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discussed in a previous section, alum has been shown to be extremely effective in
removing both dissolved and particulate heavy metal inputs by adsorbing or enmeshing
these heavy metals into the alum precipitate with a subsequent settling into the bottom
sediments. Since this process is substantially more effective than the removal processes
which existed within Lake Ella prior to installation of the alum stormwater treatment
system, the accumulation rate of heavy metals within the sediments of the lake may
increase under post-treatment: conditions:at-a rate in-excess of that observed during

pre-treatment conditions.

Speciation of Heavy Metals and
Phosphorus in Lake Ella Sediments

Composite sediment samples were formed by layer for each of the two

collection dates by combining equal amounts of sediment material from each layer at
each of the four sampling locations. These composite sediment samples were processed
through a series of chemical extraction steps to identify and quantify sediment-metal
associations with the following five fractions: (1) soluble metal ions in the interstitial
spaces between soil particles; (2) metals bound to sediments through exchange
reactions; (3) metals bound with precipitates of iron and manganese oxides; (4) metals
bound as precipitates with carbonates; and (5) metals bound in associations with
organic matter. It is generally believed that the stability of metal-sediment associations
increases in the following order: soluble < exchangeable < bound to carbonates <
bound to iron and:manganese oxides. < bound to organic matter.

A summary of sediment speciation of heavy metals and phosphorus in composite
core samples collected in Lake Ella on February 21, 1987 is given in Table 5-13.
Relatively little of the measured heavy metals and phosphorus is released from the
sediments in a soluble ionic form. Exchange fractions for each of the heavy metals and

phosphorus are also extremely low with values in most cases less than those observed
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Estimates of Floc Accumulation

Estimates of floc accumulation in Lake Ella were conducted at each of the four
sample locations used for collection of water quality samples on May 25, 1990. Floc
depths were estimated using a 5-cm diameter clear acrylic core tube which was
penetrated into the sediments to a depth of approximately 0.5 m. The core sample was
retrieved intact, and the depth of the surface floc layer was measured and recorded for
each location. Triplicate: core:samples: were: collected-at each location and the results
were averaged to form an estimate of the floc layer depth for each sample location.

Estimates of alum floc accumulation in Lake Ella at each of the four sample
locations is given in Table 5-21. Visible grayish-white surface floc layers were found
at three of the four sample locations. At these locations, the surface floc layer exists as
discrete floc particles rather than a smooth uniform layer. Some of the floc at each
location had penetrated to lower layers within the sediments and was visible, extending
down to a depth of approximately 5 cm in virtually all of the core samples collected. It
is obvious that a portion of the floc material is mixing with the existing
sediment material within the lake rather than accumulating as a distinct surface layer.
No visible floc layer was found in the northeast lobe, located near the outfall, even
though this layer was designed as a sump for floc material, and core samples collected
at this location indicated the highest levels of aluminum content within the lake. The
sediment material at this location was observed to be very fine and soupy in texture. It
is likely that the floc: material penetrated:into the sediments rather than accumulating as
a distinct layer at the surface.

Distinct surface deposits of floc material appears to be greatest in the southwest
and southeast lobes of the lake. Each of these areas contains stormwater outfalls which
receive alum treatment. Center portions of the lake contain the least amounts of

accumulated floc with an average floc depth of approximately 1 cm. Much of the floc
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TABLE 5-21

MEASUREMENTS OF ALUM FLOC ACCUMULATION
IN LAKE ELLA BASED ON CORE SAMPLES
COLLECTED ON MAY 25, 1990

FLOC LAYER DEPTH!

LOCATION (cm)
SW Lobe 1.33
SE Lobe 2.0
Center 1.0

- NE Lobe No visible floc layer

1. Average of triplicate core samples at each location
collected in clear acrylic core tubes.
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produced within the lake may bypass the area as it migrates slowly toward the sump
area near the outfall.

The average accumulation of floc material at the three locations where a visible
floc layer was observed is approximately 1.4 cm. These core samples were collected
after the alum system had been in operation for approximately 3 years. This
corresponds to an average accumulation rate of approximately 0.5 cm/yr. This
measured accumulation: rate:is;:approximatelyzhalf-of the accumulation rate which was
originally estimated for Lake Ella based upon laboratory jar tests conducted during the
design of the alum treatment system. The remainder of the floc material is apparently
being mixed into, and becoming a part of, the existing sediments within the lake. This
theory is supported by the fact that concentrations of soluble phosphorus and
iron-bound phosphorus were reduced substantially within the sediments of the lake to
depths extending into the 15-25 cm layer, presumably as a result of binding with
aluminum. Although floc material could be visually seen extending to depths of 5 cm
within the sediments, the results of the phosphorus fractionation indicates that
migrations may extend to deeper depths. Based upon an average accumulation rate of
approximately 0.5 cm/yr, as long as 25-30 years may be required to accumulate a
6-inch (15 cm) layer of alum floc within Lake Ella.

A separate experiment was conducted to evaluate the rate of consolidation of
alum floc once deposited into lake sediments. -Stormwater runoff was collected from an
urban watershed in:Orlando-and. treated in:the laboratory at an alum dose of 88 mg/1 as
AlpOj3. This relatively high dose was achieved using a combination of alum and
sodium aluminate to achieve a final pH of approximately 6.5. The alum floc was
allowed to settle, and measurements of floc depth were recorded for a period of 18
days.

A summary of consolidation patterns of the alum floc with time is given in

Figure 5-16. Consolidation of the alum floc is relatively rapid over the first 2-3 days
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but slows substantially after that time. Consolidation appears to approach a maximum
value after approximately 7 days, although consolidation continued throughout the
18-day duration of the experiment. Had this experiment been conducted for a longer

period of time, an additional small amount of consolidation may have been recorded.

Studge Production

Investigation: were+conducted:~tox evaluate- alum- sludge production at various
alum treatment doses. As described previously, a large volume of alum sludge was
produced by coagulation of approximately 7000 liters (1850 gallons) of stormwater
collected from an urban watershed in Orlando. Stormwater samples were treated with
a variety of alum doses including 10, 15, 20, 25 and 30 mg/l to evaluate sludge
production at typical stormwater treatment dosage rates. )

A summary of the maximum anticipated production of alum sludge from alum
treatment of stormwater at the five treatment doses listed previously is given in Table
5-22. The anticipated sludge volumes listed in this table are based upon a minimum
settling time of 30 days. Collected sludge volumes appear to approach maximum
consolidation after this period of time. However, it is likely that a small degree of
additional consolidation will occur within the alum sludge at time periods in excess of
30 days.

As seenin Table 5-22, sludge production, even at a relatively high alum dose of
30 mg/l, represents: a relatively-small portion of the.treated flow. It should also be
noted that the volume of sludge produced is not linear with increasing alum dose. For
example, an alum dose of 15 mg/l produces a sludge volume of 2.0 m3/1000 m3 of
stormwater treated. An alum dose of 30 mg/l produces an alum sludge volume of 6.9

m3/1000 m3 of treated stormwater rather than a value of 4.0 m3 as may be expected by

simply doubling the sludge production achieved at 15 mg/1.



TABLE 5-22

MAXIMUM ANTICIPATED PRODUCTION OF ALUM SLUDGE
FROM ALUM TREATMENT OF STORMWATER AT VARIOUS DOSES

SLUDGE PRODUCTION!
ALUM DOSE (mg/l) | AS % OF TREATED PER 1000 Gﬁi(l)g;s
FLOW m® TREATED
TREATED
10 0.16 1.6 m® 214 8
15 0.20 2.0 m’® 268
20 0.28 2.8 m’® 374 0
25 0.40 4.0 m’ 535
30 0.69 6.9 m® 922

1. Based on a minimum settling time of 30 days.

121!
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The relationship between alum sludge production and alum treatment dose is
shown in Figure 5-17. This relationship appears to be exponential in nature rather than
linear. There are several possible explanations for this non-linear relationship. First,
the formation and production of alum floc is more complete at higher alum doses than
at lower alum doses. This trend has been observed on numerous occasions in
laboratory studies and can also be observed in measurements of turbidity and suspended
solids conducted-en:runoff:samples:treated: with-alum-at various treatment doses. Floc
produced at-smaller doses is often very fine in nature and resistant to settling, whereas
floc produced at larger doses is often larger and settles rapidly. The more complete
production of alum sludge at higher doses is also observed in measurements of
aluminum concentrations which are frequently lower with alum treatment at high doses
than in alum treated water at lower doses.

A second explanation for the non-linear relationship between floc production
and alum dose is related to the efficiency of pollutant removal achieved at various doses
of alum. Removal of suspended solids and turbidity increases with increasing alum
dose. As a result, higher alum doses not only contain larger quantities of floc but also
include particulate matter present in stormwater samples which may have been removed
from solution and precipitated along with the alum floc.

The values listed in Table 5-22 which relate sludge production to various doses
of alum should be viewed as "maximum" anticipated sludge production volumes when
evaluating sludge: accumulation within: a- waterbody receiving alum stormwater
treatment. As indicated previously, much of the accumulated sediment material mixes
with the existing sediments and does not accumulate as a distinct separate surface layer
of alum floc. Actual observed sludge production within a waterbody receiving alum
treatment would generally be 50% or less of the values listed in Table 5-22. However,
these values are useful as worst case estimates for purposes of evaluating potential

effects on future stormwater alum treatment systems.
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Sludge Disposal

After evaluation of anticipated sludge production volumes,; each of the sludge
samples was combined together to form a single composite sludge sample for use in
drying and leachate investigations. As described previously, this composite sludge
sample was poured onto a drying bed and the characteristics of the leachate monitored
continuously at the discharge point for the underdrain from the sand filter.

A summary-of-chemical-characteristics:of -alum-sludge leachate collected at the
filter discharge is given in Table 5-23. Alum sludge leachate was found to have a
mean pH value of 6.37 with a relatively low alkalinity of 37 mg/l. Measured
concentrations of both total nitrogen and total phosphorus are relatively low and similar
in value to concentrations normally found in stormwater runoff. Total nitrogen is
comprised approximately equally of ammonia, nitrate and particulate organic nitrogen.
Measured total phosphorus is comprised primarily of particulate phosphorus, with a
relatively small concentration of dissolved orthophosphorus. The leachate was also
found to be extremely low in both BOD and color.

Alum sludge leachate was also found to have extremely low levels of aluminum,
with a mean concentration of only 23 ug/l for dissolved aluminum and 141 ug/l for
total aluminum. Extremely low levels of all measured heavy metals are found in the
leachate flow. Measured concentrations of all heavy metals are substantially less than
surface water standards for Class III waters as specified in Chapter 17-302 of the
Florida Administrative Code.

After collection of the alum sludge leachate, the sludge layer was allowed to dry
naturally in an outdoor location. Initial phases of the drying process were characterized
by a general shrinking of the sludge material, particularly near the walls of the filter
box. As the surface sludge layers began to dry, cracks began to develop within the

sludge which extended throughout the sludge column at the completion of drying. The
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TABLE 5-23

CHEMICAL CHARACTERISTICS OF
ALUM SLUDGE LEACHATE

CHAPTER 17-3 F.A.C.
PARAMETER UNITS CONC. CLASS III SURFACE
WATER STANDARDS
pH S.u. 6.37 -
Alkalinity mg/1 37 >20 mg/l
NH,-N pg/l 306 -
NO,-N pg/l 404 -
Diss. Organic N pgl/l 91 -
Part. Organic N pgll 405 -
Total N ug/l 1207 -
Diss. Ortho-P pe/l 24 -
Diss. Organic P ug/l 35 -
Part. P pg/l 77 -
Total P pg/l 136 -
Color ~ Co-Pt 18 -
BOD mg/1 1.7 -
Total Diss. Al ug/l 23 -
Total Part. Al pg/l 118 -
Total Al pgl/l 141 -
Total Cd pe/l <1 <0.8
Total Cu pgl/l 9 <30
Total Cr pg/l 2 ‘ <50
Total Fe : pg/l 40 <1000
Total Ni pg/l 11 <100
Total Pb pg/l 15 <30
Total Zn pgl/l 10 <30
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final dried sludge depth was approximately 40% of the initial sludge depth placed in the
drying box.

After the alum sludge had dried completely, a composite sample of sludge was
collected for analysis of typical wastewater sludge parameters to evaluate potential
methods for disposal of alum sludge. Chemical characteristics of the alum sludge are
given in Table 5-24 and compared with typical wastewater criteria for Grade 1
domestic wastewater :sludge.as-outlined.in- Chapter 17-7 of the Florida Administrétive
Code. Alum sludge was found to have relatively low values of nitrogen, phosphorus
and potassium, as well as each of the measured heavy metals. Concentrations of
measured heavy metals were found to be substantially less than the maximum allowable
values for disposal of the sludge as a Grade 1 wastewater sludge.

Based upon this analysis, dried alum sludge could potentially be disposed of in a
manner similar to that used for Grade 1 wastewater sludge. A Grade 1 sludge may be
applied to sod farms, pasturelands, forests, highway shoulders and medians, nurseries,
land reclamation projects and soil use for growing human food chain crops. Grade 1
sludges may also be used on playgrounds, parks, golf courses, lawns, hospital grounds
or other areas with unrestricted public access where frequent human contact is likely to
OCCUT.

Although the characteristics of alum sludge allow it to be placed on sod farms,
pastureland and nurseries, alum sludge would probably not make a good agricultural
soil material. First, concentrations- of nitrogen, potassium and phosphorus are
extremely low in the alum sludge. Second, even though phosphorus is present within
the sludge other research efforts as well as those described in this report indicate that
the phosphorus is tightly bound to aluminum and is largely unavailable for release and
uptake by plant species. Although this may be undesirable in agricultural applications,

these sediment characteristics may be a benefit in lake systems for limiting the growth
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TABLE 5-24

CHARACTERISTICS OF THE ALUM
SLUDGE USED FOR DISPOSAL STUDIES

SLUDGE UNITS MEASURED | CH 77 STADGE
PARAMETER VALUE GRADE I
Total N % dry weight 0.28 none
Total P % dry weight 0.18 none
Total K % dry weight 0.09 none
Cd mg/kg dry weight 2.2 <30
Cu mg/kg dry weight 26 <900
Pb mg/kg dry weight 41 <1000
Ni mg/kg dry weight 13 <100
Zn mg/kg dry weight 39 <1800
pH s.u. 6.8 none

1. Criteria for land application of Grade 1 if the following conditions are met:

a. Application is limited to sod farms, pasturelands, forests, highway
shoulders and medians, plant nursery use, land reclamation projects
and soil used for growing human food chain crops (excluding rootcrops,
leafy vegetables, tobacco, and vegetables to be eaten raw).

b. Use on playgrounds, parks, golf courses, lawns, hospital grounds, or
other unrestricted public access areas where frequent human contact is
likely to occur is restricted to processed domestic sludge and composted
domestic sludge.
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of aquatic vegetation in deeper portions of the lake after improvements in water clarity

resulting from the alum treatments.

Rate Experiments

Laboratory experiments were conducted to examine the rate of changes in
aluminum speciation during the coagulation process. The primary purpose of these
studies was to determine:the:length:-of:time-which: potentially toxic Alt3 species exist
within a -stormwater -stream following' addition of ‘liquid  alum or sodium aluminate.
This information is useful in the design of alum injection systems since it provides an
estimate of the necessary length of time required for mixing within the stormsewer
system after addition of the alum before the treated water can be released into surface
waters.

Changes in concentrations of monomeric dissolved aluminum as a function of
time after addition of alum to stormwater runoff collected on March 27, 1989 are
presented in Figure 5-18. For this experiment, alum doses of 10, 20, 30, 40 and 50
mg/l as Al»O3 were tested. Each chemical addition was conducted using alum in
combination with sodium aluminate so that the solution pH did not drop below a value
of 6.0 after addition of the coagulant.

As seen in Figure 5-18, concentrations of monomeric dissolved aluminum
decrease rapidly after the introduction of alum into the test water. After approximately
20-30 seconds, ‘dissolved aluminum: concentrations are reduced below the initial
aluminum concentration of 198 ug/l. After approximately 60 seconds, all coagulant
doses, with the exception of 10 mg/l, reach monomeric dissolved aluminum
concentrations of approximately 50-100 ug/l. Although monomeric dissolved
aluminum had been converted into alum floc at this time, the floc was microscopic and

not visible with the unaided eye. Aluminum concentrations continued to decrease
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slowly after 60 seconds, reaching an equilibrium value of approximately 50 ug/l after
2-3 minutes.

Changes in concentrations of monomeric dissolved aluminum with time after
addition of alum to stormwater runoff collected on April 4, 1989 are indicated in
Figure 5-19. Results obtained during this experiment are similar to those obtained in
the March 27th experiment. Concentrations of dissolved monomeric aluminum
decrease rapidly:after:addition::to -the:stormwater-flow, reaching levels below initial
levels in the: stormwater: after approximately 20-30 seconds. - With:only the-exception of
the 30 mg/l dose, concentrations appear to level off at approximately 100 ug/1 after 1
minute, reaching final values between 50-100 ug/1 after 2-3 minutes.

The results presented in Figures 5-18 and 5-19 suggest that a minimum mixing
period of approximately 60 seconds within the stormsewer lines after the addition of
alum is sufficient to allow dissolved concentrations of monomeric aluminum to
decrease below approximately 100 ug/l. It appears that a safe design parameter for use
in designing alum injection systems would be to evaluate the time of travel through the
stormsewer line and adjust the point of addition of alum into the stormwater flow so

that a minimum travel time of 60 seconds is achieved for treated storm events.

Bioassay and Toxicity Testing

Two separate types of bioassay experiments were conducted to evaluate the
potential toxicity  of alum treated- runoff on-selected species of fish. The first series of
experiments were conducted using fathead minnows (Pimephales promelas) in the
standard EPA Seven-Day Chronic Larval Survival and Growth Test. A second set of
experiments were conducted as long-term bioassay tests using Gambusia sp. as test
organisms. The results of each of these experiments are described in the following

sections.
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Fathead Minnow Toxicity Tests
A Seven-Day Fathead Minnow (Pimephales promelas) Chronic Larval Survival
and Growth Test (EPA/600/4-89/001) was performed to assess the chronic biotoxicity
of alum treated stormwater. Test organisms, a few hours old, were obtained from a
commercial vendor for use in the test. The test was conducted as a static renewal test
with test solutions renewed every 24 hours. A summary of test chambers used in this

experimentation is given below:

1.  Control: Consisting of - dilution  water -made according to the
EPA procedure listed previously.

2. Raw Stormwater: Raw stormwater collected from an urban Orlando
watershed.

3. pH6.0: Stormwater which had been treated with alum to
achieve a final pH of 6.0.

4. pHG6.S: Stormwater which had been treated with alum to
achieve a final pH of 6.5.

5. pH7.0: Stormwater which had been treated with alum to
achieve a final pH of 7.0

6. pH7.5: Stormwater which had been treated with alum to
achieve a final pH of 7.5.

The test was conducted for a total of seven days as described in the EPA procedure.

A summary of routine chemical and physical measurements conducted within
the test chambers during the Fathead Minnow Survival and Growth Test is given in
Table 5-25. Measurements of temperature, initial and final dissolved oxygen, and
initial and final pH:were conducted .in. each:of the 24 test beakers daily for the 7-day
duration of the experiments. Values in Table 5-25 represent an average of these
measurements collected in the four test beakers for a particular test treatment.
Measurements of alkalinity, hardness, conductivity, sulfate and dissolved aluminum
were conducted on a single composite sample formed from equal aliquots of test waters

collected from each of the four test chambers on a daily basis.
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TABLE 5-25

DURING THE FATHEAD MINNOW LARVAL SURVIVAL AND GROWTH TEST

DAY
TEST

CHAMBERS PARAMETER 7
Control Temp. (°C) 24.9 24.8 24.0 24.0 24.8 24.0 24.5
D.O. (mg/l): Initial 6.2 7.0 5.0 5.5 7.2 6.6 6.4

Final 7.6 7.0 6.2 6.9 8.1 7.9 --
pH: Initial 6.63 6.73 6.68 6.69 6.86 6.86 6.81

Final 6.59 6.50 6.55 6.68 6.98 6.94 --

Alkalinity (mg/I) 15 16 14 15 15 16 17

Hardness (mg/l) 71 82 77 69 76 76 80

Conductivity (4S/cm) 302 302 312 313 315 325 330

Sulfate (mg/) 41 61 64 65 63 64 65

Diss. Al (ug/l) 9 13 12 10 9 13
Raw Temp. (°C) 24.9 24.8 24.0 24.0 24.8 24.0 24.9

Stormwater .

D.O. (mg/l): Initial 5.9 3.0 7.8 7.0 8.2 6.7 5.9

Final 6.1 8.2 8.1 8.0 8.2 8.0 --
pH: Initial 7.01 7.36 7.88 8.12 8.38 7.98 7.87

Final 7.19 8.06 7.93 8.12 8.31 8.03 --

Alkalinity (mg/l) 86 99 110 121 132 140 155

Hardness (mg/l) 151 146 155 171 159 148 161

Conductivity (uS/cm) 325 333 354 363 365 385 395

Sulfate (mg/l) 63 38 38 37 33 31 32

Diss. Al (ug/l) 25 34 36 37 26 25 26
Alum Temp. (°C) 24.9 24.4 24.8 24.0 24.8 24.0 24.9

Treated

Stormwater D.O. (mg/l): Initial 7.2 6.6 6.0 6.2 7.6 7.4 7.2
at pH 6.0 Final 7.4 6.8 6.9 6.6 7.5 7.6 7.3
pH: Initial 6.10 6.08 6.06 6.11 6.09 6.10 6.14
Final 6.06 6.02 6.03 6.02 6.04 6.03 6.02

Alkalinity (mg/l) 30 31 30 32 30 29 28

Hardness (mg/l) 136 135 141 138 137 138 136

Conductivity (1S/cm) 346 350 348 349 356 351 353

Sulfate (mg/1) 66 83 88 90 94 97 98

Diss. Al (ug/l) 20 21 18 17 19 20 22
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TABLE 5-25 -- CONTINUED

DAY
TEST
CHAMBERS PARAMETER ) 4 ;
Alum Temp. (°C) 249 | 24.8 24.8 24.0 24.8 24.0 24.9
Treated ]
Stormwater D.O. (mg/l): Initial 6.5 6.7 5.0 6.2 7.0 6.2 5.9
at pH 6.5 Final 8.0 7.1 5.4 7.2 8.1 7.8 —
pH: Initial . 6.68 | 6.57 6.58 6.47 6.51 6.59 6.60
Final 6.72 | 6.61 6.52 6.60 6.49 6.66 --
Alkalinity (mg/l) 44 42 41 43 37 33 33
Hardness (mg/l) 137 137 139 140 144 141 138
Conductivity (uS/cm) 351 366 393 401 414 433 446
Sulfate (mg/l) 76 102 111 115 125 127 140
Diss. Al (ug/l) 22 36 22 25 34 26 17
Alum Temp. (°C) 24.9 | 23.8 24.9 24.0 24.8 24.0 24.9
Treated
Stormwater D.O. (mg/l): Initial 6.5 6.5 5.8 6.1 7.1 7.0 7.2
at pH 7.0 Final 7.9 6.8 5.4 7.4 8.1 7.9 --
pH: Initial 7.19 | 7.05 7.08 7.05 7.08 7.08 7.07
Final 7.16 | 7.04 7.13 7.10 7.11 7.03 --
Alkalinity (mg/l) 65 74 71 73 60 61
Hardness (mg/l) 145 143 142 135 146 136 143
Conductivity (uS/cm) 338 344 386 394 407 430 433
Sulfate (mg/l) 57 69 86 87 104 113 106
Diss. Al (ug/D 56 79 63 67 70 64 69
Alum Temp. (°C) 249 | 23.8 24.9 24.0 24.0 24.0 24.9
Treated .
Stormwater D.O. (mg/1): Initial 6.5 5.8 5.9 6.3 6.8 6.8 7.1
atpH 7.5 Final 7.9 6.4 6.4 7.4 8.1 7.7 --
pH: Initial 7.32 | 7.89 7.49 7.57 7.76 7.73 7.85
Final 7.36 | 741 7.34 7.76 7.74 7.86 -~
Alkalinity (mg/l) 73 84 94 98 101 102 102
Hardness (mg/l) 135 137 138 144 145 145 141
Conductivity (uS/cm) 352 365 406 409 415 435 434
Sulfate (mg/D 56 64 73 75 68 78 79
Diss. Al (ug/l) 87 118 106 119 140 128 169
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Mean dissolved oxygen levels within the control test chambers were in excess of
5 mg/1 on all measurement dates. Measured values of pH ranged from 6.5 to 6.98.
Alkalinity within the control chambers is relatively low with values of approximately
15 mg/l. Measured values of hardness are also relatively low with an average of
approximately 76 mg/l throughout the 7-day period. Measured concentrations of
alkalinity and hardness within the control test chambers are somewhat lower than
values measured: within the . raw. stormwater and the alum treated stormwater. In
contrast, the mean values for conductivity of 314 uS/cm and of 60 mg/l for sulfate
are similar to those measured within the other test chambers. Concentrations of
dissolved aluminum within the control chamber are relatively low with an average
value of approximately 11 ug/l.

Concentrations of dissolved oxygen within the raw stormwater samples
remained at adequate levels with the exception of day 2 when concentrations decreased
to 3.0 mg/l. Measurements of pH began at approximately 7.0 at the beginning of the
test but increased steadily throughout the test period with a final value of approximately
8.0. Measured concentrations of alkalinity, hardness and conductivity appear to
increase steadily over the 7-day test period with mean values of 120 mg/1 for alkalinity,
156 mg/l for hardness and 360 uS/cm for conductivity. The average value for
dissolved aluminum is approximately 30 pg/l. |

Dissolved oxygen concentrations' within alum treated test chambers maiﬁ\tained
levels greater than-5.0 in all of the test chambers throughout the 7-day test period. In
general, pH conditions within each of the test chambers is maintained relatively close to
the desired pH level for each of the four pH levels tested. As expected, measurements
of alkalinity increase with increasing pH values with a mean alkalinity of 30 mg/l for
the stormwater treated at pH 6.0, 39 mg/l for the stormwater treated at pH 6.5, 68

mg/1 for the stormwater treated at pH 7.0 and 93 mg/1 for the stormwater treated at pH
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7.5. Measurements of hardness within each of the alum treated test chambers are
relatively similar with an average of approximately 135-145 mg/l. Measurements of
conductivity are also similar at each of the four tested pH values with a mean of
approximately 350-370 uS/cm.

Sulfate concentrations average 88 mg/l at pH 6.0, 114 mg/l at pH 6.5, but
decrease to 89 mg/l at pH 7.0 and 70 mg/1 at pH 7.5. The reduction in sulfate levels at
pH values of 7.0 .and 7.5 result from the use of sodium aluminate, which does not
contribute sulfate to the water column, as part of the total alum dose to achieve these
higher pH levels. Concentrations of dissolved aluminum average 20 ug/1 at pH 6.0, 26
ug/l at pH 6.5, 67 ug/l at pH 7.0 and 124 ug/1 at pH 7.5.

Survival data for the Fathead Minnow Larval Survival and Growth Test is
presented in Table 5-26. Survival data is presented for each of the four replicate test
containers at each test condition along with data for the control and raw stormwater.
Average values for the four replicates are also provided. In general, the number of
survivors in a particular test series are relatively uniform between the four replicate
containers on most of the measurement dates. However, variations in survivors are
evident when mortalities began to occur within the test chambers. However, by the
end of the 7-day test period, mortality levels are relatively similar between the four
replicate containers. |

Survival results for the Fathead Minnow Larval Survival and Growth Tc;st are
summarized in Figure:5-20. . Survival percentages for alum treated stormwater at a pH
of 6.0 and 6.5 are similar to that obtained within the control with a final survival in
excess of 95%. Mortalities began to be observed in stormwater runoff treated at a pH
level of 7.0 with an ultimate survival percentage of approximately 57% at the end of
seven days. However, even though mortalities were observed at a pH of 7.0, these

mortalities were less than that observed within the raw stormwater which exhibited a
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TABLE 5-26

SURVIVAL DATA FOR FATHEAD MINNOW
LARVAL SURVIVAL AND GROWTH TEST

REP NO. OF SURVIVORS
TEST 0'
NO. | INITIAL 1 2 3 4 5 6 7
Raw Stormwater 1 15 15 15 15 15 9 3 3
2 15 14% 14 14 14 14 6 3
3 15 15 15 14 14 9 8 4
4 15 15 15 15 15 12 7 2
Avg. 15.0 14.8 14.8 14.5 14.5 11.0 6.7 3.0
Control 1 15 15 15 15 15 15 15 15
2 15 15 15 15 15 14 13 13
3 15 15 15 15 15 15 15 15
4 15 15 15 15 14 14 14 14
Avg. 15.0 15.0 15.0 15.0 14.8 14.5 14.3 14.3
Alum Treated 1 15 15 15 15 15 15 15 15
pH = 6.0 2 15 15 15 15 15 15 15 15
3 15 15 15 15 15 14 14 14
4 15 15 15 15 15 15 14 14
Avg. 15.0 15.0 15.0 15.0 15.0 14.8 14.5 14.5
Alum Treated 1 15 15 15 15 14 14 14 14
pH = 6.5 2 15 15 15 15 14 14 14 14
3 15 15 15 15 14 14 14 14
4 15 15 15 15 15 15 15 15
Avg. 15.0 15.0 15.0 15.0 14.3 14.3 14.3 14.3
Alum Treated 1 15 15 15 15 14 14 14 14
pH = 7.0 2 15 15 15 15 13 9 9 8
3 15 15 15 15 10 9 8 6
4 15 15 15 15 |9 7 6 6
Avg, 15.0 15.0 15.0 15.0 11.5 9.8 9.3 8.5
Alum Treated 1 15 15 15 15 5 3 3 3
pH=17.5 2 15 15 15 15 11 6 3 3
3 15 14 14 9 8 6 3 2
4 15 15 15 15 11 3 2 2
Avg. 15.0 14.8 14.8 13.5 8.8 4.5 2.8 2.5

* Crushed while cleaning
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Figure 5-20. Survival Results for the Fathead Minnow Larval Survival and Growth Test.
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survival of only 20% at the end of the 7-day test period. The rate of mortality in
stormwater treated with alum at a pH of 7.5 is similar to that observed in raw
stormwater._

The information presentéd in Figure 5-20 suggests that there is no chronic
toxicity associated with alum treated stormwater when pH levels of 6.0 and 6.5 are
maintained. Chronic biotoxicity increases at a pH of 7.0, but is less than the toxicity
of the raw stormwater itself. .As a result, alum stormwater treatment systems should be
designed to maintain pH levels at values between 6.0 and 7.0, preferably in the range
of 6.0-6.5. The relatively large mortality found at a pH level of 7.5 indicates that alum
stormwater treatment should not be conducted at this pH level.

Final larval weight data for the Fathead Minnow Larval Survival and Growth
Test is presented in Table 5-27. Test larvae exposed to alum treated runoff at a pH of
6.0 produced the greatest mean dry weight per organism, 0.5377 mg. Mean dry larval
weights were slightly lower at other pH values with the lowest larval weight obtained at
a pH of 7.5. Mean larval weight within the raw stormwater samples was found to be
0.4271 mg which is slightly less than that obtained within the alum treated containers.
Larvae maintained within the control chambers experienced substantially less growth
weight than found in either the raw stormwater or the alum treated stormwater with a
mean dry larval weight of only 0.2625 mg per organism. This value is siightly above
the minimum of 0.25 mg necessary for test acceptability as outlined in Table 4—2;\ It is
~obvious that alum:treatment: of stormwater runoff did not affect the viability of the test
organisms in the alum treated chambers.

The relationship between survival of fathead minnows and dissolved aluminum
levels measured in the short-term biotoxicity tests is given in Figure 5-21. Survival
data was obtained for the fathead minnow survival tests from Table 5-26 for each of the

test chambers over the 7-day period and combined with concentrations of dissolved



173

TABLE 5-27

FINAL LARVAL WEIGHT DATA FOR THE FATHEAD
MINNOW LARVAL SURVIVAL AND GROWTH TEST

TEST CHAMBER MEAN DRY WEIGHT OF LARVAE
(mg)
Control 0.2625
Raw Stormwater 0.4271
pH 6.0 0.5377
pH 6.5 0.4891
pH 7.0 0.5261
pH 7.5 0.4667
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aluminum provided in Table 5-25 for each of the test chambers over the same 7-day
period. These points are plotted in Figure 5-21. A "best-fit" regression line is shown
on the diagram for this relationship.

The information provided in Figure 5-21 shows a clear relationship between
aluminum concentrations and larval survival with a high degree of survival at low
aluminum concentrations and low survival rates at higher aluminum concentrations.
Based upon this relationship, a 50% survival rate occurs at an aluminum level of
approximately 136 ug/l. An 80% survival rate corresponds to a dissolved aluminum
concentration of approximately 66 ug/l which is near the recommended water quality
criterion of 87 ug/l established by the U.S. EPA. It is interesting to note that average
dissolved aluminum levels within Lake Ella during alum stormwater treatment at a dose
of 10 mg/1 resulted in an average dissolved aluminum concentration of approximately
44 ug/l which corresponds to a survival rate of approximately 90% for fathead minnow

species.

Long-Term Biotoxicity Tests

Long-term bioassay investigations were conducted over a period of 60 days
using Gambusia sp. as test organisms. A total of four test chambers were used
containing moderately hard dilution water as a control, untreated raw stormwater,
stormwater coagulated at an alum dose of 15 mg/l and stormwater coagulated.‘at an
alum dose of 25 mg/l. Approximately 50% of the water contained within each test
chamber was removed every third day and replaced with the appropriate control, raw
stormwater or alum treated water. All coagulation and flocculation processes were
allowed to occur inside the test chambers and the alum floc accumulated on the bottom
of each test chamber. Test organisms were subjected to the combined effects of

periodic coagulation processes as well as continuous contact with alum floc.
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Measured values of pH and dissolved aluminum in long-term bioassay
experiments are given in Table 5-28. pH values in the control and raw stormwater
appear to decrease steadily over the 60-day test period, beginning at a pH of
approximately 8.0 and ending at pH values between 7.2 and 7.4. pH values in alum
treated test chambers maintained average values of approximately 7.4. Concentrations
of dissolved aluminum in the control and raw stormwater chambers averaged less than
10 pg/l over the 60-day test. period. Average aluminum concentrations of 30 and 34
pg/l were measured within test chamber receiving alum treated stormwater runoff at
doses of 15 and 25 mg/l, respectively.

The results of long-term bioassay experiments using Gambusia sp. are given in
Figure 5-22. Survival rates of Gambusia sp. within the raw stormwater as well as
stormwater treated with alum at 15 and 25 mg/l exceeds 90% over the 60-day test
period. In contrast, mortalities are observed within the control test chamber beginning
after about 30 days. It is apparent that the continued exposure to alum from the
combined effects of periodic coagulation processes as well as continuous contact with
alum floc was not toxic to the Gambusia sp. over the 60-day test period. These results
are particularly interesting since Gambusia are common inhabitants of polluted lakes
and stormwater management systems where the use of alum for treatment of

stormwater would seem appropriate.




TABLE 5-28

MEASURED VALUES OF pH AND DISSOLVED ALUMINUM IN LONG-TERM BIOASSAY EXPERIMENTS

pH VALUES DISSOLVED Al (ug/I)
M| contror STORRIV?V‘:'VATER fL?Jildl ierInJ%//Il CONTROL STORWATER fLrani{II %:LTJ%I
0 8.01 7.97 726 | 7.1 ] - ] ]
7.91 7.81 799 | 8.01 3 8 101 161
12 7.46 7.71 759 | 17.65 6 9 21 54
18 7.31 7.61 767 | 777 3 9 97 08
2% 7.51 7.51 752 | 7.6 4 5 19 30
30 7.32 7.59 737 | 7.33 27 8 34 65
36 7.58 7.48 735 | 7.32 27 12 18 25
42 7.50 7.60 735 | 7.3 4 4 9 9
48 7.33 7.35 724 | 725 1 5 25
54 7.44 7.01 7.02 | 7.04 2 4 9 9
60 7.36 7.17 716 | 7.13 2 5 13 12
\glvfés 7.52 7.53 741 | 7.42 7.2 6.3 30 44

LLT



NUMBER OF LIVE FISH REMAINING

70

o—e CONTROL
30T - =—a RAW STORMWATER
A&—4A 15 mg/l ALUM
@ 25 mg/l ALUM
20T
10 +—+—+—+—+—F—+—+—+—+— —t— ———t+— ! :
o 10 20 30 40 50 60

TIME (DAYS)

Figure 5-22. Results of Long-Term Bioassay Experiments Using Gambusia sp.

8LT



CHAPTER 6
SUMMARY AND CONCLUSIONS

Summar
Historical Characteristics of Lake Ella

Lake Ella is a small 5.3 ha (13.29 ac) land-locked lake located in Tallahassee,
Florida which receives large quantities of stormwater runoff from a highly urbanized
63.7 ha (157.2 ac) watershed. As a result of continual stormwater loadings, algal
productivity in Lake Ella increased substantially during the 1970s and early 1980s.
Algal blooms were a frequent and often persistent occurrence. Build-up of flocculant
sediment matter increased rapidly, and large masses of algae could be seen floating
along the shoreline. Measurements of dissolved oxygen in Lake Ella often indicated
super-saturated concentrations near the surface which declined rapidly with increasing
depth. At depths below 2 m, dissolved oxygen levels were typically less than 1 mg/l.
During the period from 1974-1985, sporadic measurements of water quality in Lake
Ella indicated high levels of turbidity, total phosphorus, BOD and extremely high
levels of chlorophyll-a. Secchi disk transparency was generally less than 0.5 m on all
measurement dates. | )

Stormwater inputs.into Lake Ella during. 1984 were found to contain high levels
of total nitrogen, comprised primarily of nitrate and organic nitrogen. Concentrations
of total phosphorus and orthophosphorus in stormwater inputs were found to be
extremely high with a mean total phosphorus concentration of 750 ug/l and
orthophosphorus concentration of 490 ug/l. Measured values for BOD and suspended

solids averaged 25.5 mg/1 and 111 mg/1, respectively.
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After a detailed watershed analysis and evaluation of restoration alternatives, it
was decided that conventional stormwater management techniques such as retention
ponds, detention ponds, filtration systems or underground exfiltration systems were not
feasible within the Lake Ella watershed due to limitations of available space and soil
characteristics. A pilot study was conducted to evaluate the feasibility of using alum to
treat stormwater runoff entering Lake Ella. Alum treatment of stormwater in
laboratory testing was' found. to. reduce .concentrations of total nitrogen by 47%, total
phosphorus by 91%, BOD by 42% and suspended solids by 85%. Total coliform and

fecal coliform bacteria were reduced by 94% and 91 %, respectively.

Description of the Alum Injection System

Based upon the impressive removal efficiencies for stormwater pollutants
obtained in laboratory studies using alum, an alum stormwater treatment system was
designed for Lake Ella using sonic flow meters and variable speed injection pumps to
automatically inject liquid alum into the stormsewer lines upstream of the lake at a
flow-proportioned rate. Mixing of the alum and stormwater occurs within the
stormsewer line, and the floc produced settles on the lake bottom providing an added
benefit of nutrient inactivation in the sediments. Several of the smaller individual
stormsewer lines were combined and connected together to consolidate points of
discharge into the lake from 18 inlets to 10 inlets. Six of these 10 inlet Ai)oints,
representing 95 %. of the annual runoff inputs into Lake Ella, were equipped with points
of alum injection. The alum is injected into the stormwater flow approximately
30-150 m upstream of the point of discharge into the lake to allow adequate time for
mixing of the alum and stormwater flow. Pumps and control devices for the injection
system are housed in an above-ground structure with an adjacent 22,700 liter alum

storage tank.
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Capital construction costs for the alum injection system were approximately
$200,400. Almost 50% of this cost was for the alum injection pumps themselves
which cost approximately $15,000 each. This capital cost is approximately $3,141/ha
($1,270/ac) of watershed area treated. In general, the capital costs involved in
constructing an alum injection system are relatively independent of watershed size and
depend primarily on the number of outfall locations treated. A

The alum treatment system .for. Lake Ella treats approximately 342 ac-ft of
runoff each year, representing approximately 95% of the total annual runoff inputs to
Lake Ella. This treatment at an alum dose of 10 mg/l requires approximately 10,077
gallons/year of alum at an average annual cost of approximately $5,039.

In addition to installation of an alum stormwater treatment system, a substantial
dredging and recontouring process was also conducted at Lake Ella which removed
approximately 38,260 m3 (50,000 yd3) of accumulated sand debris and muck from the
bottom of Lake Ella. These activities required draining the lake which exposed
approximately 70% of the lake bottom. A peninsula was added to the lake which
connected an existing island to the shoreline. This peninsula reduced the surface area
of the lake from 5.38 ha (13.3 ac) to 4.77 ha (11.8 ac) which decreased the volume of
the lake by approximately 27%.

Construction of the alum injection system and recontouring efforts within Lake
Ella were begun in January 1986 and were completed in October 1986. At the
completion . of work efforts.in..October,. the lake was allowed to refill naturally with
stormwater.

The alum stormwater treatment system became operational in January 1987 with
the metering pumps set to inject alum at a dose of 20 mg/l as AlpO3. Several
operational problems were observed during the initial start-up period, some of which

caused excess alum to be pumped into the lake, reducing pH levels to unacceptable
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levels. Time limiters were installed on the injection pump to limit the amount of time
the pumps could operate before being automatically shut off. Reliable operation of the
system at a treatment dose of 20 mg/l began in July 1987. During the period from July
to December 1987, the lake exhibited excellent water quality characteristics with the
exception of pH which fluctuated in value from 4.55 to 6.27. Beginning in January
1988, the alum treatment dose was decreased to 10 mg/l as Al»O3. This reduction in
treatment dose resulted in an immediate improvement in lake pH, and produced
consistent average pH levels in excess of 6.0 on all measurement dates. The system

has continued to be operated at a dose of 10 mg/1 since January 1988.

Water Quality Characteristics of Lake
Ella Following Alum Treatment of Stormwater

Operation of the alum stormwater treatment system during the period from
January 1988 to May 1990 at a dose of 10 mg/l resulted in a mean pH value of
approximately 6.43 with a range of values from 6.01-7.12. No indication of thermal
or chemical stratification was observed within the lake on any field measurement date.
Measurements of dissolved oxygen averaged 7.4 mg/l with a minimum level of 5.4
mg/l. Differences in dissolved oxygen concentrations from the water surface to the
bottom were less than 1 mg/l. Measured'values of alkalinity within Lake Ella were
relatively low with a mean of 11.0 mg/1.

Measured concentrations of nitrogen species were extremely low within Lake
Ella from 1988 to 1990 which mean concentrations of ammonia and nitrate averaging
only 14 ug/l and 43 ug/l, respectively. Measured concentrations of all phosphorus
species were also extremely low within Lake Ella. The mean orthophosphorus
concentration within the lake was approximately 2 ug/l which is a level near or below
minimum concentrations necessary for algal uptake. The dominant phosphorus forms

within Lake Ella were dissolved organic phosphorus and particulate phosphorus,
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constituting 92% of the mean total phosphorus value of 26 pg/l. Measured
concentrations of chlorophyll-a exhibited a range of values from 1.5 mg/m3 to 12.2
mg/m3 with a mean of 5.1 mg/m3. Water clarity within the lake was excellent on all
measurement dates with a mean Secchi disk depth in excess of 2.2 m.

Alum treatment of stormwater entering Lake Ella at a dose of 10 mg/l from
January 1988 to May 1990 reduced historical concentrations of turbidity by 89%,
ammonia by 95%, nitrate by 14 %, organic nitrogen by 77%, total nitrogen by 78%,
orthophosphorus by 91%, total phosphorus by 89%, chlorophyll-a by 97% and BOD
by 93%. Secchi disk measurement increased more than 340% from a value of less than
0.5 m to a mean in excess of 2.2 m at all sample locations. However, in response to
improved conditions of water clarity, the growth of rooted macrophytes has increased
rapidly within the lake. This growth first appeared in 1987, but by the spring of 1990
had extended to all shoreline areas and many of the deeper areas within the lake. Grass
carp were introduced in 1990 in an attempt to achieve long-term control of rooted
macrophytes within the lake.

Measured concentrations of all heavy metals are extremely low within Lake
Ella, with mean concentrations of cadmium and chromium less than 1 ug/l and mean
concentrations of copper and lead less than 5 ug/l. Concentrations of all heavy metals
were found to be substantially less than the State of Florida Class III criteria for
recreational surface waters. Measured concentrations of aluminum within Lake Ella
with alum'stormwater treatment -at a-dose-of 10 mg/l are also low, with an average
dissolved aluminum concentration of 44 ug/l and a range of values from 6 ug/l to 108
pg/l. Water column concentrations of dissolved aluminum appear to be highly
correlated with pH levels within the lake. Dissolved aluminum levels within Lake Ella
remained below the U.S. EPA recommended criterion of 87 ug/l for dissolved

aluminum when pH values remained between approximately 5.9 and 7.0. Dissolved
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aluminum concentrations at pH vales less than 5.9 and in excess of 7.0 were found to
be greater than the 87 ug/l criterion.

Alum treatment of stormwater runoff in Lake Ella resulted in a dramatic
alteration of the trophic state conditions within the lake. Under pre-modification
conditions, Lake Ella exhibited a Florida Trophic State Index value for total
phosphorus of approximately 105 and a value of 92 for chlorophyll-a, ipdicating
hypereutrophic: conditions. .. Under  post-modification conditions, trophic state indices
for total phosphorus and chlorophyll-a were reduced to 53 and 40, respectively,

indicating oligotrophic conditions within the lake.

Effects of Alum Stormwater
Treatment on Benthic Populations

Benthic surveys were conducted in Lake Ella on three separate occasions: (1)
immediately prior to initiation of the draining and construction activities for installation
of the alum stormwater treatment system; (2) at the completion of construction of the
alum stormwater treatment system after the lake had been refilled for approximately
3-4 months; and (3) after approximately three years of operation of the alum
stormwater treatment system. Benthic surveys conducted prior to construction activities
and at the completion of construction activities after the lake had refilled did not
indicate the presence of any viable organisms at any of the eight monitoring locations
within the lake. The benthic survey conducted after three years of alum treatment
system operation indicated viable organisms of Tubifex sp. and leeches at six of the
eight monitoring locations within the lake, although at relatively low population
densities. The existence of these populations after three years of continuous alum
applications to Lake Ella indicates that, at least for the species found, the existence of
alum precipitate within the sediments is not incompatible with the environmental

requirements of these species.
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Accumulation and Migration of
Heavy Metals in Lake Ella Sediments

Sediment core samples were collected at four locations within Lake Ella to
evaluate metal accumulation and migration as a result of the alum treatment process.
An initial set of core samples was collected on February 21, 1987, coinciding with the
start-up of the alum treatment system. A second set of core samples was collected on
November 11, 1988, after almost two years of operation of the alum stormwater
treatment system. Sediment concentrations of moisture content, organic content and
phosphorus are greater in core samples collected on the 1988 date than those collected
on the 1987 date. For moisture and organic content, increased sediment concentrations
are limited to the top 10-15 cm with concentrations below this depth relatively similar
between the two collection dates.

There appears to be little difference in sediment retention characteristics of
either total nitrogen or total phosphorus between pre- and post-treatment sediment
cores. The general pattern of highest concentrations near the sediment surface and
decreasing concentrations at lower sediment depths appears to be virtually identical in
sediment samples collected on each of the two dates. Introduction of alum into the
sediment has not substantially altered the accumulation or sediment retention
characteristics of either nitrogen or phosphorus.

Measured values of sediment pH were found to be slightly less in post-treatment
sediments than in pre-treatment sediments. Decreases in sediment pH values ranged
from approximately 0.5 to 0.20 pH units, depending upon the particular sediment layer.
Differences in sediment pH appear to diminish in the 15-25 cm layer with
approximately equal sediment pH values in this layer for both pre- and post-treatment
conditions, Sediment pH levels in the 0-1 cm layer increased slightly in areas of Lake

Ella which exhibited the highest accumulation of alum floc.
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Sediment concentrations of aluminum, copper and zinc appear to increase
slightly in the upper sediment layer in post-treatment sediment core samples. In
contrast, sediment concentrations of iron appear to be relatively unchanged between the
two collection dates. For those elements which exhibited increased concentrations in
post-treatment sediments, the increased éoncentraﬁon levels are limited to sediment
depths of 5 cm or less. Increased sediment concentrations of zinc extended only 1 cm
deep. Sediment:concentrations. of. lead. were relatively unchanged between the two
collection dates.

Sediment concentrations of aluminum increased by 7.3% in the 0-1 cm layer
and 3.9% in the 1-5 cm layer during the two-year period between collection of core
samples. Measured increases in aluminum sediment concentrations do not appear to
extend below a depth of 5 cm. This pattern suggests that alum floc produced during
the treatment of stormwater runoff is accumulating within the sediments of Lake Ella to
depths of 5 cm or less. Increases in sediment aluminum concentrations within the
northeast lobe, which was contoured as a sump area for accumulation of alum floc
deposits, suggests that the area is functioning as a sediment sump as designed.
Sediment concentrations of copper, zinc and lead have increased in this region of the
lake, while concentrations of heavy metals in the center of the lake are relatively
similar in pre- and post-treatment sediments. Since alum is extremely effective in
removing both dissolved and particulate forms of heavy metal inputs in storm;vater
runoff, the deposition of heavy .metals into the sediments of Lake Ella may be greater

as a result of the alum treatment system than under pre-treatment conditions.

Speciation of Heavy Metals
and Phosphorus in Lake Ella Sediments

A speciation procedure was conducted on composite sediment samples from

pre-and post-treatment sediments to identify and quantity sediment metal associations
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with the following five fractions: (1) soluble ions; (2) metals bound through exchange
reactions; (3) metals bound with precipitates of iron and manganese oxide; (4) metals
bound as precipitates with carbonates; and (5) metals bound in associations with
organic matter. It is generally believed that the stability of metal sediment associations
increases in the following order: soluble < exchangeable < bound to carbonate <
bound to Fe/Mn oxide < bound to organic matter.

Soluble fractions. of. aluminum, copper, zinc and phosphorus were found to
decrease substantially in post-treatment sediments compared with pre-treatment
sediments. In contrast, soluble fractions of iron and lead were found to increase
slightly in post-treatment sediments. Increased associations with exchange fractions in
post-treatment sediments is observed for copper, iron and lead, while exchange
fractions of aluminum, zinc and phosphorus remained relatively unchanged.
Nevertheless, the dominant bonding mechanism for heavy metals in the sediments
remains unchanged between pre- and post-treatment conditions. Associations with
Fe/Mn oxides represents the dominant bonding mechanism for aluminum, iron, lead
and zinc under both pre- and post-treatment conditions. Decreased associations with
soluble fractions observed for many of the heavy metals under post-treatment
conditions is accompanied by an increase in associations with organic matter for many
of the same heavy metals. This change in speciation indicates a shift in bonding
mechanism from less stable soluble associations to more statable organic s'édiment
associations. ‘This suggests that metal associations with post-treatment sediments may

be more stable than associations found under pre-treatment sediments.

Speciation of Sediment Phosphorus
Fractionation of inorganic soil phosphate was conducted on both pre- and

post-alum treatment sediment samples for each of the four sample locations and each of
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the five sediment depth layers using the modified Chang and Jackson speciation
procedure which divides phosphorus associations into soluble, aluminum phosphate,
iron phosphate, reductant soluble phosphate, and calcium phosphate bonding
mechanisms.

Concentrations of soluble phosphorus in post-treatment sediments was found to
be lower than that observed in pre-treatment sediments. Substantial reductions in
phosphorus associations. with iron phosphate were also observed in post-treatment
sediments, while slight increases were observed in the degree of associations with
aluminum phosphate. Evaluation of changes in phosphorus speciation with increasing
sediment depth indicates that the effects of alum floc within the sediment has altered
sediment phosphorus associations as deep as 15-25 cm within the sediments, although
alterations in sediment phosphorus fractions are most apparent in the top 10 cm of the
sediments.

The reduction in soluble phosphorus associations and iron phosphorus
associations, combined with an increase in aluminum phosphorus association, suggests
that phosphorus associations in post-treatment sediment are substantially more stable
than phosphorus associations in pre-treatment sediments. These alterations in
phosphorus speciation suggest that phosphorus is much less likely to be released from
post-treatment sediments under either oxidized or reduced conditions than that which
occurs with pre-treatment sediments. Post-treatment phosphorus in the sediménts of
Lake Ella. appears-to be:substantially less:available and more tightly bound following
installation of the alum treatment system than existed within the sediments before

introduction of this system.
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Influence of pH and Redox Potential on the
Stability of Heavy Metals in Alum Treated Sediments

A series of experiments were conducted to evaluate the influence of pH and
redox potential on the stability of heavy metals in alum treated sediments. Three
separate experiments were conducted at redox potentials of -200 mv ¢highly reduced), 0
mv (reduced), +200 mv (slightly reduced) and +400 mv (oxidized) and at pH
conditions ranging from 5.0 to 7.0. With the exception of iron, the release of heavy
metals in phosphorus from Lake Ella alum sludge was extremely low at all values of
redox potential, ranging from highly reduced to oxidized and at pH values ranging
from 5.0 to 7.0. The release of phosphorus, cadmium, copper, chromium, nickel, lead
and zinc is substantially less than 1 ug/g of sediment material under this wide range of
environmental conditions. The release of aluminum is less than 1 ug/g of sediment
material at pH values of 6.0 and 7.0, but increases to approximately 4-7 ug/g at a pH
value of 5.0.

The results of these incubation experiments presents strong evidence that each of
the heavy metals tested, with the possible exception of iron, are extremely stable and
bound in tight associations with the sediments and the alum sludge. Almost without
exception, release rates measured during these experiments using alum sludge are
substantially less than the release rates for the same metal species reported by Harper
(1985) using a similar incubation apparatus to incubate sediments under similar
conditions from a detention pond receiving highway runoff. This pond, located along
I-4 north of Orlando, had been receiving highway runoff for approximately 8-10 years
at the time of collection of sediments for use in incubation experiments. This
comparison suggests that, even though Lake Ella is receiving periodic inputs of alum
floc, the stability of aluminum and heavy metals within the sediments has increased.
The presence of alum floc within the sediments of Lake Ella appears to substantially

enhance the ability of the sediments to retain both heavy metals and phosphorus
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compared with sediments from a highway detention pond which does not receive alum
treatment. The release of copper, zinc, lead, nickel, chromium and cadmium from
Lake Ella sediments under redox conditions ranging from highly reduced to oxidized
and at pH levels ranging from 5.0 to 7.0 was found to be extremely small, indicating

stable sediment associations under a wide range of environmental conditions.

Estimates of Floc Accumulation in Lake Ella

Estimates of floc accumulation in Lake Ella were conducted on May 25, 1990
at each of the four sample locations used for collection of water quality samples.
Visible grayish-white surface floc layers were found at three of the four sample
locations, with the surface floc layer comprised of discrete floc particles rather than a
smooth uniform layer. Penetration of the floc into the pre-existing sediments was
visible, extending down to a depth of approximately S cm, in virtually all core samples
collected. This suggests that the floc material is mixing with the existing material
within the lake rather than accumulating as a distinct surface layer. No visible floc
layer was found in the northeast lobe, designed as a sump for floc material, although
core samples collected at this location indicated the highest levels of aluminum content
within the lake. Apparently, the sediment material at this location, which is very fine
and soupy in texture, allows the alum precipitate to penetrate into the sediments rather
than accumulating as a distinct surface layer. )

The average . floc accumulation. at the three locations where visible surface
layers was observed is approximately 1.4 cm over the three-year operational period.
This corresponds to an average accumulation rate of 0.5 cm/yr which is approximate
half of the accumulation rate which was originally estimated for Lake Ella based upon
laboratory jar tests conducted during the design of the alum treatment system. Mixing

of the floc layer with the existing sediment is apparently responsible for the decreased
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accumulation rate of a surface alum layer. Based upon an average accumulation rate of
approximately 0.5 cm/yr, as long as 25-30 years may be required to accumulate a 15

cm layer of alum floc within Lake Ella.

Sludge Production

Investigations were conducted to evaluate the production of alum sludge at
various alum treatment doses by coagulation of urban stormwater collected from a
watershed in Orlando. Stormwater samples were treated with a variety of alum doses
including 10, 15, 20, 25 and 30 mg/l as AlpO3 to evaluate sludge production at typical
stormwater treatment dosage rates. Sludge production constitutes a relatively small
portion of the treated runoff flow with a sludge volume of approximately 0.2% at an
alum dose of 15 mg/l. Sludge production increases to approximately 0.69% at an alum
dose of 30 mg/1 in a non-linear relationship. More complete production of alum sludge
and corresponding greater removal efficiencies for suspended solids and turbidity are
responsible for the non-linear relationship between floc production and treatment dose.
However, due to the rhixing of alum floc with existing sediments, the actual observed
sludge production within a waterbody receiving alum treatment would be substantially

less than the relationships generated during these laboratory studies.

Sludge Disposal
Sludge. drying and leachate investigations were conducted to evaluate potential
disposal methods which could be used for ultimate disposal of the alum sludge.
Composite sludge samples were placed onto a drying bed and the characteristics of the
leachate were monitored continuously at the filter underdrain. Alum sludge leachate
was found to be approximately neutral in pH with low levels of both total nitrogen and

total phosphorus. Concentrations of aluminum within the leachate are extremely low
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with a mean dissolved aluminum concentration of 23 ug/l. Low levels of all heavy
metals are also found in the leachate flow with concentrations substantially less than
surface water standards for Class III waters.

Dried alum sludge was found to have chemical characteristics similar to that of
a Grade 1 domestic wastewater sludge with relatively low values of nitrogen,
phosphorus and potassium as well as heavy metals. Based upon this analysis, dried
alum sludge could potentially be disposed of on sod farms, pasturelands, forests,
highway shoulders, nurseries and land reclamation projects. Although regulatory
restrictions allow the use of alum sludge in agricultural and sod farm applications, alum
sludge would probably not make a good agricultural soil material due to the fact that
phosphorus is tightly bound to aluminum is largely unavailable by release and uptake
by plant species. This characteristic may be a benefit in lake systems for limiting the
growth of aquatic vegetation in deeper portions of the lake after improvements in water

clarity resulting from the alum treatment process.

Rate Experiments
Laboratory experiments were conducted to examine the rate of changes in
aluminum speciation during the coagulation process. Upon addition of alum to
stormwater runoff, monomeric aluminum species quickly incorporate into a
microscopic precipitate form of aluminum hydroxide. After approximately 60 seE:onds,
dissolved monomeric: aluminum: concentrations :are reduced to approximately 50-100

pg/l. It appears that a safe design parameter for use in evaluating alum injection

- systems is to design the point of addition of alum into the stormwater flow so that a

minimum travel time of 60 seconds can be achieved prior to discharge into the
receiving waterbody. This length of time will allow adequate mixing of the alum and

stormwater flow and reduce dissolved aluminum concentrations to non-toxic levels.
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Bioassay and Toxicity Testing

Short-term and long-term bioassay experiments were conducted to evaluate the
potential toxicity of alum treated runoff on selected species of fish. The first series of
experiments were conducted using fathead minnows (Pimephales promelas) in the
standard EPA Seven-Day Chronic Larval Survival and Growth Test. A second set of
experiments were conducted as long-term bioassay tests using Gambusia sp. as test
organisms.

No chronic toxicity was found with alum treated stormwater in short-term
fathead minnow tests at pH levels of 6.0 and 6.5. Chronic biotoxicity was found to
increase at a pH level of 7.0, but toxicity of the alum treated runoff was substantially
less than the raw stormwater itself. Mortalities increased substantially in alum treated
runoff at a pH level of 7.5, presumably due to increased dissolved aluminum
concentrations at this level. These results suggest that alum stormwater treatment
systems should be designed to maintain pH levels in the treated flow at values between
6.0 and 7.0, preferably in the range of 6.0 to 6.5.

A clear relationship was observed between aluminum concentrations and fathead
minnow larval survival with good survival rates at low aluminum concentrations and
low survival rates at higher aluminum concentrations. An 80% survival rate in these
experiments corresponds to a dissolved aluminum concentration of approximately 66%
pgl/l which is near the recommended water quality criterion of 87 ug/l established by
the U.S. EPA.

Long-term bioassay experiments using Gambusia sp. were conducted using four
test chambers designated as: (1) control; (2) untreated raw stormwater; and stormwater
coagulated at alum dose rates of (3) 15 and (4) 25 mg/l. In test chambers receiving
alum treatment, all coagulation and flocculation processes were allowed to occur inside

the test chambers with the alum floc accumulating on the bottom of the chamber. Test
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organisms were subjected to the combined effects of periodic coagulation processes as
well as continuous contact with alum floc.

Survival rates of Gambusia sp. within the raw stormwater as well as stormwater
treated with alum at 15 and 25 mg/l exceeded 90% over the 60-day test period.
Continued exposure to alum from the combined effects of periodic coagulation
processes as well as continuous contact with alum floc was not toxic to Gambusia sp.

over the 60-day test period.

Conclusions

From the results obtained in these investigations, the following specific
conclusions were reached:

1. Operation of the Lake Ella stormwater treatment system at a dose of 10 mg/1
resulted in stable pH levels within the lake with a mean of approximately 6.43 and a
range of values from 6.01-7.12. No indication of thermal or chemical stratification
was observed within the lake in field measurements on any measurement date.
Measurements of dissolved oxygen were relatively uniform through the water column
with an average value of 7.4 mg/l and a minimum of 5.4 mg/l.

2. Operation of the alum stormwater treatment system resulted in extremely
low levels of total nitrogen, total phosphorus and chlorophyll-a within Lake Ella.
Water clarity within the lake averaged more than 2.2 m. Historical concentrations of
turbidity within Lake Ella were reduced by 89%, ammonia by 95%, nitrate by 14%,
organic nitrogen by 77%, total nitrogen by 78%, orthophosphorus by 91%, total
phosphorus by 89%, chlorophyll-a by 97% and BOD by 93%. Secchi disk
measurements increased more than 340%. Calculations of Florida Trophic State
Indices for pre- and post-treatment conditions within Lake Ella indicate a change in

trophic state from hypereutrophic to oligotrophic conditions.
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3. Measured concentrations of all heavy metals are extremely low within Lake
Ella with mean concentrations of cadmium and chromium less than 1 ug/l and mean
concentrations of copper and lead less than 5 ug/l. Concentrations of all heavy metals
are substantially less than the State of Florida Class III criteria for recreational waters.

4. Measured concentrations of aluminum in Lake Ella with alum stormwater
treatment at a dose of 10 mg/l are extremely low. The average dissolved gluminum
concentration within the lake is 44 pg/l with a range of values from 6-108 ug/l. A
strong relationship appears to exist between concentrations of dissolved aluminum and
pH levels within the lake. Average lake pH values between 5.9 and 7.0 resulted in
dissolved aluminum concentrations less than the EPA recommended criterion of 87
pg/l. Increases in dissolved aluminum concentrations were observed at pH values
below and above this range.

5. A benthic survey conducted after three years of alum system operation found
viable organisms of Tubifex sp. and leeches at six of the eight sampling locations within
the lake. No viable benthic organisms were found in surveys conducted prior to
dredging and restoration activities as well as a benthic survey conducted immediately
prior to start-up of the alum treatment system.

6. Slight increases were observed in sediment concentrations of total
phosphorus, total nitrogen, and heavy metals in post-treatment sediments compared
with pre-treatment sediments. Increased sediment concentrations of heavy “metals
appear to be limited to sediment.depths of 5 cm or less. Patterns of sediment metal
concentrations suggests that inputs of alum sludge are having no effect on overall
patterns of accumulation or sediment retention for either heavy metals or phosphorus.

7. Inputs of alum sludge into the sediments have resulted in decreases in

sediment pH ranging from approximately 0.5 to 0.20 pH units with an average
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post-treatment sediment pH value in the 0-1 cm layer of approximately 5.97.
Differences in sediment pH appear to diminish in the 15-25 cm layer with
approximately equal sediment pH values in this layer for both pre- and post-treatment
conditions.

8. Sediment concentrations of aluminum have increased by only 7.3% in the
0-1 cm layer and 3.9% in the 1-5 cm layer during the two-year operation of the alum
treatment system....Increased aluminum::concentrations within the sediments do not
appear to extend below a depth of 5 cm.

9. With the exceptions of iron and lead, heavy metals and phosphorus were
found to have decreéased associations with soluble fractions accompanied by an increase
in associations with organic matter in post-treatment sediments compared with
pre-treatment sediments. This change in speciation indicates a shift in bonding
mechanism for these metals from less stable soluble associations to more stable organic
sediment associations. These results suggest that metal associations with post-treatment
sediments may be more stable than associations found under pre-treatment conditions.

10. Phosphorus associations as soluble phosphorus and iron phosphate are
substantially reduced in post-treatment sediments along with a corresponding increase
in bonding with aluminum phosphate within the sediments. Phosphorus associations in
post-treatment sediments appear to be more stable than in pre-treatment sediments as a
result of transformation from soluble and iron phosphate forms to one domin;ted by
aluminum phosphate forms.

11. With the exception of iron, the release of phosphorus and heavy metals
from alum treated sediments was found to be less than 1 pg/g of dry sediment under
redox conditions ranging from highly reduced to oxidized and at pH levels from 5.0 to
7.0 in laboratory incubation experiments. These release rates are substantially less than

those observed in a similar series of experiments using sediments collected from a
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highway detention pond. The introduction of alum into the sediments has apparently
increased the bonding of heavy metals and phosphorus within the sediments over that
exhibited by non-alum treated sediments.

12. Aluminum appears to be tightly bound in alum treated sediments under
both reduced and oxidized conditions and at pH levels ranging from 5.0 to 7.0. The
release of aluminum from alum treated sediments appears to be relatively unaffected by
changes in redox potential within the sediment.

13. A portion of the alum floc deposited onto the sediment surface appears to
be mixing with the existing sediment to a depth of approximately 5 cm. The remainder
of the alum floc is apparently accumulating as a surface layer at a rate of approximately
0.5 cm/yr within Lake Ella. This measured accumulation rate is approximately half of
the rate estimated in laboratory jar tests.

14. The production of alum sludge at a treatment dose of 10 mg/l constitutes
less than 0.2% of the treated runoff volume. The relationship between sludge
production and alum dose is non-linear due to a more complete production of alum floc
and removal of particulate matter at higher treatment doses.

15. Leachate from alum sludge is characterized by extremely low levels of
nitrogen, phosphorus and heavy metals, including aluminum. Chemical
characteristics of dried alum sludge are similar to Grade 1 domestic wastéwater sludge
which can be disposed of in areas with unrestricted public access. )

16. After addition: of alum to.a wastewater flow, dissolved aluminum ions are
rapidly incorporated into microscopic aluminum hydroxide precipitate. After

approximately 60 seconds, monomeric dissolved aluminum concentrations are reduced
to values of approximately 50-100 pg/l.

17. No chronic toxicity was observed to fathead minnows with alum treated
stormwater runoff when pH levels of 6.0 and 6.5 are maintained. Chronic biotoxicity

increases at a pH of 7.0 but is less toxic than the raw stormwater itself.
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18. Continued exposure to alum from the combined effects of periodic
coagulation processes as well as continuous contact with alum floc was not toxic to

Gambusia sp. over a 60-day test period.
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