.S. X X UF
V.S.S. X X UF
Total Metals X X X X UF
Diss. Metals X X X X F

* UF = unfiltered

F = filtered

te-t
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Since many of the samples were colored, sample blanks were used for each sample. The
sample blanks were prepared exactly the same as the samples except no brucine was
added.

Nitrate nitrogen was also determined colorimetrically following the method
described in Standard Methods. Sample blanks were used to eliminate the absorbance
due to color in the samples. The sample blanks were prepared by adding 0.1 ml 6 N
KCl to 10 ml of sample in order to compensate for the pH change produéed by adding
the reagents to the samples. Total Kjeldahl nitrogen was determined by the Macro-
Digestion Technique described in Standard Methods. Sample volumes of 250 ml were
used for digestion followed by subsequent distillation into boric acid. Nitrogen
concentrations in the boric acid were determined by titrating with a standard acid. Two
blanks were run with each set of samples. Organic nitrogen concentrations were
determined by subtracting the ammonia nitrogen concentrations from the total Kjeldahl
nitrogen concentration.

Heavy metal analysis in water samples was divided into determinations of
dissolved and total concentrations. For a dissolved analysis, the sample was filtered
through an acid-washed Whatman GF/C glass fiber filter. Each filter was soaked before
use in 1:1 nitric acid for 24 hours. The filters were then rinsed by soaking in three
changes of distilled water for 24 hours each. Immediately prior to use, the filter was
rinsed an additional time by filtration of 300 ml distilled water followed by 100 ml of the
sample to be filtered. These initial rinse waters were discarded, and a sample for metal
analysis was then filtered. The filtration apparatus was constructed of polycarbonate to

avoid metal contamination. For total metal analyses, no pretreatment was performed.
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Both total and dissolved samples were then carried through an acid digestion
procedure. One-hundred milliliteré of sample were placed in an acid-washed 250 ml
Erlenmeyer flask along with 2 ml of redistilled nitric acid. The sample was refluxed on
a hot plate without boiling until the volume was reduced to between 5-10 ml. The
sample was allowed to cool, diluted to a final volume of 20 ml, and stored in a
disposable polyethylene beaker covered with parafilm until analysis.

All glassware used for sample digestion, as well as for preparation and storage
of standards and reagents, was acid-washed prior to use. Glassware was first washed
with a stiff brush in hot water using a phosphate-free detergent. After rinsing, the
container was filled with hot 1:1 nitric acid for 30 seconds. This acid rinse was followed
by five rinses with distilled water. All distilled water used for dilutions and blanks in
metal analyses were first deionized then glass distilled, followed by a final deionization
through a Barnstead Nanopure Cartridge system.

Analysis of heavy metals was performed on the acidified concentrated samples
using a direct current argon plasma spectroscopic technique on a Spectrometrics
Spectrospan III. The heavy metals analyzed during this research were Cd, Zn, Mn, Cu,
Al, Fe, Pb, Ni, and Cr. The Spectrospan III performed three separate spectrum analyses
for each metal on each sample and produced a printout listing each separate analysis, and
average values, and a standard deviation for each metal. A standard solution and a
distilled water blank were analyzed before and after each set of 6-8 samples. A
computer program was written and used to correct the average values for each sample

for drift in measurement of both the standard solution and blank solution.
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Analysis of Heavy Metals and Nutrients in Sediments

Acid extractable analyses were conducted on the core samples collected on
3/12/85, 3/15/85, and 5/15/85 for phosphorus and ‘each of the nine metals listed
previously. Each core section was first dried at 103°C to determine moisture content
followed by ignition at 550°C to determine organic content. The washed sample was
ground with a mortar and pestle, and approximately 0.4 g of sediments (weighed to the
nearest 0.1 mg) was placed in an acid-washed 250 ml Erlenmeyer flask. Five milliliters
of redistilled nitric acid were added along with 100 ml of glass distilled and deionized
water. the mixture was refluxed without boiling until a volume of approximately 10 ml
was reached. The flask was allowed to cool and the supernatant was carefully decanted
into a polyethylene disposable beaker. The remaining sediment was rinsed with two
additions of 10 ml of distilled water which were added to the supernatant. The
supernatant was diluted to a volume of 50.0 m] and covered with parafilm until analysis.

Determination of total organic nitrogen was also performed on wetland sediment
samples. The samples were prepared by placing 1.0 g of wet sediment into a 800-liter
Kjeldahl flask and adding 250 ml of deionized water. The total Kjeldahl nitrogen was
then digested according to procedures outlined in Standard Methods. Moisture content

was used to express nitrogen concentrations in terms of a dry weight basis.

Column Experiments
Two separate sets of column experiments were conducted from April 1985 to
February 1986. In the first experiment, three soil columns of wetland sediments

(0.66 m, 0.95m and 0.90 m long) were obtained near well #2, well #3, and well #4,
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respectively, on April 13, 1985. Clear polycarbonate pipes (1.37 m long by 10 cm I.D.
by 4.5 mm wall) were used to collect the columns. Columns were collected by driving
the pipes into the soil with a sledgechammer. A metal rod inserted through pre-drilled
holes in the pipe ends was used to remove the columns. The columns were sealed with
rubber stoppers and taken to the laboratory.

A rubber stopper fitted with a tygon drainage tube was inserted in the bottom of
each column. AThe columns were then mounted vertically to a large stand, and an
overflow hole was drilled 15 cm above the soil surface in the top of each column. A
synthetic stormwater solution was pumped into the top of each column from a 200-liter
tank and the columns were allowed to drain naturally. The excess stormwater solution
which overflowed was returned to the storage tank. The leachate from each column was
collected in separate 1-liter nalgene sample bottles stored-in an ice-filled cooler. The
infiltration rate through the columns was monitored by measuring the volume collected
in the sample bottles and the time to fill them. In order to obtain a sufficient sample
volume for analysis, the samples from each column were stored at 4°C until 1700-2000
ml were collected. The samples were filtered through 0.45 micron glass fiber filters and
stored at 4°C until analysis was completed.

A synthetic stormwater solution was prepared by adding nutrients and heavy
metals to 170 liters of tap water in a 200-liter polycarbonate tank. The solution was
prepared April 16, 1985 and used until the experiment was completed. Samples of the
solution were collected every 2-3 days in 500 ml nalgene sample bottles and stored at
4°C until 2000 m] had been collected. The four samples were combined into a single
composite sample, filtered through a 0.45 micron glass filter and stored at 4°C until

analysis could be completed. Experimentation was conducted until August 1, 1985.
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| After reviewing the results of the first set of column experiments, a second set
was begun with all three soil columns obtained from the same area near well #3. Each
column was approximately 1.0 m long. The columns were collected on September 11,
1985 in the same manner described previously.

In the laboratory, a rubber stopper fitted with a tygon drainage tube was inserted
in the bottom of each column. The columns were mounted vertically to a support
structure and wrapped with aluminum foil to prevent light from reaching the outside face
of the soil columns. The overflow holes were drilled higher (15 cm above the soil
surface) in an attempt to increase the flow rates through the columns.

The synthetic stormwater solution was prepéred by adding small amounts of
concentrated stock solutions to tap water which had been allowed to stand for 2-3 days
to remove chlorine. The stormwater solution was prepared weekly and sampled every
2-3 days. Stormwater solution samples were combined into 2-liter composite samples
and stored at 4°C until analysis could be completed.

The synthetic stormwater solution was delivered to the soil column by siphoning
the solution from a 16-liter polycarbonate tank situated above the columns. The rate of
stormwater solution discharging into the columns was regulated by valves at the ends of
the tygon tubing delivering the solution to the columns. The flow into the columns was
adjusted every 1-2 days to approximate the flow rate draining from the columns. The
overflow from the columns was discarded.

Leachate from the columns was collected in 2.5-liter acid-washed glass bottles.
The bottles were stored in a light-tight box and were emptied into 2-liter nalgene sample

bottles whenever 1600-2000 ml had been collected. The flow rates for the columns were
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monitored by measuring the column collected and the time required to collect it. The
samples were filtered through 0.45 micron glass fiber filters and stored at 4°C until
analysis could be completed. Experimentation was conducted from September 19, 1985

to February 7, 1986.

Speciation of Heavy Metals in Sediments
Theoretically, it is chemically possible to partition solid material into specific
metal fractions by using appropriate procedures. Recently, Tessler et al. (1979) reported
an improved sequential extraction procedure for the speciation of particular trace metals
and phosphorus. The new procedure eliminated many of the problems previously
reported in single extraction procedures.

In this procedure, five fractions were extracted and are identified as follows:

1. Soluble - ions contained in water which are trapped in interstitial pore
spaces
2. Exchangeable - ions which are associated with sediment carbonates as a

precipitate or co-precipitate

3. Bound to Carbonates - ions which are associated with sediment carbonates
as a precipitate or co-precipitate

4. Bound to Iron and Manganese Oxides - iron and manganese oxides may
exist as nodule cement between particles

5. Bound to Organic Matter - this incudes ions which are bound by
adsorption or complexation to various forms of organic matter such as
living organisms, detritus, and coatings on mineral particles
After a critical evaluation of the available literature, the following

modification, as presented below, of the chemical extraction steps proposed by Tessler

et al. (1979) were adopted. All sediment samples were initially air-dried and finely
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ground by passage through a 600 micron plastic mesh to remove extraneous material.
A minimum of three finely ground 2.0 g samples for each composite core sample
collected on March 15, 1985 and on May 15, 1985 were taken through the following
speciation steps. All extractions were conducted in 50 ml polypropylene centrifuge tubes

to minimize losses of solid material.

Soluble

A 2.0 g sample of finely ground sediment was placed in a 50 ml polypropylene
centrifuge tube with 16 ml of distilled/deionized water. The mixture was agitated
continuously for 1 hour at room temperature (20°C). Following extraction, the mixture
was centrifuged at 3000 rpm for 30 minutes. The supernatant was carefully decanted and

prepared for analysis.

Exchangeable

The sediment residue from above was extracted at room temperature with 16 ml
of 1.0 M MgCl, (pH 7.0) with continuous agitation for 1 hour. Following extraction,
the mixture was centrifuged at 3000 rpm for 30 minufes. The supernatant was carefully
decanted and prepared for analysis. The sediment residue was washed with 16 ml of
distilled/deionized water by constant agitation for 5 minutes. After centrifugation for 30
minutes at 3000 rpm, this second supernatant was decanted off. The volume of rinse
water was kept to a minimum to avoid excessive solubilization of solid material,
particularly organic matter. The wash water for each of the three replicates was

combined with the extract previously produced since ions present in the wash water
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theoretically represent an amount which was released during extraction but not poured

off with the extraction solution.

Bound to Carbonates

The sediment residue from above was extracted with 16 ml of 1.0 M NaOAc (pH
5.0) with continuous agitation at room temperature for 5 hours. Following extraction,
the mixture was centrifuged at 3000 rpm for 30 minutes. The supernatant was removed
for analysis and the residue washed with 16 ml of distilled/deionized water as before.

Wash waters were combined with the initial extract and analyzed as described previously.

Bound to Fe/Mn Oxides

The residue from above was extracted with 40 ml of 0.04 M NH,OH-HCl in 25 %
(V/V) acetic acid for 6 hours at 96°C with occasional agitation. After centrifugation at
3000 rpm for 30 minutes, the supernatant was removed for analysis and the residue was

washed with 16 ml of distilled/deionized water as before, and the two samples combined.

Bound Organic Matter
To the residue from the above were added 6 ml of 0.02 M HNO; and 10 ml of

30% hydrogen peroxide adjusted to pH 2.0 with nitric acid. The mixture was heated to
85°C for 2 hours with occasional agitation. A second 6 ml aliquot of 30% hydrogen
peroxide (adjusted to pH 2.0 with nitric acid) was then added and the sample was again
heated to 85°C for 3 hours with intermittent agitation. After cooling, 10 ml of 3.2 M

NH,OAc in 20% nitric acid (V/V) were added, and the sample was diluted to 40 ml and
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agitated continuously for 30 minutes. The addition of NH,OAc is designed to prevent
adsorption of extracted metals onto the oxidized sediment. After centrifugation at 3000

rpm for 30 minutes, the supernatant was decanted for analysis.

Influence of pH and Redox Potential on the Chemistry
of Phosphorus-Related Heavy Metals in Sediments

The effects of changes in pH and redox potential on release of bhosphorus—related
heavy metals in sediments were investigated in a series of experiments conducted using
a system which allowed regulation of pH and automatic control of redox potential at a
pre-selected value. A 2-liter, 4-neck flat bottom reaction vessel was used to contain
sediment suspensions under selected conditions. The apparatus used for incubating
sediment suspensions is shown in Figure 3-6. As indicated in this figure, each flask was
fitted with a platinum electrode, a glass electrode for measurement of pH, a
thermometer, two calomel half-cells, glass inlet tubes for air and nitrogen, an outlet tube
for allowing gases to escape, and a sample port for adding acids or bases during pH
adjustments or for sampling the sediments after completion of incubation. | A water trap
was used at the end of the outlet tube to prevent atmospheric oxygen diffusion into the
sediments.

A composite sample of wetland sediment was formed by combining equal amounts
of core samples collected at each of the surface water stations and was used in the
incubation studies. The combined sediments were mixed thoroughly with a plastic rod
prior to collection ofé sub-sample. Moisture content, organic content, total phosphorus,
and acid-extractable metal concentrations were determined on the mixed sample used in

each of the incubation experiments.
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To begin an experiment, 300 g of wet sediment, weighed to the nearest 0.1 g,
was placed in the acid-washed reaction vessel along with 1800 ml of composite wetland
surface water. A separate sample of surface water was collected for metal analysis. The
reaction vessel was closed, and the suspension was circulated using a magnetic stirrer
with a large teflon-coated magnetic stirring bar covered with tygon tubing to prevent
excessive wear due to abrasion.

After stirring was begun, the redox potential was slowly adjusted by either
bubbling in nitrogen gas or air until the desired level was reached. For highly reduced
redox potentials, several days were often required to achieve the desired levels. Oxidized
conditions were obtained more quickly. The suspension pH was adjusted at this time
using ultra-pure HCI or NaOH to the proper level, and further refinement of pH and
redox potential continued for 2-5 additional days. Sediment suspensions were then
incubated for 5 days after the desired pH and redox potentials had been reached. Each
experiment was conducted at a specified pH but included incubations at four redox
potentials ranging from highly oxidized to highly reduced: +500 mV, +250 mV, 0 mV,
and -250 mV. Values for pH which were tested included 5.0 and 6.5.

Redox potential was measured using a bright platinum electrode connected to a
Corning Model 120 pH and millivolt meter. A separate saturated calomel reference
electrode was used to complete the cell. A platinum wire was inserted into the side arm
of the calomel electrode containing the mercury and connected to the reference side of
the meter. The calomel electrode was connected to the suspension with a saturated
potassium chloride-agar salt bridge. This reference electrode assembly and glass

electrode were stated by Gambrell et al. (1977) in similar investigations to be more stable
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and require less frequent standardization than commercial combination pH electrodes,
particularly in highly reduced suspensions. Adjustménts to the calibration were less than
0.02 units in all experiments with several requiring no adjustments at all.‘

A meter relay was constructed and connected to the terminals used for
measurement of redox potential. The purpose of the relay was to monitor redox potential
and activate a small aquarium pump which would provide a controlled stream of air to
the reaction vessel when the redox potential of the suspension dropped below the desired
level. The level for activation of the pump could be set internally in the relay so that any
desired redox potential could be maintained. The purpose of the air pump was to provide
oxygen to offset the natural tendency for isolated sediments to become more reduced with
time. The airflow from the pump was regulated with a flow meter at 5.0 ml/min to
allow slow oxidation of the suspension during the aeration cycle. When the suspension
was again oxidized to the proper level, the meter relay automatically switched off the
aerator.

In studies requiring a highly reduced environment, nitrogen gas was added to the
suspension to remove excess oxygen. For incubations conducted at less than 100 mV
(Eh), a continuous stream of nitrogen gas was bubbled through the sediment suspension
at a rate of 5.0 ml/min. Nitrogen gas was effective in purging excess oxygen from the
system due to small leaks and prevented a buildup of gaseous decomposition products
such as carbon dioxide. Removal of excess carbon dioxide was necessary to prevent
undesirable changes in .metal carbonate chemistry. Suspension pH was adjusted to the

proper level initially and then readjusted when the pH changed by + 0.1 unit.
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During incubation of suspensions, the temperature was maintained at 28°C +
1°C. The incubation temperature was an equilibrium between the heat generated by the
stirring motor and the room temperature. If the suspension temperature increased above
28°C, the temperature was reduced by inserting thin sheets of polyethylene as required
between the reaction vessel and the warm stirrer platform to maintain the desired
temperature.

At the termination of an incubation period, a 100 ml sample of sediment
suspension was withdrawn from the reaction vessel into a sealed 250 ml polycarbonate
bottle using a siphon. The withdrawn volume was replaced by adding an equal volume
of distilled water to the reaction vessel. In studies conducted under reducing conditions,
the presence of free oxygen in the extracted sample could cause changes in redox
potential that could result in immediate oxidation of metal ions to insoluble forms. To
minimize possible oxidation of extracted sediments, all sample preparation procedures
and filtration of reduced suspensions were conducted under a nitrogen purged
atmosphere. Each of the sample collection bottles were modified by sealing a serum cap
into a hole drilled in each bottle cap to permit transfer of extracted samplés to and from
the bottle without oxygen contamination. The sealed bottle was purged with nitrogen
prior to adding an aliquot of reduced suspension.

The bottle containing the sediment suspension was then centrifuged for 30 minutes
at 3000 rpm. The supernatant was removed using the apparatus shown in Figure 3-7.
A syringe connected to a low pressure nitrogen source was inserted through the serum
cap. A polyethylene pipette connected to a covered filtration funnel was inserted into the

air space above the liquid. A vacuum was applied to the filtration flask which displaced
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the air in the flask by pulling nitrogen into the system. After purging for several
minutes, the suction tube was pushed into the supernatant which was then drawn into the
filter. The supernatant was filtered into a polycarbonate receiving flask containing 3 ml
of redistilled nitric acid. After filtration, 75 ml of the acidified sample was digested as

described previously and analyzed for heavy metals and phosphorus.

Algal Bioassay Procedures

Sample Collection and Prgparation

After completion of laboratory analyses, the remaining volumes of collected
surface water samples were combined by station to form a composite sample of surface
water at each station during the course of the project. These samples were refrigerated
in polyethylene containers until needed for bioassay experimentation. All sample bottles
were completely filled to eliminate gas exchange and were refrigerated at 4°C to
minimize biological and chemical changes in water quality.

In order to use a unialgal test species in the bioassay experiments, any indigenous
algae in the sample had to be removed. The removal process involved autoclaving the
sample at a pressure of 1.1 kg/cm? (15 psi) and a temperaturé of 121°C for 10 minutes
per liter of sample, provided the total sterilization period was not less than 30 minutes.
The autoclaving was then followed by filtration of the sample through a 47 - mm diameter
Millipore glass fiber filter with a 0.45 micron pore size. Treated samples were then
stored in filled polyethylene bottles at 4°C until needed. In no case was the storage
period greater than 24 hours. All samples for bioassay use were analyzed for the

following parameters: (1) pH; (2) conductivity; (3) alkalinity; (4) ammonia-nitrogen;
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(5) nitrate-nitrogen; (6) nitrite-nitrogen; (7) TKN; and (8) dissolved orthophosphorus.
Heavy metal analyses were also performed on the samples which included: (1) cadmium,
(2) zinc; (3) manganese; (4) copper; (5) aluminum; (6) iron; (7) lead; (8) nickel; and

(9) chromium.

Glassware Preparation
Glassware used as culture bottles or in the sample preparation was washed with
a stiff bristle brush using Liqui-Nox non-phosphate detergent and rinsed thoroughly with
tap water. All glassware was then rinsed in a 1:1 solution of hot hydrochloric acid
followed by five rinses with ultra-pure distilled water. The glassware was then dried and

covered until used.

Test Alga and Inoculum Preparation

Selenastrum capricornutum Printz, a unicellular test alga was used in all of the
bioassay experiments as the test organism. A concentrated Selenastrum culture was
obtained from Carolina Biological Supply. Approximately 2.0 ml of the culture was
aseptically transferred to 200 ml of algal nutrient culture medium in a 1.0 liter pyrex
erlenmeyer flask. The culture was incubated at 24°C + 2°C under continuous "cool
white" fluorescent lighting (400 ft-candles + 10%) and shaken continuously at 100
oscillations per minute. At approximately 2-week intervals, a routine stock transfer of

2 ml of algal culture was transferred to a fresh culture medium to maintain a continuous

supply of cells for experimental work.
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Algal Bioassay Methods

All bioassays were conducted in 1000 ml narrow-neck erlenmeyer flasks
containing 200 ml of sample. Flasks were incubated on an Eberbach table shaker with
a modified plywood table top, 160 cm long and 80 cm wide, which was constructed to
accommodate 66 erlenmeyer 1.0 liter flasks. During this bioassay period, the shaker
table was adjusted to provide 100 oscillations per minute. All flasks were fitted with
foam plugs to prevent contamination and allow for gas exchange. A constant temperature
of 24°C + 2°C was maintained in the incubation room. Constant illumination was
provided by four "cool white" fluorescent lights which were adjusted to provide an
illumination of 400 + 10% foot-candles as measured adjacent to the flask at the liquid
level.

Algal bioassay experiments were designed to simulate a mixture of 25% wetland
water from each of the fixed sample stations mixing into a receiving water accounting
for the final 75% dilution. Hidden Lake (a eutrophic colored water, high in nutrients)
and Lake Lee (a non-colored oligotrophic water, low in nutrients) were chosen as test
waters. Triplicate replications of each combination of wetland stations and receiving
waters were prepared in the culture flasks. All flasks were allowed to equilibrate under
test conditions for 24 hours before inoculation with the algal species to allow for the test
media used to come to a constant temperature and also to allow for equilibrium in gas
exchange. Culture vessels were then inoculated with 2.0 ml of a 14-day old algal culture

to produce an initial chlorophyll-a concentration of approximately 10 ug/l.
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Standing Algal Crop Determinations

Measurements of growth responses were performed by determination of in-vivo

fluorescence of chlorophyll-a using a Turner Model 111 Filter Fluorometer equipped with
a Model 10-030 cuvette holder and special photomultiplier tube with enhanced red
sensitivity. The Model 10-045 blue lamp was chosen as the light source in combination
with a Model 5-60 primary excitation filter. The emission filter used was a Model 2-64
filter as recommended by Turner. Before measurements were taken, each incubation
flask was swirled to assure a uniform mixing of the contents. A grab sample of
approximately 4 ml from each flask was collected in»a pyrex 13 x 100 mm test tube for
measurement in the fluorometer. All test tubes were invented several times before
measurement to assure uniform distribution of the algae. Only the 1x and 3x fluorometer
ranges on the fluorometer were used, with all values recorded relative to the 3x scale.
All sample sets were run in triplicate and results obtained in the three flasks were
averaged (after removal of any outliers) for use in the data analysis. In order that the
bioassay results could be expressed in terms of dry cell weight of cell mass per liter of
solution, a previously prepared calibration curve was used to relate relative fluorescence

to cell dry weight in mg/1.

Statistical Analysis of Data

A large number of statistical analyses were conducted during analysis of the
experimental results from this research. All statistical procedures were performed with
the SAS (Statistical Analysis System) computer package on the UCF IBM 4381 system

and included PROC CORR for calculation of Pearson product moment correlation
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coefficients; PROC PLOT to produce scatter diagrams of the values of one variable
against the values of another variable for examination of relationships and functional
forms; PROC MEANS to obtain simple univariate descriptive statistics such as means,
standard deviation, minimum, and maximum values; PROC ANOVA for analysis of
variance procedures involving balanced designs and data sets; PROC GLM for analysis
of variance procedures for unbalanced data sets; and PROC REG and PROC STEPWISE
for regression analysis to provide least-square estimates to various linear regression

models.



CHAPTER 4

EXPERIMENTAL RESULTS

Introduction
To establish a record on the fate of nutrients and heavy metals in a southern
hardwood wetland, a detailed sample collection program was conducted in the wetland
site at Hidden Lake during 1984-1986. Samples of rainwater, stormwater, wetland
surface water, groundwater, Hidden Lake water, and wetland sediments, along with
hydrologic data, were collected from numerous sampling points and under various
environmental conditions. The results of these investigations are presented in this

chapter.

Hydrology of the Hidden Lake Wetland

Hydrologic inputs into the Hidden Lake wetland were monitored during 1984-
1986 through the following methods: (1) continuous measurement of surface water
inputs into the wetland through the input canal using an ISCO flow recorder;
(2) measurements of daily evaporation at various locations within the wetland;
(3) changes in wetland piezometric surface using a Stevens water level recorder; and
(4) measurement of direct precipitation using a recording rain gauge. Each of these

inputs is discussed in the following sections.
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Rainfall Inputs

A hydrologic record of all rain events occurring at the Hidden Lake site from
12/1/84 to 6/6/86 is given in Appendix I. This record includes recorded measurements
of total rainfall and calculated values for event duration, average rainfall intensity (in/hr),
and antecedent dry period (days). Rain events ranged from 0.01 inch to 2.50 inches in
total rainfall, with durations ranging from 0.08 to 11.83 hours, average intensities from
0.03 inches/hour to 8.62 inches/hour, and antecedent dry periods from 0.03 to 29.39
days. June (1985), July (1985), August (1985) and September (1985) were the wettest
months, together contributing 34.21 inches of rainfall which comprised 71% of the total
yearly rainfall of 48.07 inches. January (1985) and February (1985) were the driest

months recorded during this study, with a combined total rainfall of only 1.49 inches.

Surface Water Inputs

A record of hydrologic surface inputs through the inflow canal to the Hidden Lake
wetland is given in Appendix II. These tables contain the raw data recorded continuously
by the ISCO flow recorder and represents the combined inputs from storm events as well
as baseﬂow. At the end of each table, estimates of baseflow and runoff inputs are listed
separately for each monthly period. Estimates of runoff inputs were obtained by
examination of flow increases caused by rain events above the pre-event baseflow values.
Measurements of flow through the weir were considered to be runoff related until
approximately 2 hours following the end of a rain event. Visual observations during and
following rain events indicated that portions of the watershed may continue to contribute

runoff for as much as 2 hours following the cessation of a rain event.
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During the "wet" season, which extends from late June to early October,
hydrologic inputs into the wetland flowpath through the canal were continuous, although
large variations were measured in flow rate. Flow rates into the wetland ranged from
as low as 0.10 m*/hour to as large as 350 m’/hour, although inputs of this larger
magnitude were rare. Mean flow rate into the wetland during this period was
approximately 22.4 m%hour. This corresponds to a calculated mean residence time in
the 1.0 ha flowpath, assuming a mean water depth of 15 cm and including the losses due
to evaporation, transpiration and groundwater seepage, discussed in a later section, of
5.39 days with a range from 116 days at the lowest flow rate to 0.61 days at the greatest
flow rate. Mean calculated flow velocity in the flowpath was 1.16 m/hour, with a range
from 0.05 m/hour to 10.3 m/hour.

A comparison of hydrologic inputs to the Hidden Lake wetland, including
baseflow, rainfall and runoff, is given in Table 4-1 and presented graphically in Figure
4-1. As would be expected, runoff inputs and rainfall volumes are closely related.
Baseflow into the wetland also follows the same general pattern observed by rainfall and
runoff. However, baseflow, which is primarily a groundwater supplied input, appears
to lag approximately 30 days behind runoff and rainfall in terms of input volumes. For
example, increased rainfall beginning in June was not observed as increases in baseflow
until July. Also, when rainfall and runoff volumes dropped sharply in October,
November and December, baseflow declined slowly over this period. Thus, it appears
that stored groundwater which manifests itself in the form of baseflow is important in
maintaining the wetland hydroperiod for portions of the year when rainfall is low.

An interesting relationship was observed between rainfall and the runoff

coefficient "C" value at the Hidden Lake site. Using the monthly rainfall measured at



TABLE 4-1

SUMMARY OF HYDROLOGIC INPUTS TO THE
HIDDEN LAKE WETLAND DURING 1985-86

INPUTS TO WETLAND (m’)

PERCENTAGE OF TOTAL

MONTH DIRECT DIRECT
BASEFLOW RUNOFF RAINFALL TOTAL BASEFLOW RUNOFF RAINFALL
1985
January 397.7 63.6 170.0 631.3 63.0 10.1 26.9
February 550.2 137.1 208.0 895.3 61.5 15.3 23.2
March 372.0 448.5 406.0 1,226.5 30.3 36.6 33.1
April 705.6 884.3 975.0 2,564.9 27.5 34.5 38.0
May 0.0 441.3 378.0 819.3 0.0 53.9 46.1
June 744.0 2,834.9 1,453.0 5,031.9 14.8 56.3 28.9
July 8,887.5 2,788.5 2,004.0 13,680.0 65.0 20.4 14.6
August 7,045.1 12,484.9 2,545.0 22,075.0 319 56.6 11.5
September 6,555.1* 13,800.2% : 2,652.0 23,000.3 28.5 . 60.0 11.5
October 6,849.0 1,874.2 635.0 9,358.2 73.2 20.0 6.8
November 4,507.9 900.4 465.0 5,873.3 76.8 15.3 7.9
December 3,701.4 2,077.4 660.0 6,438.8 57.5 32.3 10.3
TOTAL 40,315.5 38,735.3 12,551.0 91,594.8 44.0 42.3 13.7
1986
January*
February 1,794.1 900.4 335.0 3,029.5 59.2 297 11.1
March 1,164.4 1,082.2 871.0 3,117.6 37.3 34.7 28.0
April 175.7 20.4 122.0 318.1 55.2 6.4 38.4

* Estimated from rainfall records

Vv
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Figure 4-1. Fluctuations in Hydrologic Inputs to the Hidden Lake Wetland During 1985.



the research trailer, it was possible to calculate the total volume of rain falling within the
watershed boundaries each month. The total calculated inputs of runoff each month were
divided by the total rain volume to obtain a runoff "C" value for each month. These
values are plotted and compared with monthly rainfall in Figure 4-2. These calculated
"C" values are actually weighted "C" values since they represent a mathematical average
from all of the varied rain events each month. As seen in Figure 4-2, the weighted "C"
value varies considerably over a yearly period and follows rainfall patterns fairly closely.
Values of the runoff coefficient ranged from 0.017 in January to 0.219 in August. This
pattern is presumably a result of fluctuations in available groundwater storage and
infiltration rates over the year.

An important implication of the relationship given in Figure 4-2 is that
measurements of runoff coefficients for a given land use must be conducted on a monthly
basis over a minimum of a 1-year period to obtain an accurate representation of the
actual watershed response. Values collected on only a few storm events could be biased
substantially, either high or low, depending on the.time of year when the study was
performed. The most accurate weighted "C" value would be obtained by rﬁultiplying the
monthly values presented in Figure 4-2 by the percentage of annual rainfall occurring
during that month. The weighted runoff coefficient listed in Table 3-2 was calculated

in this manner.

Evaporation in the Wetland
Measurements of evaporation were collected at various locations within the

wetland using a Weather Measure Model 801 recording evaporimeter from March 27,
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1985 to January 25, 1986. Daily records were subdivided over 2-hour periods so that
comparisons could be made with both time of day and time of year. A listing of the
complete data set is given in Appendix III. The data set was divided into three distinct
periods observed in the wetland during a given year: (1) the spring period from March
to May when re-vegetation following the winter months is occurring, the wetland is
actively growing, and rainfall as well as humidity is low; (2) the summer period of
frequent rainfall and high humidity; and (3) the fall-winter season during November,
December and January when growth slows, and leaf drop occurs.

A summary of the data in Appendix III is given in Figure 4-3. ,AS would be
expected, both hourly and seasonal variations in evaporation are apparent. In general,
evaporation was lowest after midnight, with relatively constant values until approximately
10 a.m. After this time, evaporation increased rapidly, reaching a peak between 2-6
p.m., depending on the season. The rate would then decline somewhat slowly, reaching
the minimum values again near midnight.

On a seasonal basis, evaporation was greatest in the spring, averaging 0.90 mm
per day. During this period, the canopy is more open as re-vegetation is occurring, and
the rainfall and humidity are typically low, all of which contribute to increases in
evaporation. During summer, evaporation decreases somewhat, particularly in the
morning to early afternoon periods when humidity beneath the canopy is generally near
100%. During the winter season, evaporation decreases to approximately 50% of that
measured in the spring. Although the canopy is more open following leaf fall, the

generally lower temperatures serve to reduce the evaporative losses.
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6v



4-10

Fluctuation in Piezometric Surface in the Wetland

Fluctuations in piezometric surface within. the Hidden Lake wetland were
monitored continuously using a Stevens Water Level Recorder installed near groundwater
well #2, about 25 m along the flowpath (Figure 3-3). An open 30 cm diameter standpipe
was inserted to a depth of 1 m below the soil sﬁrface, and the recorder was housed in
a plywood shelter above the standpipe with a 25 cm float suspended into the standpipe.
Continuous measurements were collected from July 19, 1985 to June 26, 1986 and are
listed in Appendix IV.

In the absence of rain events, the piezometric surface in the wetland was found
to change slowly, with normal losses due to transpiration, evaporation or groundwater
loss. However, during rain events, rapid increases in piezometric surface were observed
with several increases in excess of 20 cm in a 2-hour period. Decreases following rain
events were rapid at first, then occurring more slowly, with 90% of the increase lost in
24-48 hours by the combination of infiltration, evaporation, transpiration and dispersion
of flow to lower areas of the wetland. A plot of piezometric surface during 1985-86 is
given in Figure 4-4. The hydroperiod at this location was approximately 320 days.

The continuous measurements of the piezometric surface proved valuable in
estimation of losses within the wetland due to transpiration and groundwater loss. To
accomplish this, periods of the record were examined where rain events were not present
to cause fluctuations in elevation. It was assumed that transpiration would occur
primarily during the daylight hours. Therefore, decreases in piezometric surface during
the night were assumed to be only a result of groundwater movement. Decreases in

elevation from midnight to 6 a.m. were assumed to represent groundwater losses and it
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was also assumed that this loss would be constant over a given 24-hour period. The
additional decrease in piezometric surface was attributed to losses by transpiration and
evaporation, with measured evaporation subtracted to yield transpiration. Decreases in
piezometric surface during the peﬂod from March to May, the summer months, and the
fall-winter season are given in Appendix V.

The results of the calculated losses due fo transpiration, evaporation and
groundwater flow for the March to May period is presented in Figure 4-5; During this
period, evaporative losses were the least significant component, representing only 5% of
the total loss on a daily basis. Groundwater losses, assumed to be constant, represented
approximately 33% of total losses. Transpiration loss was quite significant during this
period of re-vegetation. Transpiration losses peaked rapidly during the daylight hours
and declined rapidly at night. Total water loss from the wetland during this period
averaged 17.73 mm per day.

A hydrologic balance for the wetland during the summer months is presented in
Figure 4-6. Losses due to evaporation and groundwater flow appear to be similar during
this period to that observed for the spring months. However, losses due to transpiration
have increased substantially to 18.25 mm per day, comprising 71% of total water loss.
Total water loss during this period averaged 25.83 mm/day.

During the late fall and winter months, the hydrologic regime of the wetland
appears to change dramatically, as seen in Figure 4-7. Losses due to transpiration and
evaporation have declined to their lowesf yearly values, representing only 16% of the
values measured in the summer. Groundwater losses are a more important component
during this period, representing 39% of the total losses. Hydrologic losses during the

late fall-winter period averaged 5.00 mm per day.
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In addition to the continuous record of piezometric surface near the 25 m sample
site, records of piezometric surface were alsb collected at each of the four groundwater
monitoring wells at least once each month during 1985. The measured piezometric
elevations are listed in Table 4-2, and seasonal averages are given below the table.
During January-March and October-December, a slight positive gradient appears to exist
along the flowpath toward Hidden Lake. The wetland appears to be discharging
groundwaters to Hidden Lake during this period. However, during the period from
April-September, piezometric surfaces within the wetland are lower in elevation than
either the upland area, represented by well #1, or Hidden Lake. As a result,
groundwater movement appears to be into the wetland from both the upland areas and
from Hidden Lake. Apparently, the large losses due to evapotranspiration in the wetland
during the spring and summer create a decrease in piezometric surface beneath the

wetland and affect the direction of groundwater flow.

Characteristics of Rainwater
Collected at the Hidden Lake Wetland

To establish a record of the characteristics of direct rainfall, a wet/dry fallout
collector was used to obtain samples of bulk wet precipitation at the research trailer from
March 21, 1985 to December 5, 1985, over a wide range of rainfall intensities, durations
and antecedent dry periods. Composite rainfall samples were collected from a total of
22 separate storm events and analyzed over this period for nutrients and heavy metals.
Total rainfall amounts for sampled storm events ranged from 0.15 to 2.36 inches, with

antecedent dry periods of 0.1 to 20.2 days.



MEASUREMENTS OF PIEZOMETRIC SURFACE
AT EACH OF THE GROUNDWATER MONITORING

TABLE 4-2

WELLS AT HIDDEN LAKE DURING 1985
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PIEZOMETRIC ELEVATION
(m, MSL)
DATE
WELL #1 WELL #2 WELL #3 WELL #4 HIDDEN

(Ref. 12.601) | (Ref. 12.506) | (Ref. 12.329) | (Ref. 12.116) LAKE
1/23/85 11.290 11.155 11.399 11.201 11.378
2/20/85 11.585 11.448 11.378 11.470 11.474
3/20/85 11.415 11.363 11.186 11.290 11.298
4/10/85 11.186 11.128 10.924 11.104 11.156
4/17/85 11.674 11.463 11.256 11.372 11.404
5/10/85 11.189 11.128 10.942 11.104 11.112
5/16/85 11.119 11.024 10.875 11.046 11.096
5/30/85 11.052 10.918 10.817 10.954 11.085
6/06/85 10.994 10.896 10.808 10.878 11.006
6/13/85 11.149 11.534 10.945 10.817 11.021
6/19/85 11.515 11.509 11.235 11.387 11.165
7/11/85 11.476 11.549 11.241 11.366 11.241
7/18/85 11.707 11.741 11.552 11.396 11.521
8/02/85 11.671 11.677 11.415 11.479 11.662
8/30/85 11.841 11.686 11.530 11.518 11.668
9/13/85 11.744 11.692 11.521 11.506 11.476
10/11/85 11.774 11.720 11.552 11.518 11.488
11/12/85 11.802 11.713 11.537 11.512 11.494

Mean

Values
Jan.-Mar. 11.430 11.322 11.321 11.320 11.313
Apr.-June 11.235 11.200 10.978 11.083 11.131
July-Sept. 11.688 11.669 11.452 11.453 11.514
Oct.-Dec. 11.788 11.712 11.545 11.515 11.491
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Measured concentrations of water quality parameters for each of the individual
storm events are presented in Appendix VI. A summary of the mean chemical
characteristics of rainwater collected at Hidden Lake‘ is given in Table 4-3. In general,
rainwater was characterized as somewhat acidic with little or no alkalinity,. low in color,
and generally low in dissolved solids, as evidenced by the low values for conductivity
and residue. Mean concentrations of dissolved orthophosphorus and total phosphorus
were also low, with the dissolved form comprising approximately 90% of the total
amount. Concentrations of nitrogen species were generally low, with the nitrate ion
measured as the most abundant form.

Large variabilities were noted for most measured parameters between storm
events. As seen in Table 4-3, measured values of pH ranged in excess of 2 units, with
wide ranges also evident for color, residue and TOC. Of the nutrient forms measured,
nitrogen appears to be more variable than phosphorus, particularly for ammonia and
nitrate.

A summary of mean concentrations of dissolved heavy metals in rainfall samples
is given in Table 4-4. In general, concentrations of most metals were relatively low in
rainwater with the exception of cadmium, which had a calculated mean rainfall value in
excess of the Florida Administrative Code (F.A.C.) Chapter 17-3 criterion of 0.8 ug/l
for Class III waters. As seen in the raw data presented in Appendix VI, as well as in
the summary data listed in Table 4-4, a considerable variability was found for most
heavy metal concentrations between storm events. This variability was especially
apparent for copper, aluminum, zinc and iron. Of the heavy metals which were
measured in rainfall, the following order was observed in terms of dissolved

concentrations:



TABLE 4-3

SUMMARY OF MEAN CHEMICAL
CHARACTERISTICS OF RAINWATER
COLLECTED AT HIDDEN LAKE
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MEAN RANGE OF VALUES COEFFICIENT
PARAMETER UNITS VALUE! OF
MINIMUM MAXIMUM VARIATION

pH s.u. 4.76 4.01 6.21 9.9
Conductivity pmho/cm 10.5 4 26 54.2
Alkalinity mg/l 0.45 0 0.5 32.4
Turbidity NTU 0.6 0.1 2.0 85.1
NH,-N pg/l 64 5 317 152
NO;-N ng/l 136 21 365 74.3
Organic N pgll 48 5 153 93.3
Ortho-P pgll 8 2 14 31.8
Total P ug/l 9 2 21 44.3
BOD mg/] 1.1 0.2 2.4 43.5
Color Pt-Co Units 11 3 27 63.9
Residue mg/l 32 3.2 124 106
S.S. mg/1 1.1 0.3 2.5 50.4
TOC mg/l 2.0 0.6 5.7 66.6

1.

n = 22 samples




TABLE 4-4

SUMMARY OF MEAN CHEMICAL

CHARACTERISTICS OF RAINWATER

COLLECTED AT HIDDEN LAKE
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DISSOLVED MEAN RANGE OF VALUES COEFFICIENT
METAL |Gy | MTMUM | MAXIMOM o
cd 2.8 0.05 9.0 83.0
Zn 13.7 3.0 33.0 64.9
Mn 3.9 0.5 13.0 86.7
Cu 27.0 1.0 140 109
Al 243 0.5 107 132
Fe 11.7 0.5 42.0 104
Pb 3.6 0.5 10.0 81.7
Ni 12 0.5 4.0 98.8
Cr 0.7 0.05 2.1 110

1. n = 22 samples
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Cu>Al>Zn>Fe>Mn>Pb>Cd>Ni>Cr

A summary of analysis of variance comparisons for rainwater characteristics
between "wet" and "dry" seasons is given in Table 4-5. For this analysis, the rainfall
data set was divided into samples collected in the "wet" period from June to early
October and those collected in the remaining "dry" months. Of the parameters listed in
Table 4-5, only copper and nickel were found to have significant differences at the 0.05
level in concentrations between the two periods. Copper was significantly higher during
the "wet" season, while nickel was significantly higher in the "dry" season. However,
even though significant differences were not observed for most parameters, all measured
parameters (except phosphorus, cadmium, zinc, and copper) were greater in value in the
"dry" period than in the "wet" period.

Correlations between all measured rainfall parameters listed in Tables 4-3 and 4-4
and rainfall characteristics, such as total rain amount, mean rainfall intensity, rain
duration and antecedent dry period, were performed psing the PROC CORR package of
SAS to examine whether or not rainfall characteristics were influenced by any of these
parameters. No significant correlations were found at the 0.05 level between any of the
general measured parameters in Table 4-3 or the heavy metals listed in Table 4-4 and any
of the measured rainfall characteristics suggesting that the chemical characteristics of
rainfall are not affected to a significant degree by characteristics of the rain event. In
other words, general composite chemical characteristics of rainfall appear to be
independent of rainfall parameters such as total rain amount, rain duration, rainfall

intensity and antecedent dry period.



SUMMARY OF ANOVA COMPARISONS

TABLE 4-5

FOR RAINWATER BETWEEN
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"WET" AND "DRY" SEASONS
MEAN CONCENTRATION PROngILlTY
PARAMETER UNITS "WET" “DRY" UNEQUAL
SEASON SEASON 'MEANS
pH s.u. 5.06 5.01 17.5
Conductivity pmho/cm 8.6 12.2 85.1
Alkalinity mg/1 0.5 0.4 80.7
NH,;-N ugll 27 94 89.2
NO;-N ugl/l 109 158 73.7
Organic N ugl/l 54 42 46.0
Diss. OP ugl/l 9.1 7.1 93.7
Total P ug/l 10.2 8.3 76.9
TOC mg/l 1.8 2.1 46.5
Diss. Cd pg/l 3.5 23 76.0
Diss. Mn ug/l 39 4.0 3.1
Diss. Zn ugll 14.6 13.0 315
Diss. Cu pgh 41 15 96.6
Diss. Al ug/l 14 33 84.7
Diss. Fe ug/l 10.7 12.6 28.4
Diss. Pb ugl/l 33 39 39.0
Diss. Ni pgll 0.6 1.7 97.0
Diss. Cr ugl/l 0.38 0.93 91.7
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Characteristics of Stormwater
- Inputs to the Hidden Lake Wetland

Flow-weighted composite runoff samples were collected from the inflow canal
during rain events using a refrigerated ISCO automatic sampler. A flow recorder was
used to monitor the quantity of runoff into the wetland. Runoff samples were collected
from January 18, 1985 to November 11, 1985, over a wide range of rainfall intensities,
durations and antecedent dry periods. A total of 24 storm events, including a total of 96
separate runoff samples, were collected and analyzed over this period for water quality
parameters and heavy metals. Total rainfall amounts for the sampled storm events
ranged from 0.38 to 6.00 cm, with antecedent dry periods of 0.1 to 20.2 days.

Measured concentrations of all water quality parameters and ﬁeavy metals
collected during each of the individual storm events are presented in Appendix VII. A
summary table of the mean general chemical characteristics of the residential stormwater
runoff is presented in Table 4-6. Stormwater runoff collected at Hidden Lake can be
characterized as slightly acidic in nature, with a moderate alkalinity, relatively low in
forms of inorganic nitrogen and dissolved phosphorus, and low in solids content, as
evidenced by the low values for turbidity and suspended solids. Approximately 62% of
the phosphorus load was particulate in nature and 58% of the suspended solids were
inorganic materials. Measurable concentrations of phenol, not listed in Table 4-6, were
found on only two of the 22 sample dates (Appendix VII). Concentrations of organics,
TOC, and oil and grease were also relatively low in value. Qil and grease were found
in measurable quantities at the start of the project, but concentrations decreased to levels

below detection limits after a few months. The reason for this decline is not known. At
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TABLE 4-6

SUMMARY OF MEAN CHEMICAL
CHARACTERISTICS OF RUNOFF
COLLECTED AT HIDDEN LAKE

MEAN RANGE OF VALUES COEFFICIENT
PARAMETER UNITS VALUE! OF
MINIMUM MAXIMUM VARIATION

pH s.u. 5.91 5.12 7.64 9.12
Conductivity pmho/cm 143 53 247 31.1
Alkalinity mg/l 65.6 25.8 103 30.7
Turbidity NTU 6.4 0.6 57.6 152
NH,-N pgll 56 <10 209 80.2
NO,-N pgll 1.0 < 0.1 8.2 | 136
NO,-N ugll 68 15 276 80
Organic N pell 487 29 1220 42.7
Ortho-P pell 27 0.5 . 110 94.3
Total P pe/l 72 4 598 116
TOC mg/] 12.6 3.9 18.2 19.6
BOD mg/] 2.6 0.2 7.4 53.8
Color Pt-Co Units 85 21 299 58.5
Residue mg/l 135 59 277 24.3
S.S. mg/] 6.2 0.7 117 237
V.S.S. mg/l 2.6 0.07 32.5 165
Oil, Grease mg/l 3.6 <2 19.3 143

1. n = 96 samples
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no time were concentrations of oil and grease of sufficient quantity to cause a shine on
the water surface in the inflow canal.

Measured concentrations of heavy metals in runoff samples collected at Hidden
Lake are summarized in Table 4-7. In general, runoff inputs were very low in
concentrations of all heavy metals measured, with the possible exceptions of aluminum
and iron. Dissolved metal concentrations in the residential runoff exhibited the following

order:

Mn < Cr< Ni<Cd=Zn < Cu< Pb < Fe < Al

As seen in Table 4-7, the majority of metal inputs, with the exception of aluminum, were
soluble in form, with soluble fractions in excess of 80% for five of the nine measured
metals. Even lead, which is routinely associated with large particulate fractions, was
found, primarily in a soluble form, at this site. The extremely low metal concentrations
found in this runoff, as well as the particulate loadings, are very likely a result of the
apparent excellent pretreatment for runoff provided by the swale systems used as part of
the stormwater conveyance systems.

As seen in Appendix VII, a considerable variability was observed both between
storm events, as well as heavy metals. This variability was especially apparent for
copper, aluminum, iron and lead. In order to investigate causative factors for this
variability, a series of correlations were performed using the PROC CORR package of
SAS to examine relationships between the chemical characteristics of runoff events and

the characteristics of the rain event, such as total rainfall, storm duration, rainfall
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TABLE 4-7

SUMMARY OF MEAN CONCENTRATIONS
OF HEAVY METALS IN RUNOFF
COLLECTED AT HIDDEN LAKE DURING 1985

MEAN RANGE OF VALUES COEFFICIENT
HEAVY VALUE! OF
METAL s MINIMUM MAXIMUM | oot N
(b (ug/l) (ug/l)

Dissolved
cd 46 | (88.5 < 0.1 13 64.8
Zn 46 | 852 <1 21 81.9
Mn 25 | (62.5 <1 7.0 47.1
Cu 19.6 | (4.5 <1 62 75.7
Al 20.6 | (36.8) 16 1,273 105
Fe 67.3 | (59.0) 4 128 38.2
Pb 29.5 | (91.9) 5 56 39.1
Ni 32 | (86.5) 0.4 8.6 55.3
Cr 3.1 | (83.8) <01 7.0 35.2
Total
cd 52 < 0.1 14 557
Zn 5.4 <1 23 90.1
Mn 4.0 <1 16 68.4
Cu 26.3 <1 155 79.6
Al 560 08 | 10,300 237
Fe 114 49 578 71.4
Pb 32.1 11 60 36.0
Ni 3.7 0.4 14 583
Cr 3.7 0.2 10 41.0

1. n = 92 samples
2. Percentage of dissolved form out of total
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intensity and antecedent dry period. A summary of the general water quality
characteristics which produced significant correlations at the 0.05 level or better is given
in Table 4-8.

Significant correlations were found at the 0.05 level between total rainfall and all
of the listed parameters. Increasing amounts of total rainfall were found to decrease pH,
conductivity and alkalinity, while increasing concentrations of the other parameters.
Increasing rainfall duration was found to be positively correlated with pH, conductivity
and alkalinity. Correlations between antecedent dry period and the listed parameters
were generally much weaker than the other rainfall characteristics. Significant positive
correlations were found with pH and alkalinity, while significant negative correlations
were found for ammonia and BOD. Rainfall intensity was found to have a significant
negative correlation with conductivity, alkalinity and orthophosphorus.

A summary of significant correlations between measured concentrations of heavy
metals and rainfall characteristics is given in Table 4-9. To simplify presentation of the
data, only metal species exhibiting significant correlations are presented in the table. As
seen with the general runoff characteristics, each of the heavy metals listed exhibited
strong correlations with total rainfall, although some of the correlations were positive
while others were negative. Correlations between runoff concentrations of heavy metals
and rainfall duration and intensity were generally weak, although a few of the metals
listed exhibited significant correlations. A similar situation was observed for correlations
with antecedent dry periods, with only dissolved and total lead exhibiting significant

relationships.



TABLE 4-8

CORRELATIONS BETWEEN TOTAL RAINFALL, STORM DURATION,
ANTECEDENT DRY PERIOD, STORM INTENSITY AND RUNOFF
QUALITY CHARACTERISTICS AT HIDDEN LAKE

] omem o o By
CORRELATION PROB. OF CORRELATION PROB. OF CORRELATION PROB. OF CORRELATION PROB. OF
COEFFICIENT CORRELATION COEFFICIENT CORRELATION COEFFICIENT CORRELATION COEFFICIENT CORRELATION
pH - 0.306 99.4 0.322 99.6 0.241 96.3 -0.208 93.4
Conductivity -0.545 99.9 0.390 99.9 0.195 90.7 -0.397 99.9
Alkalinity -0.585 99.9 0.345 99.8 0.239 96.1 -0.530 99.9
Turbidity 0.576 99.9 0.166 85.5 -0.112 65.9 - 0.007 4.6
Ammonia N 0.458 99.9 0.206 93.2 -0.248 96.8 -0.036 245
Nitrate N 0.524 99.9 0.062 41.1 -0.113 66.5 0.089 56.4
Organic N 0.299 99.3 -0.213 94.0 - 0.159 82.7 0.200 92.3
BOD 0.234 96.2 -0.215 94.3 - 0.258 97.5 -0.013 9.2
Ortho-P 0.553 99.9 0.013 9.9 - 0.202 91.7 0.305 99.4
Total P 0.610 99.9 0.069 45.5 - 0.0%96 58.5 0.150 81.4
SS 0.467 99.9 0.100 61.7 0.014 9.3 0.003 2.4
VSS | 0.508 99.9 0.038 26.0 - 0.007 4.6 0.038 26.1

1. Number of observations = 79
2. Number of observations = 75
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TABLE 4-9

CORRELATIONS BETWEEN CONCENTRATIONS OF HEAVY METALS

AND RAIN EVENT CHARACTERISTICS AT HIDDEN LAKE

RAIN! RAINFALL ANTECEDENT RAIN
TOTAL DURATION! DRY PERIOD INTENSITY!
PARAMETER
CORRELATION PROB. OF CORRELATION PROB. OF CORRELATION PROB. OF CORRELATION PROB. OF
COEFFICIENT CORRELATION COEFFICIENT CORRELATION COEFFICIENT CORRELATION COEFFICIENT CORRELATION
Dissolved
Cu 0.301 99.6 -0.120 94.2 -0.120 94.3 0.307 99.7
Al 0.511 99.9 0.247 98.2 -0.097 64.1 0.006 4.3
Pb -0.346 99.9 0.148 83.9 0.422 99.9 - 0.081 55.4
Ni -0.220 96.4 0.088 59.3 0.189 92.7 0.052 37.2
Cr - 0.266 98.9 -0.018 13.8 0.080 55.1 0.022 16.1
Total
Zn 0.290 99.5 - 0.095 63.1 -0.145 82.9 0.320 99.8
Mn 0.375 99.9 -0.019 14.0 -0.003 2.3 0.082 55.9
Cu 0.303 99.6 -0.168 88.8 -0.103 70.0 0.200 94.3
Al 0.393 99.9 0.102 66.5 0.061 43.3 - 0.008 6.1
Fe 0.418 99.9 0.111 70.5 0.072 50.3 0.076 52.5
Pb -0.218 96.3 0.143 82.4 0.395 99.9 - 0.061 43.4

1. Number of observations = 91

6C-v
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A summary of analysis of variance comparisons for stormwater characteristics
between "wet" and "dry" seasons is given in Table 4-10. Significant differences were
found at the 0.05 level between the two periods for pH, conductii_rity, alkalinity, and all
of the heavy metals measured except aluminum and iron. For each of the significant
differences which were found, all measured parameters were greater in value in the "dry"
season than in the "wet" season, with the exceptions of zinc and copper, which were
greater in value in the "wet" season. As seen in Table 4-5, zinc and copper were also
found in greater concentrations in rainwater during "wet" periods than "dry" periods.
Although significant differences were not observed for the remaining parameters listed
in TaBle 4-10, many mean values were greater in the "dry” season, such as TOC, BOD,
SS, and VSS. Concentrations of nitrogen and phosphorus were very similar between the
two seasons.

Calculated mass loading rates for selected pollutants from the residential
watershed are given in Table 4-11 and compared with loading rates from a residential
area with curb and gutter drainage near Lake Eola in Orlando, as reported by Wanielista
(1978). Loading rates from the residential watershed at Hidden Lake are apparently
much lower than values reported by Wanielista. These lower loading rates are
presumably another indication of the pretreatment effectiveness of the swale system used

at Hidden Lake.

Characteristics of Surface
Water in the Hidden Lake Wetland

Surface water samples were collected at nine fixed stations on a bi-weekly basis

from December 1984 to December 1985 to characterize average concentrations of



SUMMARY OF ANOVA COMPARISONS
OF STORMWATER CHARACTERISTICS

TABLE 4-10
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IN "WET" AND "DRY" SEASONS
MEAN CONCENTRATION PROngILITY
PARAMETER UNITS "WET" "DRY" UNEQUAL
SEASON SEASON MEANS
pH s.u. 5.89 6.36 99.9
Conductivity pmho/cm 109 160 99.9
Turbidity NTU 4.4 7.5 84.6
Alkalinity mg/l 49.7 73.6 99.9
NH,-N pg/l 60 54 48.9
NO;-N ngll 73 65 45.8
Organic N pg/ 473 495 37.2
Diss. OP pgll 31 26 64.9
Total P ug/l 72 72 3.3
TOC mg/1 12.1 12.9 85.4
BOD mg/l 2.5 2.6 29.7
S.S. mg/l 4.2 7.2 67.1
V.S.S. mg/l 2.0 2.9 63.6
Heavy Metals
Diss. Cd pg/l 3.4 5.1 99.1
Diss. Mn uglt 1.8 2.7 99.9
Diss. Zn pg/l 6.6 3.7 99.9
Diss. Cu ug/l 28.0 15.8 99.9
Diss. Al pgll 179 217 57.4
Diss. Fe ugll 70 66 51.7
Diss. Pb pg/l 23.0 323 99.9
Diss. Ni ugll 2.4 3.6 99.8
Diss. Cr. ugll 2.7 33 94.8
Total Cd ug/l 4.1 5.7 99.0
Total Mn ugl 3.1 4.4 96.4
Total Zn pgll 7.1 4.7 97.4
Total Cu pgll 36 22 99.5
Total Al ugl 305 672 76.5
Total Fe pg/l 94 123 88.7
Total Pb ugll 253 35.0 99.9
Total Ni pgll 25 4.2 99.9
Total Cr ugll 3.0 3.9 98.6




TABLE 4-11

SUMMARY OF MASS LOADING

RATES FROM STORMWATER RUNOFF
GENERATED WITHIN THE RESIDENTIAL

WATERSHED AT HIDDEN LAKE
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MASS LOADINGS
PARAMETER (kg/ha/year)
HIDDEN LAKE LAKE EOLA!
NH,-N 0.062 --
NO,-N 0.076 2.20
Organic N 0.543 1.80
Ortho-P 0.031 0.80
Total P 0.080 2.20
TOC 14.1 139
BOD 2.90 74.6
Suspended Solids 6.91 195
Total Cd 0.006 -
Total Zn 0.006 -
Total Mn 0.004 --
Total Cu 0.029 -
Total Al 0.624 -
Total Fe 0.127 -
Total Pb 0.036 -
Total Ni 0.004 -
Total Cr 0.004 -

1. Wanielista (1978) for a 6.52 ha residential area‘ near Lake Eola.
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nutrients, heavy metals and other water quality parameters in the Hidden Lake wetland.
The sample collection program consisted of 22 sample dates during the study period with
a total of 88 separate samples collected. On twelve of the collection dates during the
period from January 13, 1985 to July 3, 1985, no surface water was present for at least
seven of the nine fixed sampling stations. In general, surface water inputs to the wetland
during this period infiltrated into groundwaters rapidly, and surface water extended only
to the 25 m or 50 m sample station. However, from mid-July to the end of the project
in December, surface water was present at each of the fixed sample stations. Water
quality parameters measured at each of the sample stations on each sample collection date
are listed in Appendix VIII.

A summary of mean general chemical characteristics of surface waters along the
wetland flowpath and in the control area during the sampling period is presented in Table
4-12. Upon entering the wetland flowpath, signiﬁcaht changes begin to occur for most
of the parameters listed in Table 4-12. As seen in Figure 4-8, pH, aikalinity, and
dissolved oxygen all begin gradual declines with increasing distance along the flowpath.
Mean pH values (based on hydrogen ion concentration) were found to decrease from 6.54
at the inlet canal weir to 5.69 at the 150 m location, an overall decrease of 13% in pH
value during travel through the wetland flowpath. The control area was observed to have
depressed pH values in comparison to the wetland flowpath with a mean pH value of
4.88. This value was almost two full pH units less than mean values measured in the
inflow canal and in stormwater and one pH unit less than the minimum mean value

measured along the wetland flowpath area.



TABLE 4-12

SUMMARY OF MEAN CHEMICAL CHARACTERISTICS OF SURFACE WATERS ALONG
THE FLOWPATH AND CONTROL AREAS IN THE HIDDEN LAKE WETLAND

PARAMETER UNITS FLCWPATH CONTROL | HIDDEN
WER | 10m | 25m | 50m | 75m | 100m | 125m | 150m AREA LAKE
pH s.u. 654 | 643 | 625 | 6.19 6.02 5.92 5.87 5.65 4.88 5.57
Conductivity ymho/cm 194 183 177 163 150 138 136 12 92 109
Diss. Oxygen mg/l 7.4 6.7 4.0 2.8 2.0 1.6 1.3 1.7 0.9 -
ORP mV 411 380 | 271 222 168 182 176 173 79 -
Alkalinity mg/l 79 72 67 61 57 50 50 39 14 25
NH,-N ugll 44 41 54 90 95 80 61 56 48 55
NO,-N ngll 39 43 40 ) 36 38 42 35 31 20
Organic N ugll 398 | 364 | 484 353 360 471 545 713 1163 1696
Ortho-P ug/l 28 20 29 32 49 61 54 76 130 67
Total P ugll 59 48 67 62 85 103 110 148 177 166
BOD mg/l 1.7 1.5 1.8 1.4 1.5 1.3 1.1 1.4 0.9 2.0
Color Pt-Co Units 73 94 101 109 126 150 172 226 505 515
Residue mg/l 146 162 149 145 152 156 149 146 178 181
sS mg/l 27 | 4.0 4.8 4.0 4.7 3.7 34 | 46 1.8 4.8
Turbidity NTU 4.6 4.3 5.2 5.7 6.4 5.2 5.2 5.1 2.9 1.2
No. of Samples 20 10 11 8 8 8 7 7 8 9

ve-v
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Measurements of dissolved oxygen indicated an aerobic water column at the weir
with a mean value of 7.4 mg/l. Upon entering the wetland flowpath, dissolved oxygen
values declined rapidly, beginning at the 25 m sampling station and decreasing steadily
to the final sample location at 150 m, for a total decrease of 77%. Mean oxygen
saturation values along the wetland flowpath decreased from 87% at the weir to 33.5%
at 50 m, 18.9% at 100 m, and 20.2% at 150 m. The control area was characterized by
chronic low levels of dissolved oxygen, with as many as 50% of the measured values
being below 0.5 mg/l. Measurements of ORP indicated a "moderately reduced"
environment throughout the wetland flowpath, becoming increasingly reduced with
flowpath distance. Mean values of ORP decreased from 411 mV (Eh) at the weir to 173
mV (Eh) at a distance of 150 m along the flowpath area. The control area, however,
was characterized as a "reduced" environment, based on a mean ORP value of 79 mV
(Eh), with 75% of collected samples having values below 60 mV (Eh). In general,
surface waters in the first 50 m of the flowpath were characterized as oxidized (> 200
mV), while surface waters after this distance were slightly reduced (< 200 mV).

As seen in Figure 4-9, forms of nitrogen were affected to varying degrees during
flow fhrough the wetland flowpath. In general, concentrations of inorganic nitrogen were
very low at all sample stations, with organic nitrogen present as the dominant species.
Concentrations of ammonia increased over the first 75 m from 44 ug/l to 95 ug/l, with
a decline over the next 75 m to 56 ug/l. Concentrations of ammonia in the control area
were similar to input concentrations. Little change was observed in concentrations of
nitrate during flow through the wetland, with concentrations in the control area similar

to input concentrations. Organic nitrogen was found to generally increase in the wetland



NITROGEN CONC. (ug/1)

[ J NH3 : 9
Jolo'eR 3 B NOj :
A ORGANIC N :
80U+ O TOTAL N {
|
| <
I wl
esooTL | &
| 3
@
| -
400 [ &
| O
|
|
200-[— :
0 25 50 75 100 25 150

DISTANCE ALONG FLOWPATH (m)

Figure 4-9. Changes in Nitrogen Species During Flow Through the Hidden Lake Wetland.

LEY






4-42

TABLE 4-14

COMPARISON OF SURFACE
WATER CHARACTERISTICS IN
FLOWPATH AND CONTROL AREAS

CONCENTRATION PROngILITY
PARAMETER UNITS LOWPATH CONTROL UNEQUAL
AREA MEANS

pH s.u. 6.22 4.94 99.9
Conductivity pmho/cm 165 92 99.9
Temperature °C 24.5 23.5 52.0
Diss. Oxygen mg/l 3.6 0.9 99.0
ORP mV 256 79 99.2
Alkalinity mg/1 62.9 14.2 99.9
Turbidity NTU 5.4 2.9 58.2
NH,-N ug/l 70.8 47.9 523
NO,-N pgll 39.6 31.3 50.5
Organic N ugl/l 406 1163 - 999
Diss. OP pg/l 36 130 99.9
Total P pgll 71 177 99.9
TOC mg/l 15.6 42.5 99.9
BOD mg/1 1.5 0.9 79.0
S.S. mg/1 43 1.8 68.7
V.S.S. mg/1 1.6 1.3 32.8

1. Comprised of the following sample stations: 10 m, 25 m, 50 m, 75 m and 100 m.
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in value in the flowpath area, while organic nitrogen, dissolved orthophosphorus, total
phosphorus, and TOC were significantly lower in the flowpath area than in the control
area.

A summary of mean heavy metal concentrations in the wetland surface waters is
given in Table 4-15. In general, baseflow inputs of heavy metals to the wetland through
the inlet canal were extremely low in value with the possible exceptions of lead, iron and
aluminum. In excess of 80% of inputs for all metalé, except aluminum and iron, were
in a dissolved form as they entered the wetland. Dissolved fractions of ‘metal species
generally increased for all metals during travel through the wetland as particulate forms
settled out, and most metals, except aluminum and iron, exhibited soluble fractions near
100% at the 150 m sample station. As seen in Table 4-15, soluble fractions of iron and
aluminum increased in the isolated control area and in Hidden Lake, while soluble
fractions of all other metal species decreased.

A summary of removal efficiencies for heavy metals in the wetland treatment
system is given in Table 4-16. Dissolved forms of all metals measured were removed
to varying degrees with the exceptions of manganese, copper, iron and aluminum.
However, reductions for dissolved metal species which exhibited removal were generally
small with all calculated values less than 36%. On the other hand, dissolved forms of
manganese were found to increase by 43%, aluminum by 93 % and iron by 223 % during
travel to the 150 m sample site. Dissolved concentrations of zinc, manganese, copper,
iron and aluminum were lower in the flowpath area than in the control region, while
cadmium, lead, nickel and chromium were found in lower concentrations in the control

area than in the flowpath. However, it should be noted that input concentrations of most



TABLE 4-15

SUMMARY OF MEAN HEAVY METAL CONCENTRATIONS IN
WETLAND SURFACE WATERS AT HIDDEN LAKE DURING 1985
(All values given as pg/l)

HEAVY MEAN DISTANCE ALONG FLOWPATH ISOLATED HIDDEN
METAL INPUT CONTROL | "5 2%
CONCENTRATION 10 m 25 m 50 m 75 m 100 m 125 m 150 m AREA

Diss.
cd 4.6 (92)* 3.8(79) | 3.993) | 47098 | 5303) | 4602 | 3705 | 3.993) 2.3 (66) 3.8 (76)
Zn 4.6 (96) 5.0(@85) | 3.9(85 | 3.4(100) | 3.9(100) | 4.5(4) | 5.700) | 40(100) | 6.6(70) | 17.2(97)
Mn 3.0 (86) 2.6(87) | 3.101 | 3407 | 4.9(100) | 50098 | 46092 | 4.3(93) 7.6 (88) 8.0 (45)
Cu 10.7 (80) 13.8(86) | 19.9(98) | 17.4(98) | 15.5(96) | 17.4 (97) | 25.6 (100) | 14.3(100) 28.7 (86) 19.1 (73)
Al 143 (62) 149 (59) | 176 (59) | 148 (60) | 158 (60) | 194 (65) | 193(70) | 276 (72) | 296 (92) | 252 (86)
Fe 70.1 (76) 80.7 (76) 105 (85) 131 (85) 182 (87) 177 (82) 176 (71) 226 (79) 389 (92) 347 (83)
Pb 32.4 (97) 28.3 (95) | 24.7 (92) | 27.4 (99) | 24.3 (95) | 23.596) | 25.3 (98) | 20.6 (95) | 15.9(90) | 29.6 (93)
Ni 3.6 (92) 3.101) | 2790 | 3.0(100) | 2803 | 3.1 07 | 2907 [ 2.4096) 1.9 (83) 2.3 (92)
Cr 3.8 (100) 3.1 (84) 2.8 (97) 3.0 (9% 2.7 (90) 2.5 (89) 2.8 097 2.3 (82) 1.9 (90) 2.0 (87

Total
Cd 5.0 4.8 4.2 4.8 5.7 5.0 3.9 4.2 3.5 5.0
Zn 4.8 5.9 4.6 3.4 3.9 4.8 5.7 4.0 9.4 17.8
Mn 3.5 3.0 34 3.5 4.9 5.1 5.0 4.6 8.6 17.8
Cu 13.4 16.1 20.4 17.8 16.1 17.9 25.6 14.3 334 26.1
Al 230 253 297 247 262 300 275 386 323 292
Fe 92.4 106 123 154 210 216 249 286 421 416
Pb 33.5 29.7 26.8 27.6 25.5 24.5 25.9 21.6 17.6 32.0
Ni 3.9 3.4 3.0 3.0 3.0 3.2 3.0 2.5 2.3 2.5
Cr 3.8 3.7 2.9 3.2 3.0 2.8 2.9 2.8 2.1 2.3

# Obs. 19 9 10 8 8 8 7 7 7 9

1. Percentage of dissolved species given in parentheses.

vy



TABLE 4-16

SUMMARY OF REMOVAL EFFICIENCIES

FOR HEAVY METALS IN THE
WETLAND AT HIDDEN LAKE

4-45

AVERAGE PERCENT
HEAVY | TYPE OF Iclgfg CONC. CHANGE C%TL
METAL SPECIES o /l). AT 150 m FROM (ug/)
& (ng/t) INPUT g
Cd Dissolved 4.6 3.9 -15 2.3
Particulate 0.4 0.3 -25 1.2
Zn Dissolved 4.6 4.0 -13 6.6
Particulate 0.2 0.0 - 100 2.8
Mn Dissolved 3.0 4.3 + 43 7.6
Particulate 0.5 0.3 -40 1.0
Cu Dissolved 10.7 14.3 + 34 28.7
Particulate 2.7 0.0 - 100 4.7
Al Dissolved 143 276 + 93 296
Particulate 87 110 + 26 27
Fe Dissolved 70 226 + 223 389
Particulate 22 60 + 173 32
Pb Dissolved 32.4 20.6 -36 15.9
Particulate 1.5 1.0 -33 1.7
Ni Dissolved 3.6 2.4 -33 1.9
Particulate 0.3 0.1 - 67 0.4
Cr Dissolved 3.8 2.3 -39 1.9
Particulate 0.0 0.5 - 0.2
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heavy metals into the wetland were extremely low with many near the limits of detection.
As a result, even small measurement errors could result in significant changes in the
removal efficiencies listed in Table 4-16.

Particulate forms of all metals, except iron and aluminum, were removed to
varying degrees, ranging from 25% for cadmium to 100% for zinc and copper. In
general, the flowpath area exhibited lower concentrations of particulate species than the
control area, with the exceptions of iron and aluminum.

An analysis of variance comparison of heavy metal concentrations between
flowpath and control areas is given in Table 4-17. Significant differences were found at
the 0.05 level for all dissolved metal species except cépper. Cadmium, lead, nickel, and
chromium were higher in concentration along the flowpath, while the remaining metals
were lower in concentration along the flowpath. Similar patterns were found for total
metal concentrations except that cadmium, aluminum, and nickel were no longer

significantly different between the two areas.

Comparisons of Surface Waters
During "Wet" and "Dry" Seasons

The surface water data was divided into two data sets, one of which contained
data collected from July to early October when the wetland contained continuous standing
water and the majority of rainfall events occurred, and one containing data from
November to June when rainfall events were sporadic. The month of June, which was
included in the comparisons of "wet" and "dry" periods for rainfall and runoff, was not

included in the "wet" season for comparisons of surface waters. The heavy rains which
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TABLE 4-17

COMPARISON OF HEAVY METAL
CONCENTRATIONS IN SURFACE WATERS
IN FLOWPATH AND CONTROL AREAS

Il\{/I%érX{ 1 CONTROL OF UNEQUAL
FLOWPATH AREA MEANS
Dissolved
Cd 4.4 2.3 98.5
Zn 42 6.6 97.5
Mn 3.7 7.6 99.8
Cu 16.9 28.7 90.4
Al 165 296 99.7
Fe 132 -389 99.9
Pb 25.7 159 99.8
Ni 29 1.9 95.5
Cr 2.8 1.9 99.5
Total
Cd 49 35 83.0
Zn 4.5 9.4 99.7
Mn 39 8.6 99.9
Cu 17.7 33.4 95.5
Al 273 323 37.6
Fe 159 421 99.9
Pb 26.9 17.6 99.9
Ni 3.1 2.3 90.2
Cr 3.1 2.1 99.6

1. Comprised of the following sample stations: 10 m, 25 m, 50 m, 75 m and 100 m.
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began in late June were preceded by a long period of deficient rainfall and, as a result,
the wetland did not have standing water at many sample locations during June. Much
of the runoff inputs during June were infiltrated into the soil to fill up the lost soil
moisture. Standing water did not become uniform throughout the wetland until early
July. Therefore, the effects of runoff inputs on surface waters could only be measured
after this time, and the "wet" season was chosen to start at that time.

A comparison of general surface water characteristics between flowpath and
control areas in "wet" and "dry" seasons is given in Table 4-18. During the "dry"
season, significant differences were observed between the flowpath and control areas for
pH, alkalinity, dissolved and total phosphorus, organic nitrogen, and TOC. Mean values
of pH and alkalinity were greater in the flowpath area during this time, while organic
nitrogen, dissolved and total phosphorus, and TOC were greater in the isolated control
area. It should be noted that although significant differences were not found, the
flowpath area also exhibited greater mean values of temperature, dissolved oxygen, ORP,
turbidity, ammonia nitrate, BOD, SS, and VSS than the control area.

During the "wet" season, when inputs into the flowpath occurred more regularly,
the number of significant differences between the two areas increased substantially.
Significant differences between the two areas were observed for pH, conductivity,
temperature, dissolved oxygen, alkalinity, organic nitrogen, dissolved and total
phosphorus, and TOC. In general, the differences in mean values between the two areas
was greater in the "wet" season than the "dry" season. These differences are particularly
apparent for pH, conductivity, temperature, alkalinity and TOC. As observed during the

"dry" season, mean values of pH, conductivity, temperature, dissolved oxygen, and



TABLE 4-18

COMPARISON OF SURFACE WATER CHARACTERISTICS
BETWEEN “WET" AND "DRY" SEASONS

"DRY" SEASON CONCENTRATION "WET" SEASON CONCENTRATION
NOVEMBER - JUNE JULY - OCTOBER
PARAMETER UNITS CoNTROL | PROB. OF conTROL | PROB: OF
FLOWPATH! AREA UNEQUAL FLOWPATH! AREA UNEQUAL
MEANS MEANS
pH s.u. 6.24 5.17 99.9 6.20 4.85 99.9
Conductivity pmho/cm 147 91 85.8 181 93 99.9
Temperature °C 219 20.7 36.6 26.8 24.6 99.2
Diss. Oxygen mg/1 3.3 0.7 89.2 3.38 1.0 95.5
ORP mV 315 77 94.6 206 80 90.6
Alkalinity mg/l 55.5 14.1 98.7 69.4 14.2 99.9
Turbidity NTU 10.1 - 1.9 75.7 3.3 1.2 91.2
NH,-N pgl/l 99.1 84.0 14.6 46.0 33.4 59.0
NO,-N ug/l 38.2 10.0 62.7 40.8 39.8 10.9
Organic N pgl/l 329 1080 99.9 473 1197 99.9
Diss. OP ug/l 42 177 99.9 31 112 99.9
Total P pg/l 95 243 99.6 51 151 99.9
TOC mg/l 13.8 31.4 99.9 16.8 46.9 99.9
BOD mg/l 24 1.2 83.2 0.8 0.8 11.1
SS mg/l 78 2.7 60.9 1.2 1.4 24.0
VSS mg/1 2.7 1.7 48.3 0.7 1.2 50.5

1.

Comprised of the following sample stations: 10 m, 25 m, 50 m, 75 m and 100 m.
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alkalinity were greater along the flowpath, while organic nitrogen, phosphorus, and TOC
were greater in the control areas.

A comparison of heavy metal concentrations in surface waters between "wet" and
"dry" periods is given in Table 4-19. During the dry season, no significant differences
were observed between the two areas for any of the dissolved or total metals measured.
However, even though significant differences were not found, concentrations of zinc,
manganese, aluminum, and iron were greater in the control area, while cadmium,
copper, lead, nickel, and chromium were greater in the flowpath area.

During the "wet" season, the number of significant differences between the two
areas increases. Significant differences are now observed for dissolved cadmium,
manganese, aluminum, iron, and lead and for total zinc, manganese, copper, iron, lead,
and chromium. As observed during the "dry" season, concentrations of zinc, manganese,
copper, aluminum, and iron were greater in the control area, while cadmium, nickel, and

- chromium were greater in the flowpath.

Characteristics of Groundwater
in the Hidden Lake Wetland

Multi-port groundwater sampling devices were constructed and installed with
sample ports 0.1 m, 0.5 m, and 1.0 m beneath the wetland soil surface. A total of four
monitoring wells were installed, with one in an area upstream of the wetland, two in the
major flowpath, and one in the control area. Groundwater samples and simultaneous
measurements of piezometric surface were collected on a monthly basis from November

1984 to November 1985. The sample collection program consisted of 13 sample dates



TABLE 4-19

COMPARISON OF HEAVY METAL CONCENTRATIONS IN
SURFACE WATERS BETWEEN "WET" AND "DRY"

SEASONS

"DRY" SEASON CONCENTRATION "WET" SEASON CONCENTRATION
NOVEMBER - JUNE JULY - OCTOBER
PARAMETER CONTROL PROB. OF CONTROL PROB. OF
i 1
FLO(L %‘TH AREA UNEQUAL FLO&VI;I‘;‘TH AREA UNEQUAL
(ug/) MEANS g (ug/) MEANS
Dissolved
cd 4.4 3.2 58.2 4.4 2.0 97.6
Zn 4.6 7.0 92.7 3.9 6.4 90.8
Mn 33 55 85.5 4.0 8.4 99.0
Cu 5.8 5.0 17.2 23.4 382 91.1
Al 148 21 90.0 176 327 98.5
Fe 162 268 89.0 115 437 99.9
Pb 24.9 13.5 89.4 26.1 16.8 99.4
Ni 3.0 2.4 57.1 2.9 1.7 91.8
Total

cd 4.6 3.2 63.0 5.0 3.7 712
Zn 5.1 7.0 80.3 4.2 10.4 99.1
Mn 3.4 55 85.7 4.3 9.8 99.7
Cu 5.9 5.0 19.6 24.7 44.8 96.4

Al 216 221 4.4 306 364 304
Fe 183 294 90.4 145 472 99.9
Pb 25.5 16.0 83.6 27.7 18.2 99.9
Ni 3.1 2.4 64.8 3.1 22 80.9
Cr 2.9 1.8 94.9 3.3 2.2 97.5

1.

Comprised of the following sample stations: 10 m, 25 m, 50 m, 75 m and 100 m.
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during the study period, with a total of 133 samples being collected. A complete listing
of all measured parameters at each well on each sample date is given in Appendix X.

A summary of mean general characteristics of groundwaters in the wetland is
given in Table 4-20. As seen in Appendix X, considerable variations were observed for
most parameters, both horizontally throughout the wetland and vertically within each
well. In general, groundwaters at each of the four sites is characterized as slightly acidic
with pH values between 4.84 and 5.96, low in dissolved oxygen and reduced in terms
of ORP. In groundwaters upstream of the wetland (well #1), pH values below 5.0 were
found 45% of the time during the study period. The upland waters were characterized
as being in a reduced state with mean values less than 80 mV at all sample depths and
values below 0 mV in 17% of all samples collected. During the study period, dissolved
oxygen concentrations were measured as 0 mg/l in 67% of all samples cdllected.

In well #2, located at a distance of 25 m along the flowpath, mean values of pH
were higher than those measured in the upland region, with values ranging from 5.96 at
0.1 mto 5.37 at 1.0 m. Measured values of ORP, although still in a reduced state, were
greater at all depths in well #2 than in the upland area, with values ranging from 139 to
52 mV, with 27% of all samples measured at less than 0 mV. Measurements of pH and
ORP in well #3, located at 150 m along the flowpath, were similar to those measured in
well #2.

Measurements of pH in the control area well (well #4) were the lowest of all
groundwaters, with mean values ranging from 4.84 at 0.1 m to 5.18 at 1.0 m. The mean
ORP of groundwaters in the control area declined to 27 mV at 1.0 m, with 25% of all

measured values less than 0 mV.



TABLE 4-20

SUMMARY OF MEAN CHEMICAL CHARACTERISTICS
IN GROUNDWATERS AT THE HIDDEN LAKE WETLAND

UPSTREAM FLOWPATH ‘ FLOWPATH CONTROL
PARAMETER UNITS OF WETLAND AT 25m AT 150 m AREA
0lm | 05m | 10m [ 0.lm | 05m | 1.0m [ O.1m | 0.5m | 1.0m | 0.1 m 0.5m 1.0m
pH s.u. 5.05 5.17 5.15 5.96 5.61 5.37 5.42 5.38 5.76 4.84 4.98 5.18
Conductivity pmho/cm 137 118 115 229 153 128 139 158 290 100 111 135
Diss. Oxygen mg/l 0.4 0.1 0.1 35 0.1 0.0 0.4 0.5 0.1 0.0 0.2 0.1
ORP mV 78 76 68 139 83 52 77 107 83 57 72 27
Alkalinity mg/l 29 38 42 100 54 42 50 48 122 16 18 32
NH,-N ugll 107 100 113 386 227 358 159 320 1131 445 982 1238
NO;-N ngll 76 40 46 60 |[. 43 83 41 61 68 14 42 19
Organic N ngl/l 572 122 210 300 311 432 567 575 378 1627 1456 1421
Ortho-P pngll 23 40 49 24 25 42 55 31 29 309 332 429
BOD mg/l 2.6 1.8 1.8 3.0 2.0 2.8 2.4 1.7 33 3.5 4.7 5.1
Color Pt-Co Units 390 205 368 188 173 177 268 268 132 664 713 569
Residue mg/l 187 142 172 211 156 126 141 163 238 169 182 201
Number of Samples 11 12 12 10 11 12 10 11 11 11 12 12

1 2% %



4-54

A comparison of mean values of pH and redox potential in surface waters and
groundwaters in the flowpath and control areas is given in Figure 4-11. Flowpath areas
were greater in both pH and redox potential than the isolated control area. For pH, the
differences were most pronounced in the top 0.5 m, with values becoming similar at the
1.0 m depth. Measurements of ORP were substantially elevated along the flowpath in
the top 0.1 m, with similar values at depths of 0.5 m or more.

Concentrations of nitrate nitrogen were relatively low in all of the groundwater
tested, with mean values at all wells less than 0.1 mg/l. Ammonia nitrogen was lowest
in the upland area, with mean values near 100 ug/l. Measured concentrations of
ammonia were greater along the flowpath area, with mean values near 300 pug/1 at the

25 m well and near 500 pg/1 at the 150 m well. Mean concentrations in the control area
were substantially greater than along the flowpath, with an overall mean near 900 ug/l.
Increases in ammonia concentrations with increasing depth were observed in both well
#3 and well #4. In general, concentrations of organic nitrogen observed the same
patterns stated previously for ammonia, with a mean of 301 pg/l in the upland area, 348
png/1 at the 25 m well, 497 pg/l at the 150 m well, and 1501 pg/l in the control area.

Concentrations of orthophosphorus in groundwaters in the wetland area are shown
in Figure 4-12. Measured concentrations of orthophosphorus were similar in
groundwaters in the upland and flowpath areas, with a mean of 37 ug/l in the upland
area, 30 pg/l at 25 m, and 38 ug/l at 125 m. Concentrations in the control area were
substantially greater than either the upland or flowpath with a mean near 357 ug/l.

A summary of mean heavy metal concentrations in groundwaters is given in Table

4-21. In general, concentrations of cadmium, manganese, nickel, and chromium were
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TABLE 4-21

SUMMARY OF MEAN HEAVY METAL CONCENTRATIONS IN
GROUNDWATER MONITORING WELLS AT THE HIDDEN LAKE WETLAND

UPSTREAM FLOWPATH FLOWPATH CONTROL
HEAVY OF WETLAND AT 25m AT 150 m AREA
METAL (ug/l) (pg/h) (ug/l) (ug/l)
(Dissolved)
0.1m 0.5m 1.0m 0.1m 0.5m 1.0m 0.1m 0.5m 10m 0.1m 0.5m 1.0m
Cd 2.8 3.3 3.8 5.9 5.2 4.9 5.2 5.7 7.0 3.9 4.5 5.8
Zn 32.5 49.5 51.2 20.9 16.3 21.0 21.1 24.0 23.6 37.3 42.6 26.4
Mn 6.9 5.5 6.0 18.0 8.1 7.9 7.6 13.0 19.7 9.8 12.5 28.7
Cu 32.9 30.6 36.9 30.3 42.2 29.7 28.4 35.5 40.5 28.0 54.8 28.7
Al 1211 1045 1701 | 290 262 310 464 609 247 - 710 976 744
Fe 977 1197 1030 868 724 1102 1911 1815 2586 1172 1586 2285
Pb 21.6 17.9 23.0 35.8 21.2 21.2 25.3 26.9 47.5 21.6 26.4 31.3
Ni 3.9 3.2 3.0 5.8 3.1 2.7 3.6 3.8 5.0 3.2 4.3 5.0
Cr 2.8 2.8 4.3 3.7 3.3 2.7 2.9 2.9 3.5 2.8 3.0 34
# of Samples 11 12 12 10 11 12 9 11 11 10 12 12

LSV



4-58

extremely low in all measured groundwaters. Concentrations of both aluminum and iron
were found to generally increase with increasing depth in all wells. In general,
concentrations of aluminum and iron were lower along the flowpath at 25 m and greater
at the 150 m site and in the control area.

A comparison of general groundwater characteristics between the four well
locations using analysis of variance procedures is given in Table 4-22. For these
analyses, all sample ports for a given well were combined to form a single data set for
each well so that the wells could be compared indepéndently of depth.

Significant differences were found at the 0.05 level between the four groundwater
locations for all measured general parameters except temperature, ORP, nitrate, and
BOD. In general, two distinct patterns were observed for parameters which exhibited
a significant difference. The first pattern observed was that measured values of many
parameters were greatest along the flowpath, lower in the upland area and lowest in the
control area. This pattern was found for pH, conductivity, dissolved oxygen, and
alkalinity. Although significant differences were not found, measured values of ORP and
nitrate also fit the pattern. The second observed pattern was the reverse of the previous
pattern, with the greatest values of a parameter found in the control and lowest along the
flowpath and upland areas. This patterﬁ was found for ammonia, organic nitrogen,
dissolved orthophosphorus, and TOC. Thus, groundwaters in the flowpath were higher
in pH, dissolved oxygen, alkalinity, ORP, and nitrate, while groundwaters in the stagnant
control areé were greater in ammonia, organic nitrogen, dissolved phosphorus, and TOC.

A comparison of heavy metal concentrations in groundwaters in the wetland is

given in Table 4-23. Significant differences were found between the four well sites for
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COMPARISON OF GENERAL CHARACTERISTICS IN
GROUNDWATERS IN THE HIDDEN LAKE WETLAND

PROB. OF MULTIPLE
ARAM WELL MEAN UNITS OF . COMPARISON
P ETER LOCATION VALUE | MEASUREMENT Uﬂi%gl‘ TECHNIQUE
OF TUKEY

pH Flowpath - 25 m 5.68 units 99.9 A
Flowpath - 150 m 5.56 A

Upland 5.15 B

Control 5.09 B
Conductivity | Flowpath - 150 m 199 pmho/cm 99.9 A
Flowpath - 25 m 167 A

Upland 123 B

Control 116 B
Temperature Flowpath - 25 m 21.5 °C 80.9 A
Upland 21.3 A
Flowpath - 150 m 20.4 A
Control 20.0 A
Diss. Oxygen Flowpath - 25 m 1.14 mg/1 98.9 A
Flowpath - 150 m 0.33 A

Upland 0.20 B

Control 0.13 B
ORP Flowpath - 150 m 90 mV 48.7 A
Flowpath - 25 m 88 A
Upland 74 A
Control 52 A
Alkalinity Flowpath - 150 m 74.6 mg/l 99.9 A
Flowpath - 25 m 63.4 A

Upland 36.6 B

Control 22.4 B
NH,-N Control 914 ug/l 99.9 A

Flowpath - 150 m 561 B

Flowpath - 25 m 323 C
Upland 107 C

NO,-N Flowpath - 25 m 63 ug/l 93.4 A
Flowpath - 150 m 57 A
Upland 53 A
Control 26 A




TABLE 4-22 -- CONTINUED
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PROB. OF MULTIPLE
WELL MEAN UNITS OF . | COMPARISON
PARAMETER | LOCATION | VALUE | MEASUREMENT | UNEOUAL | TRCHNIQUE
OF TUKEY
Organic N Control 1493 ug/l 99.9 A
Flowpath - 150 m 503 B
Flowpath - 25 m 352 B C
Upland 293 C
Diss. P Control 359 ug/l 99.9 A
Upland 38 B
Flowpath - 150 m 37 B
Flowpath - 25 m 31 B
TOC Control 46.5 mg/l 99.9 A
Flowpath - 150 m 20.4 B
Upland 16.6 B
Flowpath - 25 m 15.9 B
BOD Control 3.0 mg/l 84.9 A
Flowpath - 150 m 2.5 A
Upland 2.0 A
Flowpath - 25 m 2.0 A
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COMPARISON OF HEAVY METAL CONCENTRATIONS
IN GROUNDWATERS IN THE HIDDEN LAKE WETLANDS

MULTIPLE
MEAN PROB. OF
HEAVY WELL COMPARISON
METAL | rLocaTioN | SON CE(E%ATION Uheal el | TECHNIQUE OF
TUKEY
Cd Flowpath - 150 m 6.0 99.9 A
Flowpath - 25 m 5.3 A
Control 4.8 A B
Upland 3.3 - B
Zn Flowpath - 150 m 23.0 96.2 A
Flowpath - 25 m 19.4 A
Control 353 A
Upland 44.7 A
Mn Flowpath - 150 m 13.8 99.6 A B
Flowpath - 25 m 11.0 A B
Control 17.4 A
Upland 6.1 B
Cu Flowpath - 150 m 35.2 3.8 A
Flowpath - 25 m 34.0 A
Control 37.7 A
Upland 335 A
Al Flowpath - 150 m 439 99.9 B
Flowpath - 25 m 288 B
Control 816 B
Upland 2351 A
Fe Flowpath - 150 m 2116 99.6 A B
Flowpath - 25 m 905 B
Control 1711 A B
Upland 2956 A
Pb Flowpath - 150 m 33.7 99.9 A
Flowpath - 25 m 27.6 A B
Control 26.7 A B
Upland 20.8 B
Ni Flowpath - 150 m 4.2 68.3 A
Flowpath - 25 m 3.8 A
Control 4.3 A
Upland 3.4 A
Cr Flowpath - 150 m 3.1 6.9 A
Flowpath - 25 m 3.2 A
Control 3.1 A
Upland 3.3 A
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all metals except copper, nickel, and chromium. For those metals exhibiting significant
differences, several patterns were observed. First, metals, such as cadmium and lead,
were greater in concentration along the flowpath than in the upland or contfol areas, with
flowpath concentrations of both metals approximately 50% greater than in the control or
upland areas. Other metals, such as zinc and aluminum, were lower in concentration
along the flowpath than in the upland or control areas. For zinc, flowpath concentrations
were approximately 50% less than in the control or upland area. Manganese was
significantly lower in the upland area than in the remaining areas, while concentrations

of iron were significantly lower at the 25 m well than at any of the remaining wells.

Characteristics of Sediments
in the Hidden Lake Wetland

Sediment analyses were conducted on core samples collected neér the sample
stations in the flowpath and control areas (Figure 3-3) to characterize the deposition and
attenuation of heavy metals and nutrients. Each core sample was divided into the
following layers: 0-1 cm, 1-5 cm, 5-10 cm, 10-15 cm, and 15-20 cm. Three S-cm
diameter samples were collected at each fixed station and combined to form a single
sample at each location. Each layer was analyzed for extractable heavy metals, moisture
content, organic content, total phosphorus, and total nitrogen. A complete listing of

measured parameters in sediment core samples is given in Appendix XI.

Horizontal Variations in Sediment Characteristics
Horizontal variations in sediment characteristics were investigated using mean

measured values for various parameters in the top 1 cm in the wetland flowpath and
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control areas. Accumulation patterns of heavy metals in the top 1 cm are shown in
Figure 4-13. The majority of the metals appear to reach peak sediment concentrations
at a distance of 25-50 m from the inflow canal, followed by constant or slightly
fluctuating concentrations with increasing distance into the wetland. Zinc appears to be
the only metal which exhibited a pronounced peak in sediment concentratioﬁ followed by
a significant decline. All of the heavy metals, except copper, appear to be accumulating
in the surface sediments of the flowpath area since surface sediment concentrations in the
control area were lower than along the flowpath. Concentrations of copper, however,
appear to be approximately twice as high in the control area than along the flowpath.
Horizontal variations of phosphorus, nitrogen, organic content, and moisture
content are shown in Figure 4-14. Both organic and moisture content peaked quickly in
the wetland, reaching near peak values at a distance of 25 m. Very slight increases in
both of these parameters were found over the remaining flowpath. Concentrations of
both parameters were greater in the control area than along the flowpath. This increase
was most pronounced for organic content, which increased from 52% at 150 m to 83%
in the control area. Sediment concentrations of nitrogen and phosphorus also peaked
quickly, reaching near constant values at 25 m. Total nitrogen increased slightly over
the remaining flowpath area, while phosphorus remained relatively constant. Sediment
concentrations of phosphorus were lower in the control area, while concentrations of
nitrogen were greater than in the flowpath area. Concentrations of nitrogen increased

approximately 40%, while phosphorus decreased 40%.
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Figure 4-13. Accumulation Patterns of Heavy Metals in the Top 1 cm of the Wetland Treatment System.
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