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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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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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