














17 kg/day (May-August 1985). For this range of accumulation, the iron
injection rate selected for the full-scale experiment (100 kg Fe/day)
corresponded to a removal ratioc of .07 to .17 g Ortho P/ g Fe, which was
consistent with results of laboratory dosing experiments on hypolimnetic
vaters (.10-.28 g/g) and with the .10 g/g removal ratio reported by Lean
et al. (27) for a similar full-scale experiment.

As shown in Figure 15, accumulation of ortho phosphorus in the
hypolimnion was reversed when iron injection began at the end of June
1988. Consistent with oxygen measurements, good horizontal distribution
of treatment effectiveness was observed, based upon profile monitoring
at the northern and southern extremities of the hypolimnetic basin.
puring the first four weeks of the experiment, the entire 100 kg/day dose
was injected into the south aerator. During the next two weeks, the dose
was injected into the north unit. During the last six weeks, the dose was
alternated on a daily basis betveen the south and mnorth units.
Hypolimnetic phosphorus measurements in each lake region showed rapid
response to iron injection (Figure 16). Considerable horizontal transport
within the hypolimnion was indicated by the fact that ortho P
concentrations in the northern lake began to decrease during July, when
iron was being injected only at the south unit. The steady increase of
ortho phosphorus at 8 meters during dosing periods suggests that
penetration of the treatment effectiveness into the thermocline was
limited. The apparent result of irom dosing in combination with
hypolimnetic aeration was to substantially reduce the ortho and totag
phosphorus concentrations st fall turnover in 1988 (35 ppb vs. 100;20
ppb for previous years, Figure 5). Net phosphorus retention by lake
sediments during April through September ranged from -854 to 281 kg in
1984-1987, as compared vwith 1763 kg in 1988 (Figure 7).

Despite substantial reductions in hypolimnetic phosphorus attributed
to the iron treatment, algal blooms developed in late August and early
September 1988, when chlorophyll-a exceeded 30 ppb (Figure 9). The intake
threshold odor number also increased to 9 units during this period, but
a taste-and-odor eplsode did not occur. These algal blooms coincided with
erosion of the thermocline in late August and resulting entrainment of
ortho phosphorus into the mixed layer. Most of the metalimnetic
phosphorus accumulation occurred prior to initiation of iron injection at
the end of June. Starting iron injection earlier in the season when the
thermocline is higher (early May vs. late June) may help to reduce
metalimnetic buildup of ortho phosphorus and resultant risk of algal
blooms during late Summer.

One remaining uncertainty is the extent to which the effectiveness
of the iron treatment will penetrate into the thermocline region. Another
uncertainty is the longevity of the treatment. Based upon sedimentation
rates estimated via Pb-210 dating (13) the total mass of iron injected
during 1988 (~9,200 kg) was the equlvalent of 130 to 210% of the existing
iron sedimentation rate, or 41% of the total mass of iron stored in the
top 2 centimeters of hypolimnetic sediment prior to treatment. Ideally,
continued iron injection over a few seasons, in combination with reduced
algal productivity and efficlent aeration, would replenish the iron
content in the bottom sediments and provide longterm benefits. This
would reduce the need for continuous injection of iron, provided that
aerobic conditions are maintained. Some of the phosphorus which is
intercepted by the iron treatment may be unrelated to bottom sediment
conditions, however (e.g., phosphorus released from decaying seston,
particularly atter the spring diatom bloom). Interception of this
phosphorus may require longterm iron injection. The feasibility of
enriching lake bottom sediments via this technique also depends upon the
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horizontal pattern of iron deposition around the aerators, which has yet
to be evaluated. Gradual oxidation of the sediments under aerobic
conditions may have beneficial impacts on phosphorus cycling which would
be detectable only over time scales longer than two years. The short-
term strategy is to continue with the iron injections during the summer
stratified period until more is learned about lake responses and the dose
regime can be "optimized~.

Other Control Measures

Several other control techniques are being evaluated (Figure 10).
To help reduce phosphorus transport from the upper lake chain,
hypolimnetic aeration has been recommended for Pleasant Lake (8). A
multi-level intake structure for Vadnals Lake to permit use of
hypolimnetic or metalimnetic waters during periods of surface algal blooms
is being investigated (28). In the local watershed, preliminary designs
for regional detention basins on the mainstem of Lambert Creek (Figure 2)
have been developed. Iron chloride injection at the mouth of Lambert
Creek will be tested in 1989. Finally, curtailing or suspending copper
sulfate treatments in favor the above nutrient-based control strategies
is being considered. Continued monitoring of the watershed and lake chain
will provide a basis for evaluating and refining the control techniques
under & wider range of hydrologic conditions.

RELATED IMPACTS

Subject to uncertainties associated with varying flow conditions,
observed lake responses over the 1984-1988 period suggest that progress
has been made towards the goal of achieving a mesotrophic status for
Vadnais Lake and reducing the risk of taste-and-odor episodes. As
suggested by Figure 1, reductions in algal productivity would also be
expected to have beneficial 1impacts on chlorinated hydrocarbons and
treatment costs. Treated-water trihalomethane (THM) concentrations and
chemical costs for 1984-1988 are shown in Figure 17. Chemical costs have
been computed from daily doses and normalized to 1988 chemical prices and
an average flow of .19 x 10° m®/day (50 mgd). Chemicals have been divided
into three categories, based upon probable sensitivity to source
eutrophication. The costs of powdered carbon and potassium permanganate
(used exclusively for taste-and-odor control) should be relatively
sensitive to source eutrophication, while the costs of lime (used for
softening) should be relatively insensitive.

The apparent decreasing trends In THM levels and chemical costs
are consistent with improved lake water quality, although other factors
may be involved. For example, lower THM levels in 1987 and 1988 may be
partially related to a change in the water treatment process (application
of chlorine dioxide). Cost savings attributed to reductions in potassium
permanganate and powdered carbon doses amounted to approximately
$300,000/year between 1984 and 1988. Net economic impacts should be
evaluated based upon a longer period of record and considering the costs
of eutrophication controls. Amortized capital and operating costs
associated with {iron chloride injection at the Mississippi River and
hypolimnetie aeration / iron chloride injection at Vadnais Lake total
approximately $150,000 per year. A strictly economic evaluation of the
program is infeasible because the desired water quality benefits (reducing
the frequency/severity of taste-and-odor episodes; lower THM levels)
cannot be expressed In terms of dollars. Based upon these experiences,
however, it is not unreasonable to expect that costs of nutrient-based

controls would be offset partially, if not completely, by reduced water
treatment costs.



CONCLUSIONS

Observed responses in the lakes and water treatment plant suggest

that the nutrient-based control strategy (Figure 10) has been effective
in reducing algal growth in the supply lakes, the risk of taste-and-odor
episodes, and other undesirable impacts of eutrophication on the water
supply. This progress has been facilitated by commitments of the Utilicy
to the i{ntensive monitoring and whole-lake experimental programs described

above.

Additional studies are required to evaluate lake responses under

a wider range of hydrologic conditions, to refine the control measures,
and to quantify longterm benefits,
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Cause-Effect Pathways
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BLUEGREENS (ASU/UL)

MONTHLY RUNOFF (INCHES)

Figure 3
Weekly-Mean Bluegreen Algal Counts and Regional Runoff
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Figure 4
Vadnajis Lake Phosphorus Balance for April-September 1984
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Vadnais Lake Epilimnetic Time Series
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Figure 6
Vadnais Lake Temperature, Oxygen, and Total Phosphorus
Time Series by Depth Interval
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Figure 7
Vadnais Lake Seasonal FPhosphorus Balances
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Figure 8
Vadnais Intake Algal Counts
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Figure 9
Algal Nuisance Frequencies by Lake and Year
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Figure 10
Taste-and-Odor Control Strategy
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Figure 11
Nutrient Pathways
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SPWU Source Comparisons
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ORTHO PHOSPHORUS (PPB)

Figure 13
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Figure 14
Oxygen Profiles - July 5, 1988
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Vadnais Lake Hypolimmion 1984-1988
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' Figurs 16
z ortho Phosphorus Responses to Irom Chloride Injection
i in Northern and Southern Lake Begions
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INTRODUCTION

Lakes have the potential to stratify into three distinct
layers during the summer as a result of sunlight heating the
top layer (Ruttner, 1963). In all but oligotrophic lakes, the
bottom layer generally becomes anoxic as a result of bacterial
decomposition of organic matter that settles to the bottom
(Charlton, 1980). During these periods of anoxia, the
chemistry of the bottom water changes (Faust and McWhorter,
1976) . If the lake also serves as a public water supply, then
these chemical changes can affect the taste, odor, and color
of the water such that additional treatment may be required
in order to insure a potable and aesthetically pleasing water
at the tap (Jamerson and Tantum, 1986).

The T. Howard Duckett Reservoir is a deep water impoundment
located about half way between Washington, D.C. and Baltimore,
MD. on the headwaters of the Patuxent River. The reservoir,
which is owned and operated by the Washington Suburban
Sanitary Commission (WSSC), supplies potable water to the
Maryland counties adjacent to Washington, D.C.. The reservoir
has had a history of thermally stratifying in the summer.
This, in turn, has caused all sorts of water guality problems
in the reservoir and at the water treatment plant. One way
that WSSC has chosen to protect its raw water supply is to
artificially destratify the reservoir wusing bubble~tube
aerators.

WSSC installed the bubble-tube aerators in July 1985 and have
operated them more or less continuously since then from early
spring to late fall. A “before/after" study was conducted to
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