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Project Background and Need
Barr Lake and Milton Reservoir are two off-channel waterbodies in the South Platte River system,
northeast of Denver, Colorado. The entire Barr-Milton watershed is approximately 5,230 square
miles (13,500 square kilometers), a very large drainage area (Figure 1). Barr Lake is located
northeast of Denver near the town of Brighton, while Milton Reservoir is situated approximately 30
miles northeast of Barr Lake (Figure 2). At full pool, Barr Lake has a maximum depth of 33 feet (10
m), a mean depth of 16.5 feet (5.0 m) and a surface area of 1940 acres (782 ha), with a capacity of
32,000 acre-feet (39.5 million m3). At full pool, Milton Reservoir has a maximum depth of 27 feet
(8.2 m), a mean depth of 14.1 feet (4.3 m) and a surface area of 1840 acres (742 ha), with a capacity
of 26,000 acre-feet (32.1 million m3). The flushing rate for Barr Lake is about 1.6/year (detention
time of 7-8 months), while for Milton Reservoir the flushing rate is about 1/year (detention time of
1 year).
These reservoirs are used mainly as irrigation supplies, but also serve other uses, including aquatic
life support (Class 1 – warm water), recreation E (existing primary contact use), and domestic
water supply, with human water supply potentially increasing in importance with development in
the area. Much of their volume is used for agricultural irrigation over the growing season, with refill
over the winter and into spring. Both reservoirs experience high pH values, well above perceived
natural background levels and in excess of the state standard. Algal blooms are largely responsible
for elevated pH through removal of carbon dioxide during photosynthesis, but high alkalinity in the
reservoirs from wastewater discharges also sustains higher pH levels. Complete support of
designated beneficial uses requires a reduction in pH, and a Total Maximum Daily Load (TMDL) was
developed to determine an appropriate set of target conditions for achieving compliance. Lowering
of phosphorus loads to reduce algal production and limit instances of high pH is desired to move
toward compliance with the state standard for pH, which is a value of <9.0 SU for >85% of the time.
Water delivered to Barr Lake through the Burlington-O’Brian (B&O) Canal varies throughout the year
but is focused on the November – April period of refill after gradual drawdown for irrigation use in
the May – October period. The water diverted to Barr Lake from the South Platte River contains
wastewater from multiple town systems, the largest of which are the Metropolitan Wastewater
Reclamation District (Metro) WWTF and the Littleton-Englewood WWTF, and runoff from the Denver
metropolitan area. The total phosphorus concentration in the diverted South Platte River water
averaged about 0.45 mg/L prior to TMDL development. Wastewater from the Metro WWTF was also
discharged through the Burlington Pump Works into the B&O Canal to enhance the Barr Lake refill
rate between November and April until 2012. The Metro discharge rate has varied substantially over
the years, with an average input of 3846 million gallons per water year (November 1 – October 31)
between 2000 and 2012. Total phosphorus concentration during that period averaged slightly less
than 3 mg/L. Following a water court decision in 2011, use of the pumps was generally reduced. The
last time the pumps were physically used was on February 10, 2012. A catastrophic flood in
September 2013 damaged the Burlington Pump Works and has since prevented any discharge from
Metro, independent of water rights issues. All Metro wastewater is now discharged to the South Platte
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Figure 1. Barr-Milton Watershed Area
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River, downstream of the B&O Canal head gates but upstream of the Beebe pipe diversion to the B&O
Canal, so Metro water can still reach Barr Lake. Treatment upgrades have lowered the phosphorus
concentration in the discharge appreciably. Metro wastewater can therefore still be an important
component of refill water for Barr Lake, but it contains less phosphorus now and is diluted to a
greater degree in the South Platte River.
Water delivery rates to Milton Reservoir from the South Platte River through the Platte Valley Canal
vary throughout the year, with the greatest flows in late winter and spring. Flow in the canal averages
slightly less than 67 mgd during the refill period. The water delivered to Milton Reservoir from the
South Platte River through the Platte Valley Canal contains wastewater from the Metro and LittletonEnglewood WWTFs, and others that discharge to the mainstem or tributaries of the South Platte River
upstream of the Platte Valley Canal diversion, plus runoff from the Denver metropolitan area. The
total phosphorus concentration entering Milton Reservoir from the Platte Valley Canal averaged
about 1.8 mg/L prior to TMDL development and treatment upgrades. Water also reaches Milton
Reservoir through the Beebe Canal, which contains leakage and any releases from Barr Lake and any
inflows to the canal between Barr Lake and Milton Reservoir, which includes two small WWTPs,
irrigation return water, and some seepage. The average total phosphorus concentration entering
Milton Reservoir from the Beebe Canal was about 0.44 mg/L prior to TMDL development.
Nutrient loading has been declining and is under study. A complex model to represent the
watershed and two reservoirs was completed in 2009 (AECOM 2009) and revised in 2014 (Integral
2014). The basic prediction of the model has been that loading of nutrients, particularly
phosphorus, has been very high and that very large reductions in loading will be needed before any
significant reduction in algae production and pH will be achieved. Further reductions in wastewater
phosphorus concentrations appear necessary to make substantial progress. The cessation of Metro
discharge to the canal leading to Barr Lake represented a major decrease in loading to that lake, but
phosphorus levels are still on the order of 0.20 mg/L, while values <0.10 mg/L were predicted to be
necessary before any relief would be attained. Improvement in South Platte River water quality
related to treatment upgrades and land management also appears to have reduced the
concentration of phosphorus in Milton Reservoir to near 0.30 mg/L, but levels are still well above
any threshold for reduced algae productivity and lowered pH.
Changes in the Metro discharge have major bearing on phosphorus loading to Barr Lake and Milton
Reservoir. Metro has historically discharged to either the South Platte River or the BurlingtonO’Brien Canal via the Burlington Pump Works, with the Burlington-O’Brien Canal flowing to Barr
Lake. The amount of effluent discharged to the Burlington-O’Brien Canal has varied over time
(Figure 3) due to a number of issues. Pump maintenance activities which began in 2008 were
responsible for the diminished pumping volume for several years. Water rights issues that had to
be resolved in court resulted in reduced discharges to the Burlington-O’Brien Canal starting in
2011. A large storm in fall of 2013 damaged the Burlington Pump Works and no discharge from
Metro has been possible since then, independent of any restrictions imposed by water rights. The
companies are working with parties to various agreements to rebuild the Burlington Pumps in
some form. Despite current Metro treatment that has cut the phosphorus concentration in the
discharge by approximately two thirds, phosphorus levels in Barr Lake would be expected to rise if
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discharge of Metro wastewater resumes, unless treatment is enhanced even beyond what has been
done to date.

Metro Discharge to Burlington Canal (mgy)

7000
6000
5000
4000
3000
2000
1000

2016

2015

2014

2013

2012

2011

2010

2009

2008

2007

2006

2005

2004

2003

2002

2001

2000

0

Year

Figure 3. Annual Discharge by Metro to the Burlington-O’Brian Canal
An open question from the original modeling effort was the role of internal phosphorus recycling in
the future water quality of these waterbodies. Modeling internal phosphorus loading was
considered highly speculative under the existing conditions of very high water column phosphorus
and continued external loading, but was given a substantial value to counter modeled settling and
achieve better agreement between predicted and observed phosphorus levels. The actual
mechanisms of possible internal loading were not investigated in detail.
Internal loading can occur by several means, including soluble release from bottom sediments,
desorption from resuspended sediments, and release from rooted aquatic plants. As aquatic plant
growths are negligible in these reservoirs, only release from bottom sediments and resuspension
by wind or bottom-feeding fish (e.g., carp) are plausible sources in these reservoirs. Soluble release
from sediments could involve redox reactions that cause iron-bound phosphorus to be released, pH
depression that allows calcium-bound phosphorus to resolubilize, or decay of organic matter that
releases phosphorus. Low pH has not been an issue, so calcium-bound phosphorus is not likely to
be released, but internal loading from decomposition and/or redox reactions involving iron-bound
phosphorus is plausible.
This report examines possible internal loading mechanisms and evaluates the need for control of
internal loading and management options for achieving that control.
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Study Approach and Methods
Historic Data Review
Data from routine monitoring by Metro was provided by Steven Lundt for temperature, oxygen,
forms of phosphorus and forms of nitrogen. The focus was on internal loading of phosphorus, but
other data are useful in understanding the potential loading mechanisms.

Oxygen Demand
Oxygen demand can be assessed by comparing oxygen mass in the water column between two
dates. For best results, oxygen inputs due to atmospheric interactions, inflows and photosynthesis
should be limited in that time period and temperature should be stable. In deep lakes, assessing the
portion of the water column that would be or already is below the thermocline (bottom layer)
before bottom oxygen declines below about 2 mg/L provides acceptable results. Use of spring
profiles when oxygen is not depleted even at the bottom usually works best, and this approach was
applied to Barr Lake and Milton Reservoir.
Decline in oxygen at half meter intervals was calculated for paired profiles obtained 13 to 21 days
apart. The sum of the differences from the depth at which differences are negative (oxygen on
second date lower than oxygen on first date) defines the oxygen loss over a square meter of bottom.
Oxygen loss was adjusted for any changes in temperature, as warmer water holds less oxygen. As
the water tends to warm slightly over the period of time between measurements, this means that
the portion of oxygen loss due to warming water has to be subtracted from the total loss. This
adjustment is made for each comparison at half meter depth increments and is usually a small
portion of the loss, but this approach improves accuracy. Temperature adjusted oxygen loss
summed over a square meter area is divided by the number of days in the comparison period to
yield g/m2/day.

Phosphorus Content of Surficial Sediment
Surficial sediment quality was assessed by collecting samples with an Ekman dredge at 20 stations
within Barr Lake (Figure 4) and 15 stations within Milton Reservoir (Figure 5). Areas were selected
by Metro staff to cover the range of sediment distribution in each waterbody. Each individual
sample was obtained from the upper 4 inches (10 cm) of the retrieved muck. Sampling was
conducted by Metro staff, primarily Steve Lundt. Sediment testing included measurement of total
phosphorus, iron-bound phosphorus, calcium-bound phosphorus, percent solids, and percent
organic matter by Colorado State University.
A critical calculation derived from these measures is the amount of available phosphorus in the
surficial sediments. Phosphorus bound to iron can be released under anoxic conditions, and can be
a major component of internal load. The iron-bound phosphorus fraction is provided in mg/kg of
sediment (as dry weight). The percent solids defines the portion of the volume of the upper 10 cm
of sediment (termed “surficial” sediment) that is solids (fraction of the 0.1 m3 represented by the
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Figure 4. Locations of Sediment Sampling Stations in Barr Lake in 2015

Figure 5. Locations of Sediment Sampling Stations in Milton Reservoir in 2015
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sample). A specific gravity of 1.5 is normally assumed for sediments of low to moderate organic
content, but can be adjusted if data indicate otherwise. The mg of iron-bound phosphorus is
therefore the product of concentration (mg/kg) and mass of dry sediment (0.1 m3 X solids fraction
X specific gravity).

Potential Area of Contributing Sediment
Potentially relevant shifts in sediment distribution were assessed through consideration of
measured features over the range of sampled sites. Areas of higher organic content are of primary
interest, as these tend to hold more iron-bound phosphorus and exert the greatest oxygen demand.
Other inputs associated with decomposition are also associated with the more organic sediments,
including more phosphorus, nitrogen, and organic compounds. It is assumed that any area within a
waterbody can contribute, but the relative magnitude of contributions may vary greatly and affect
management decisions. With regard to iron-bound phosphorus, we are particularly concerned with
areas that go anoxic during summer, which is defined by the water depth at which anoxia is
encountered and appears to be an area of roughly 400 acres in each waterbody.

Waterbody Modeling
Limited modeling was attempted as part of this assessment. Empirical equations that estimate
phosphorus loading from in-lake phosphorus concentration and hydrologic and physical features
were applied, including those from Kirchner and Dillon (1975), Vollenweider (1975), Reckhow
(1977), Larsen and Mercier (1976) and Jones and Bachmann (1976).
We also applied a simple spreadsheet model to estimate potential releases of phosphorus from
sediment by bracketing variable values based on data for sediment features, water depth and
contributing area. Iron-bound phosphorus available for release from a defined square meter area is
estimated as the iron-bound phosphorus concentration times the specific gravity of the sediment
times the solids content times the depth of sediment involved in interchange. The change in
phosphorus in the overlying water is further estimated as the quantity of available phosphorus
times the fraction likely to be released over the time period of interest divided by the depth of the
water column into which the phosphorus will be mixed. The change in concentration can be put on
a lakewide basis by multiplying by the fraction of the lake area contributing.
A similar approach was applied to phosphorus potentially released from organic compounds, but
with only limited data on the phosphorus content of this fraction, more assumptions were made
and probable values were bracketed with fairly wide confidence intervals.
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Investigative Results
Water Quality Data Review
Progress has been made in reducing the loading of phosphorus to Barr Lake and Milton Reservoir.
Despite high variability linked to draining and refill, in-lake concentrations for Barr Lake have
exhibited a decline in most years since the start of 2008 (Figure 6). The primary factor in this
decline has been reduction and eventual elimination of Metro wastewater discharge to the B&O
Canal which leads to Barr Lake. Initial reductions were the result of pump maintenance needs and
the 2011 water rights court decision, but the complete absence of Metro discharge to the canal from
2013 until the present is a function of storm damage to the Burlington Pump Works. Wastewater
treatment plant upgrades have also helped and more are planned. In 2014 and 2015 the normally
high peak concentrations were the lowest recorded and phosphorus levels have been less variable
as well as lower. In addition to altered wastewater routing and quality, the September 2013 flood
may have improved water quality temporarily, as a greater portion of the reservoirs was filled with
non-wastewater. However, the average concentration over the last two years has still been close to
200 µg/L, which is much higher than necessary to achieve TMDL compliance.
Loading to Milton Reservoir has also declined somewhat, but not the extent observed at Barr Lake.
The primary factors in reduced phosphorus levels in Milton Reservoir appear to be treatment
upgrades that reduce phosphorus levels in the South Platte River, from which water is diverted into
Milton Reservoir, and the reduction in loading to Barr Lake, which provides some flow to Milton
Reservoir. The change is only striking over the last two years (Figure 7), mainly because historically
high peak concentrations relating to refill were lower in those two years. The average phosphorus
concentration in Milton Reservoir over 2014 and 2015 is close to 300 µg/L, which is still much
higher than necessary to meet TMDL compliance.
Forms of nitrogen largely determine which types of algae will dominate, with nitrate as a
particularly key component. High nitrate favors green algae, while low nitrate favors cyanobacteria.
Levels of nitrate nitrogen in both Barr Lake and Milton Reservoir are depleted over summer
(Figures 8 and 9). Nitrate nitrogen levels have declined over the last two years from longer term
averages, but it is the complete depletion of nitrate during summer while phosphorus levels remain
high that promotes cyanobacteria blooms. While it is possible to shift algal dominance away from
cyanobacteria by adding nitrate (Harris et al. 2014), it is preferable to reduce phosphorus and gain
both control over cyanobacteria through increase N:P ratios and other algae through reduced
phosphorus availability.
Clearly there is more to do in the watershed, but as in-lake phosphorus levels approach the range in
which decreased phosphorus may translate into decreased algae and chlorophyll and
corresponding decrease in pH, it is logical to consider what might be done with the internal load.
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Figure 6. Total Phosphorus in Barr Lake, 2010-2015
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Oxygen Demand
Oxygen demand is an issue for lakes on several levels. Low oxygen creates habitat limitations and
fosters chemical reactions that are undesirable for many water uses. For the purposes of this
evaluation the primary concerns are oxygen depletion that results in phosphorus being released
from iron compounds and oxygen consumption that signifies decay and possible release of
phosphorus from organic matter.
The solubility of oxygen is affected by the temperature of water, with more oxygen dissolving in
colder water. For deeper lakes, there can be a major gradient of temperature that affects oxygen
profiles. In some shallow lakes there can be a significant temperature gradient, which will limit
mixing and may impact oxygen levels near the bottom. For the Barr-Milton system, the large change
in water level over the course of each year means that these lakes act as both deep and shallow
systems over time. Correcting for temperature differences for profiles collected several weeks apart
is therefore potentially essential.
There is always some entry of atmospheric oxygen to the water surface, with gradual transfer to
deeper water by diffusion, but this is not normally a fast process. Photosynthesis by algae or rooted
plants adds considerable oxygen, especially when abundant, and algae can be a major source of
oxygen in these lakes. While no time interval will be perfect, assessing oxygen profiles every 2-3
weeks in the spring has tended to give a reasonable measure of oxygen demand in other studies.
Any measure of oxygen demand is usually an underestimate, as some oxygen diffuses into areas of
lower concentration, but the magnitude of estimates obtained in this manner is appropriate for
assessing management needs and options.
Assessment of 2 spring periods in each of 4 years (8 estimates in total, in 2012-2015) was
completed for Barr Lake and Milton Reservoir. Results for both (Figures 10 and 11) indicate enough
demand on most dates to eventually cause anoxia, but not enough to cause rapid anoxia. Actual
oxygen data indicate that oxygen depletion occurs or is approached near the bottom in water >20
feet (6 m) deep in late spring and summer. With loss of water depth over the summer, low oxygen
can be observed at the bottom where the water is at least 7 feet (2 m) deep, but this phenomenon is
transient; significant wind can restore oxygen through mixing at any time when the lakes are that
shallow.
The oxygen demand estimated for both Barr Lake and Milton Reservoir is consistent with the
relatively low organic content of the assessed sediments and visual impressions from these
waterbodies. The large summer drawdown exposes much of the lake bed, allowing decomposition
of any organic matter without major impact on oxygen level in the water. Nutrients may be made
more available, but will not be introduced to the water column in a major way until refill the
following winter. Organic content is higher in the deeper parts of each waterbody, where sediment
is rarely exposed, but is still lower than average for lakes in general (maximum <15% vs. typical
averages of 20-30%). This suggests that decomposition is substantial in each waterbody, and that
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Figure 11. Oxygen Demand Measures for Milton Reservoir in 2012-2015
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there is adequate oxygen over an annual cycle to minimize organic accumulations. There are less
terrestrial organic inputs than might be found in forested systems, and while there is plenty of algae
production, there is apparently adequate oxygen to support decomposition of most of it each year.
The active decomposition of organic matter does suggest that phosphorus is being put back into the
water column at a potentially significant level. The existence of anoxic areas also suggests that ironbound phosphorus can be released at times and could represent a significant load in the absence of
large external inputs to these waterbodies. Estimation of the magnitude of possible internal loading
is therefore relevant to further evaluation of management needs and options.

Surficial Sediment Features and Phosphorus Contribution
Sediment testing in 2003 and 2005 indicated moderate to high solids content, generally moderate
total phosphorus concentrations, but moderate to low iron-bound phosphorus levels (Table 1).
Testing was limited, but the profiles that were created are interesting (Figure 12). There is a lot of
iron in the sediment and almost twice as much aluminum on average, with relatively minor
variation below a depth of about 20 cm into the sediment. Iron-bound phosphorus is highest in the
upper 20 cm of sediment, but still not especially large (rough thresholds of 50 and 200 mg/kg are
offered as low and high iron-bound phosphorus levels). Much more phosphorus is present in
calcium compounds, as might be expected based on area geology. While potential for iron-bound
phosphorus release is not negligible, it does not appear to be a dominant factor based on
concentrations.
Considerable additional testing was done in 2015 for the purpose of this analysis, and characterizes
the variability over space in each waterbody (Tables 2 and 3). For Barr Lake, no sample had >15%
organic content and only one sample had more than 200 mg/kg of iron-bound phosphorus (Table 2,
Figures 13 and 15). Average iron-bound phosphorus concentration was 83.6 mg/kg, a low to
moderate value. For samples from just the area that is usually covered by water all year, the average
was even lower at about 71 mg/kg. More than 4 times as much phosphorus was bound in calcium
compounds than in iron complexes. Solids content varied substantially, but averaged >41% for the
lake and >22% in the deepest areas with the most muck.

Table 1. Sediment Features of Barr Lake and Milton Reservoir in 2003 and 2005

Date
7/9/2003
7/9/2003
10/13/2005
10/13/2005

Sample
ID #
Location
7-9-10 B350250-60 cm depth of sediments
7-9-03 B310210-20 cm depth of sediments
BL031005 Barr Lake top 10 cm
MR031005 Milton Reservoir top 10 cm

Solids
%
29.3
21.2
16.7
27.9
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Figure 12. Sediment Features in Barr Lake in 2003
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For Milton Reservoir, no sample had >15% organic content or >100 mg/kg of iron-bound
phosphorus (Table 3, Figures 14 and 16). Average iron-bound phosphorus concentration was 33.2
mg/kg, a very low value. Almost 30 times as much phosphorus was bound with calcium than with
iron. For samples from just the deepest area, the iron-bound phosphorus increased to an average of
almost 55 mg/kg, still a low value, and calcium-bound phosphorus was 10 times as abundant as
iron-bound phosphorus. Solids content varied less than in Barr Lake and averaged almost 50%,
with the deepest area having a solids content of just over 26%.
Organic content and solids content varied inversely (Figure 17), which is normal. The relationship
was tighter for Milton Reservoir than Barr Lake. Iron-bound phosphorus varied directly with
organic content (Figure 18) and inversely with solids content, but the range of iron-bound
phosphorus values was low except for one sample (446 mg/kg). No other relationship was
discernible; calcium-bound phosphorus showed no relationship to organic content (Figure 19) and
neither iron-bound nor calcium-bound phosphorus was tightly linked to total phosphorus (Figures
20 and 21).
The pattern over space in Milton Reservoir was more predictable than for Barr Lake (Figures 1315). Values changed with water depth in Milton Reservoir, but less so in Barr Lake; there seem to be
pockets of sediment with higher organic content and higher iron-bound phosphorus in shallower
water in Barr Lake, consistent with visual observations during drawdown. Milton Reservoir has a
greater and more uniform slope from inlets to outlet, resulting in a more predictable gradient of
sediment features.

Potential Area of Contributing Sediment
All of the bottom of Barr Lake (1940 acres) and Milton Reservoir (1,840acres) can interact with the
overlying water, but there is no overlying water for areas as deep as 20 feet (6 m) by the end of
summer. Exposed areas may still contribute phosphorus the following winter when the
waterbodies are refilled, as phosphorus from decomposed organic matter may mix into the water
column, but the area of sediment actively interacting with the overlying water is reduced to around
400 acres in each of Barr Lake and Milton Reservoir in most summers. Not all of that area will be
anoxic at the sediment-water interface, and that portion which goes anoxic is unlikely to be anoxic
all summer. So there is a range of conditions under which phosphorus may be released from the
bottom sediments that will vary over time within years and among years. This complicates
calculation of likely internal loading, but we will attempt to bracket the range to derive estimates.
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Table 2. Sediment Features of Barr Lake in 2015
Barr Lake sediment Sampling
7/22/2015
Site
lat
long
BL01
39°57.0603 104°44.6942
BL02
39°57.203
104°44.866
BL03
39°57.320
104°45.049
BL04
39°57.464
104°45.343
BL05
39°54.545
104°45.589
BL06
39°57.441
104°45.381
BL07
39°57.373
104°45.436
BL08
39°57.142
104°45.605
BL09
39°56.909
104°45.804
BL10
39°56.974
104°46.193
BL11
39°56.310
104°46.647
BL12
39°56.254
104°46.423
BL13
39°56.228
104°46.104
BL14
39°56.137
104°45.463
BL15
39°56.545
104°45.645
BL16
39°56.552
104°45.928
BL17
39°56.788
104°45.681
BL18
39°56.878
104°45.346
BL19
39°57.087
104°45.431
BL20
39°57.005
104°45.137

depth (m)
5.0
8.3
9.9
9.2
5.2
10.6
10.2
10.2
8.9
7.0
4.0
4.3
5.0
4.1
7.2
7.1
8.6
9.2
9.8
9.0

Solids Org. Matter
TP
Ca-P
Fe-P
(%)
(%)
(mg/Kg) (mg/Kg) (mg/Kg)
94.22
0.75
322
31.8
33.1
54.53
3.83
459
46.0
40.4
17.79
13.29
392
16.7
12.6
59.79
7.44
274
27.8
31.5
52.34
5.18
311
28.6
37.0
18.97
13.56
371
32.7
151
16.79
13.51
474
30.0
155
17.94
13.58
354
37.2
117
33.20
12.81
458
10.1
92.5
68.25
1.48
114
300
27.7
41.75
10.89
1901
412
111
48.96
6.01
1175
527
70.2
48.93
5.80
2229
341
446
66.58
1.64
335
321
24.4
64.44
1.99
348
525
30.4
30.97
5.88
988
498
50.0
27.18
10.71
394
623
64.8
11.05
12.28
305
649
72.8
33.11
4.73
362
204
39.9
23.18
11.11
420
2259
65.0

Table 3. Sediment Features of Milton Reservoir in 2015
Milton Reservoir sediment Sampling
7/22/2015
Site
lat
long
depth (m)
MR01
40°14.375
104°38.85
2.6
MR02
40°14.167 104°39.060
2.2
MR03
40°14.219 104°38.885
2.7
MR04
40°14.219 104°38.314
6.6
MR05
40°14.036 104°38.053
6.3
MR06
40°14.088 104°38.343
6.3
MR07
40°13.912 104°38.375
6.0
MR08
40°13.824 104°37.967
5.5
MR09
40°13.633 104°38.426
5.4
MR10
40°13.413 104°38.481
4.3
MR11
40°13.170 104°38.398
4.0
MR12
40°13.240 104°38.760
2.9
MR13
40°13.342 104°39.062
2.0
MR14
40°13.530 104°38.758
3.8
MR15
40°13.835 104°38.623
4.9

Solids
Org. Matter
(%)
(%)
58.87
2.84
64.04
2.44
62.15
2.30
22.05
12.10
28.10
11.27
22.30
11.46
23.34
9.88
34.88
10.54
56.67
2.24
63.87
1.60
67.75
1.68
67.15
1.21
48.42
3.95
61.45
1.66
56.47
3.05

Page 17

TP
(mg/Kg)
510
428
427
991
1477
1334
1739
1574
1275
715
1213
302
372
480
1643

Ca-P
(mg/Kg)
1286
1818
389
296
1184
621
474
284
656
387
369
439
1873
2443
2403

Fe-P
(mg/Kg)
30.1
24.9
20.0
66.3
54.1
54.6
53.5
45.9
16.0
19.3
15.9
19.2
33.1
25.4
19.4

Figure 13. Barr Lake Sediment Organic Content in 2015

Figure 14. Milton Reservoir Sediment Organic Content in 2015
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Figure 15. Barr Lake Sediment Fe-P Concentration in 2015

Figure 16. Milton Reservoir Sediment Fe-P Concentration in 2015
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Figure 17. Organic Content vs Solids for Barr and Milton Reservoirs in 2015
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Figure 18. Fe-P vs Organic Content for Barr and Milton Reservoirs in 2015
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Figure 19. Ca-P vs Organic Content for Barr and Milton Reservoirs in 2015
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Figure 20. Fe-P vs Total P for Barr and Milton Reservoirs in 2015
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Figure 21. Ca-P vs Total P for Barr and Milton Reservoirs in 2015

Waterbody Modeling
Although there can be considerable year to year variation, the modeling effort completed in 2009
by AECOM and the subsequent TMDL projected an average phosphorus load to Barr Lake of about
70,400 kg/yr. Using empirical equations to predict the load necessary to support the current in-lake
phosphorus concentration, the load in 2014-2015 was about 22,800 kg/yr (Tables 4 and 5). That
represents a major decrease over the 2009 estimate, although the upper limit for average
phosphorus concentration from the TMDL suggests a load <7000 kg/yr, so a much greater load
reduction appears necessary to comply with the TMDL. For Milton Reservoir, the estimated average
phosphorus load prior to TMDL development was just over 39,000 kg/yr, while the 2014-2015 load
is estimated at just under 22,000 kg/yr (Tables 4 and 5). The decrease is not as large as for Barr
Lake, but is still substantial. Yet the projected load from the TMDL for Milton Reservoir is <4400
kg/yr, so loading remains excessive.
Here we attempt to estimate how much of the current or future loading might be contributed from
internal sources. Release of iron-bound phosphorus will be a function of the concentration in the
sediment (low in most areas), the specific gravity of the sediment (typically about 1.5 except in
sandy peripheral areas which have very low iron-bound phosphorus), the solids content of the
sediment (moderate to high), the thickness of the sediment layer that interacts with the overlying
water (approximately 10 cm), and the extent and duration of anoxia (variable over an area of about
400 acres). In general, it is unusual for more than 10-20% of the iron-bound phosphorus to be
released over the growing season, since anoxia has to develop and the release is not an
instantaneous process. Whatever phosphorus is released will be mixed into the overlying water,
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Table 4. Values for Variables Used in Modeling
Variable Values Used in Empirical Models

PARAMETER
Lake Total Phosphorus Conc.
Influent (Inflow) Total Phosphorus
Effluent (Outlet) Total Phosphorus
Inflow
Lake Area
Lake Volume
Mean Depth
Flushing Rate
Suspended Fraction
Areal Water Load
Settling Velocity
Retention Coefficient (from TP)
Retention Coefficient (settling rate)
Retention Coefficient (flushing rate)

SYMBOL
TP
TPin
TPout
I
A
V
Z
F
S
Qs
Vs
R
Rp
Rlm

Barr
Barr
Barr
Milton
Milton
Milton
UNITS
DERIVATION
2003-2009 2014-2015
TMDL
2003-2009 2014-2015
TMDL
ppb
From data or model
617
200
60
534
300
60
ppb
From data
1250
400
120
2000
1115
222
ppb
From data
617
200
60
534
300
60
m3/yr
From data
59332928 59332928 59332928 29950276 29950276 29950276
m2
From data
7820000 7820000 7820000 7420000 7420000 7420000
m3
From data
39500000 39500000 39500000 32100000 32100000 32100000
m
Volume/area
5.05
5.05
5.05
4.33
4.33
4.33
flushings/yr
Inflow/volume
1.50
1.50
1.50
0.93
0.93
0.93
no units
Effluent TP/Influent TP
0.49
0.50
0.50
0.27
0.27
0.27
m/yr
Z(F)
7.59
7.59
7.59
4.04
4.04
4.04
m
Z(S)
2.49
2.53
2.53
1.16
1.16
1.17
no units
(TPin-TPout)/TPin
0.51
0.50
0.50
0.73
0.73
0.73
no units
((Vs+13.2)/2)/(((Vs+13.2)/2)+Qs)
0.51
0.51
0.51
0.64
0.64
0.64
no units
1/(1+F^0.5)
0.45
0.45
0.45
0.51
0.51
0.51

Table 5. Empirical Models and Results for Barr Lake and Milton Reservoir

MODEL
Mass Balance (no loss)
Kirchner-Dillon 1975
Vollenweider 1975
Reckhow 1977 (General)
Larsen-Mercier 1976
Jones-Bachmann 1976
Average of Model Values

FORMULA
L=TP(Z)(F)/1000
L=TP(Z)(F)/(1-Rp)/1000
L=TP(Z)(S+F)/1000
L=TP(11.6+1.2(Z(F)))/1000
L=TP(Z)(F)/(1-Rlm)/1000
L=TP(Z)(0.65+F)/0.84/1000
(without mass balance)
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Barr
20032009
36608
74468
48638
99899
66478
62440
70385

Calculated Load (kg/yr)
Barr
Milton
Milton
2014Barr
20032014Milton
2015
TMDL
2009
2015
TMDL
11867
3560
15993
8985
1797
24164
7249
44433
24972
4996
15817
4745
20570
11576
2318
32382
9715
65155
36604
7321
21549
6465
32551
18287
3657
20240
6072
32304
18148
3630
22830

6849

39003

21917

4384

allowing calculation of potential increase in concentration over the targeted sediment or for the
waterbody overall.
Using this approach for Barr Lake, the mass release of iron-bound phosphorus from the sediment in
the portion of the lake exposed to summer anoxia (about 400 acres) would be about 380 to 760 kg.
Confined to the volume of the lake remaining in late summer, the increase in phosphorus from
release of iron-bound phosphorus would be between 25 and 50 µg/L. For Milton Reservoir, the
same approach yields an internal phosphorus load of 350 to 700 kg also over a roughly 400 acre
area, but with less depth, representing an increase of 33 to 66 µg/L in the smaller late summer pool.
There may be minimal release now, with ambient phosphorus levels still very high, but these values
could become relevant if continued decreases in external loading are obtained.
There is an appreciable amount of uncertainty to these values, but given a target average of 40-60
µg/L if the TMDL target external loads were achieved, such additions could push the concentrations
over the TMDL maximum of 100 µg/L and substantially increase the probability of an algae bloom.
Cyanobacteria would remain favored, as the N:P ratio of internal releases is almost always low.
Relative to current loadings, this internal load from iron-bound phosphorus is not very large, but
any phosphorus concentration >25 µg/L can support blooms and values >100 µg/L almost always
support cyanobacteria blooms (Watson et al. 1997).
The release of phosphorus from organic sources is more difficult to estimate, as we do not have
reliable data for organic phosphorus content and the rate of release is likely to be highly variable
over time and space as a function of available oxygen for decay. Using the same approach as for
iron-bound phosphorus but bracketing likely variable values, we would expect to have between 0.4
and 0.8 g of available organically bound phosphorus per square meter of lake bottom, with perhaps
10 to 20% of that being released over the course of a year. For the whole lake bottom, his equates to
a possible additional phosphorus release from organic matter between 300 and 600 kg/yr in Barr
Lake or Milton Reservoir. Barr Lake could experience an increase of 20 to 40 µg/L under minimum
pool conditions. For Milton Reservoir, the results suggest an increase of 28 to 56 µg/L under
minimum pool conditions. Much as for iron-bound phosphorus, these loading ranges are potentially
significant for the support of algae blooms, but much lower than current external loads.
Much of the organic phosphorus load may not enter the water column in summer. That is, the
exposure of much of each lake bottom results in the decomposition of stranded organic matter and
release of available phosphorus, but that phosphorus cannot reach the water column until refill the
following winter. Such loading has been dwarfed by external loads for many years and is not
discernible as a separate load. If the external load was sufficiently reduced, it might be possible to
subtract that load from the increased mass of phosphorus in the lake after refill and estimate the
internal organic loading. Yet with external loads as they are now, the internal organic load is too
small to discern within the margin of error for measuring external loading.
In terms of actual loading, the estimated increases from iron-bound phosphorus translate into mass
loads of 380 to 760 kg/yr for Barr Lake and 350 to 700 kg/yr for Milton Reservoir. For phosphorus
released from organic matter, the anticipated mass loading is between 300 and 600 kg/yr for each
waterbody. Together those internal loading sources amount to 680 to 1360 kg/yr for Barr Lake and
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650 to 1300 kg/yr for Milton Resevoir. This is 10 to 20% of the TMDL for Barr Lake and 15 to 30%
of the TMDL for Milton Reservoir. Most of the TMDL load at those internal loading ranges would
still be from external sources (which greatly exceed that level now).
As the internal load from phosphorus released from iron compounds is highly available and enters
the system during the summer season, it is disproportionately more important to summer algae
growth than external loading that is more heavily focused on winter and spring periods. The
organic phosphorus release is more likely to occur in exposed areas and not be completely
incorporated into each waterbody until refill, so it may be less important to summer algae growth.
Yet even including the highest expected load from both mechanisms, internal sources will remain
less influential than external loads at the targeted TMDL load. Compared to the apparent total
phosphorus loads in 2014 and 2015, the maximum estimated internal loads are a minor component
of total load.
An alternative exercise can be conducted for internal loading from both organic and iron-bound
phosphorus to the remaining lake volume with monitoring data for the summer period. For many
lakes with substantial internal loading, increased phosphorus levels are observed during a period of
minimal external loading, allowing estimation of internal loading, even if we can’t sort out how
much is from organic decomposition and how much is from iron-bound phosphorus release. Using
hypolimnetic total phosphorus levels for 2013-2015 and comparing early June to late August or
early September values, the increase in Barr Lake phosphorus is highly variable but averages 60
µg/L. This translates into a possible internal load of 918 kg for Barr Lake, in the expected range
from the approach above. For Milton Reservoir, the average change is negligible (very close to 0),
suggesting no significant internal loading. With many other influences on the lake and large
concentrations that may fluctuate with just minor lab error, this is not a very dependable estimate,
but it is in line with expectations based on other approaches. Phosphorus in Barr Lake or Milton
Reservoir changes little due to internal loading under current conditions, and internal loading will
only matter with major further decreases in external loading.

Diagnostic Conclusions
Phosphorus concentrations have declined in Barr Lake and to a lesser extent in Milton Reservoir
since 2013 as a combined consequence of improved wastewater treatment and the termination of
the Metro discharge to the B&O Canal and Barr Lake due to storm damage to the Burlington Pump
Works. Yet phosphorus concentrations are still well above the threshold for support of severe algae
blooms and likely compliance with the TMDL for pH. Continued work in the watershed will be
needed to further reduce external loading, particularly with regard to wastewater treatment, but
concern has been expressed over internal loading playing a bigger role in algae blooms as external
loads decrease.
Assessment of the primary internal sources of phosphorus, which include release of phosphorus
from iron compounds under anoxia and decay of organic matter, does suggest a possibly significant
but not extreme influence at loads consistent with the TMDL. Estimated potential internal loads are
680 to 1360 kg/yr for Barr Lake and 650 to 1300 kg/yr for Milton Reservoir. These loads are <6%
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of current total load estimates and would be <20% of the total load to Barr Lake and <30% of the
total load to Milton Reservoir if the TMDLs were achieved. Addition of internal loads during
summer and in readily available form could make them disproportionately more important than
suggested by an annual accounting of loads, but external loading is still expected to be the dominant
phosphorus source.
Oxygen demand is not severe, but anoxia occurs in both waterbodies at times and release of ironbound phosphorus could occur if external loads are reduced enough to lower the in-lake
concentrations below about 100 µg/L. The amount of iron-bound phosphorus in surficial sediment
is in the low to moderate range, but could raise the ambient phosphorus concentration beyond 100
µg/L if the TMDL was achieved. Organic phosphorus is released by exposure of much of the bottom
of these waterbodies to air each summer, but that phosphorus is not added to the water column
until refill the following winter and is not differentiable from external inputs at this time. Release
from organic matter in inundated portions of the waterbodies undoubtedly occurs, but estimation
of inputs suggests less influence than the release of iron-bound phosphorus.
Management of internal loading may indeed be necessary at some point, but is not a pressing
current need. However, there may be opportunities to address ongoing external loading with inlake methods that will also curtail internal loading. These warrant further discussion and are
covered in the following management evaluation.
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Management Options
Dredging
Removal of sediment can provide multiple benefits, including increased depth and water holding
capacity, reduction of oxygen demand and nutrient sources, reduction in other contaminants
associated with sediment, and minimization of resting stages for algae found in the sediment.
However, permitting for dredging can be complicated, lengthy and expensive, and the cost of
sediment removal is substantial, so dredging is not to be pursued without a clear understanding of
all the factors involved.
This evaluation did not include the level of sediment analysis necessary for a dredging feasibility
study, but it is apparent from the testing performed to date that the available nutrient content of
the sediment does not warrant the expense associated with dredging, even assuming no
contamination that would increase the cost of disposal. Areas subject to annual exposure as the
summer water level declines are mostly inorganic and have low iron-bound phosphorus with
limited exceptions. Accessing those pockets of more organic sediment with moderate phosphorus
content could be challenging and would not appreciably alter loading while the cost would be large.
The most advantageous sediment to remove would be the material that is under water nearly all
the time, in the deepest part of each waterbody. This would require draining the reservoirs
completely and constructing access roads to get equipment to the target areas or use of hydraulic
dredging equipment with pumping to some disposal site (either permanent or temporary). Even
then, the best estimate is that current loading would be reduced by <5% in each case. Even if
external loading was reduced to the calculated critical loading limit, further load reductions by
dredging could not represent more than a 25% decrease. Equal or greater reductions could be
achieved by other means at lesser cost.
The actual cost of dredging is highly site specific, but a low end cost of $30 per cubic yard (cy) is
suggested as a simple starting point. For both waterbodies, with a key target dredging area of about
400 acres, assuming a removal of just 1 foot of sediment equates to 400 acre-feet or almost 650,000
cy at a cost of about $20 million. Even cutting back on the target area by a large percentage would
still result in a very large expense to remove a small percentage of the estimated load. As there is no
other pressing need for dredging (e.g., lost volumetric capacity and excessive rooted plant growths
are not issues), such cost is not justifiable.

Phosphorus Inactivation
Direct inactivation of phosphorus in lakes has been practiced for about 4 decades. It is a technique
that has been refined and advanced considerably over those decades, and inadequate results from
earlier years should not be assumed to represent the current state of the science of phosphorus
inactivation. Presentations as recently as November 2015 at the NALMS conference broke new
ground on understanding key processes and advancing treatment effectiveness.
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There are 3 ways to use phosphorus inactivation:
 Treatment of surficial sediment with larger doses to prevent release of phosphorus, mainly
from iron subjected to anoxia. The added phosphorus binders combine with iron-bound
phosphorus and are much less susceptible to release processes.
 Treatment of the water column with lower doses to inactivate and settle phosphorus and
algae. Added phosphorus binders pull phosphorus out of solution and may also coagulate
particulate forms, settling to the bottom as an inert floc.
 Treatment of inflows with lower doses, mainly during storms, to inactivate incoming
phosphorus and settle associated solids. This approach is functionally the same as treating
the water column, but has the advantage of addressing more concentrated inflows and the
disadvantage of having less immediate impact on phosphorus recycling within the lake.
Sediment treatments can involve calcium, aluminum or lanthanum, with aluminum having the
longest and best documented track record (Huser et al. 2016). Calcium appears to be the most
common natural phosphorus binder in this system, but is most effective at high pH that might itself
constitute a problem for compliance with the pH standard. Lanthanum is a key ingredient in
Phoslock, marketed in the USA by SePRO, and appears effective in limited applications to date in the
USA (Bishop et al. 2014). However, binding efficiency is reduced at pH >8.1 (Reitzel et al. 2013), a
possible problem in the Barr-Milton system. Lanthanum is combined with bentonite clay in
Phoslock, potentially sealing surficial sediments and both minimizing phosphorus release and
depressing oxygen demand. Phoslock is more expensive than aluminum and may not be
competitive on the scale considered here. Additionally, the low to moderate organic content and
oxygen demand exhibited by sediments in this system do not appear to call for the bottom sealing
advantage of bentonite clay.
Sediment treatments with aluminum in deeper lakes tend to provide benefits for about 20 years, as
iron-bound phosphorus is effectively neutralized and that is the main source of phosphorus
through internal loading (Huser et al. 2016). Sediment treatments in shallower lakes tend to
provide benefits for about 10 years, as release of phosphorus from decomposition of organic matter
is an additional significant source and is not as effectively neutralized as iron-bound phosphorus
(Huser et al. 2016). Barr Lake and Milton Reservoir both act as deep (stratified) and shallow
(unstratified) waterbodies as a consequence of water depth decline over the growing season, so
some intermediate duration of benefits might be expected for single larger dose treatments if
external loading is sufficiently controlled. However, where continued high external loading persists,
benefits may be fleeting (Brattebo et al. in review).
For the iron-bound phosphorus levels currently found in Barr Lake and Milton Reservoir,
calculation of the range of potentially appropriate doses involves considerable data and many
assumptions. Table 6 provides the derivation of estimates, and warrants some explanation. Entered
values with important variation among columns are shaded in gray. Calculated values important to
the derivation of cost are shaded in yellow. Treating all of each waterbody is contrasted with just
treating the portion that is rarely exposed, which changes the average iron-bound phosphorus
concentration and the solids content of the sediment. The resulting phosphorus masses per unit
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Table 6. Sediment Treatment Calculations
Lake or Area
Mean Available Sediment P (mg/kg DW)
Target Depth of Sediment to be Treated (cm)
Volume of Sediment to be Treated per m2 (m3)
Specific Gravity of Sediment
Percent Solids (as a fraction)
Mass of Sediment to be Treated (kg/m2)
Mass of P to be Treated (g/m2)
Target Area (ac)
Target Area (m2)
Aluminum sulfate (alum) @ 11.1 lb/gal and 4.4%
aluminum (lb/gal)
Sodium aluminate (aluminate) @ 12.1 lb/gal and
10.38% aluminum (lb/gal)
Stoich. Ratio (ratio of Al to P in treatment)
Resulting areal dose (g Al/m2)
Ratio of alum to aluminate during treatment
(volumetric)
Aluminum Load
Dose (kg/area)
Dose (lb/area)
Dose (gal alum) with Alum only
Application (gal/ac) for alum
Dose (gal alum) @ specified ratio of Alum to
Aluminate
Dose (gal aluminate) @ specified ratio of Alum
to Aluminate
Application (gal/ac) for Alum in Alum+Aluminate
Trtmt
Application (gal/ac) for Aluminate in
Alum+Aluminate Trtmt
Anticipated days of treatment in area (assumes
10000 gal alum/day)
Unit Cost
Alum
Aluminate
Chemical Cost
Alum only for entire aluminum dose
Alum + Aluminate combination
Labor Cost
Application (Days needed X $7500/day)
Mobilization/Contingencies (assumes 1 day/50
ac)
Monitoring (assumes 0.25 day/trtmt day + 12
days + 50% for lab costs)

Barr all
84
10
0.100
1.50
0.41
61.5
5.17
1940
7822581

Barr all
Barr deep Barr deep
84
71
71
10
10
10
0.100
0.100
0.100
1.50
1.50
1.50
0.41
0.22
0.22
61.5
33.0
33.0
5.17
2.34
2.34
1940
400
400
7822581
1612903
1612903

Milton all
33
10
0.100
1.50
0.50
75.0
2.48
1840
7419355

Milton all Milton deep Milton deep
33
55
55
10
10
10
0.100
0.100
0.100
1.50
1.50
1.50
0.50
0.26
0.26
75.0
39.0
39.0
2.48
2.15
2.15
1840
400
400
7419355
1612903
1612903

0.4884

0.4884

0.4884

0.4884

0.4884

0.4884

0.4884

0.4884

1.256
10
52

1.256
50
258

1.256
10
23

1.256
50
117

1.256
10
25

1.256
50
124

1.256
10
21

1.256
50
107

2.00

2.00

2.00

2.00

2.00

2.00

2.00

2.00

404115
889052

2020573
4445260

37790
83139

188952
415694

183629
403984

918145
2019919

34597
76113

172984
380565

1820336
938

9101678
4692

170227
426

851133
2128

827158
450

4135789
2248

155841
390

779207
1948

796356

3981780

74470

372352

361863

1809315

68177

340885

398178

1990890

37235

186176

180932

904658

34089

170443

410

2052

186

931

197

983

170

852

205

1026

93

465

98

492

85

426

80

399

8

38

37

181

7

35

$1.00
$3.00

$1.00
$3.00

$1.00
$3.00

$1.00
$3.00

$1.00
$3.00

$1.00
$3.00

$1.00
$3.00

$1.00
$3.00

$1,820,336 $9,101,678
$1,990,890 $9,954,451

$170,227
$186,176

$851,133
$930,879

$827,158 $4,135,789
$904,658 $4,523,288

$155,841
$170,443

$779,207
$852,214

$601,017 $2,990,085

$59,603

$283,014

$275,147 $1,360,736

$54,883

$259,414

$194,000

$194,000

$40,000

$40,000

$184,000

$184,000

$40,000

$40,000

$48,051

$167,504

$20,980

$32,151

$31,757

$86,037

$20,744

$30,971

Cost Summary (alum only)
Cost Summary (alum + aluminate)

$2,663,404 $12,453,268
$2,833,958 $13,306,041

$290,810 $1,206,298 $1,318,062 $5,766,562
$306,759 $1,286,044 $1,395,562 $6,154,061

$271,468 $1,109,591
$286,070 $1,182,598

Alternative Calculation of Cost ($35 per g/m2
per acre)

$3,507,714 $17,538,570

$328,020 $1,640,100 $1,593,900 $7,969,500

$300,300 $1,501,500
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area are not overly variable, mostly due to cancelling effects of concentration and solids content,
except for the deep area of Barr (where concentration and solids both decline). Compared to most
lakes where such treatments are performed, the phosphorus mass per unit area is low to moderate.
Obviously the size of the area to be treated is important. The other key factor after the mass of
phosphorus per unit area is the ratio of aluminum to phosphorus. Few treatments apply aluminum
at <10 times the phosphorus level, but that ratio can be as high as 100:1 or even more if there are
many other constituents present that compete for binding sites with the aluminum. Aluminum is
more efficient when the target of binding (phosphorus in this case) is abundant; low iron-bound
phosphorus levels will tend to require higher aluminum:phosphorus ratios (James 2011). Success
at the low end ratio of 10:1 gives a lower bound to the cost of treatment, but treatment at the higher
ratio of 50:1 will probably be necessary. As the treatment is additive, it would be possible to start
with a lower dose and add more aluminum later as warranted.
The number of days necessary to perform the treatment is an important cost consideration, and is
generally proportional to the amount of aluminum to be added. The larger doses would require an
extended application period; there may be some efficiency to having a crew on site for an extended
period (potentially months) that reduces the cost somewhat, but that is not accounted for in these
calculations.
The cost of the aluminum chemicals is an important factor in total cost, and will vary with the
distance the chemicals must be transported and the quantity used. The values applied in this
analysis are typical of treatments that have been performed, but some price break might be
achieved with negotiation at high quantities. However, if there is no local supplier capable of
meeting the demand, the cost for transport may rise.
Resulting cost estimates are derived for aluminum sulfate alone (used when alkalinity is high, as is
the case for Barr and Milton) and for a combination of aluminum sulfate and sodium aluminate
(used when pH fluctuation during treatment is an issue), both with itemization of key elements of
the total cost (chemicals, mobilization, labor and monitoring). The costs associated with aluminum
sulfate are slightly lower than for the two chemical combination, and should be more applicable to
this system. The alternative cost is based on an average rate per unit dose per unit area, with a
substantial reduction for project size and expected efficiency of scale. Those estimates are
somewhat larger than the itemized estimates, but are reasonable based on experience elsewhere.
The most likely scenario would be treatment of just the year-round inundated portion of each
waterbody at the higher aluminum:phosphorus ratio. This suggests a cost range of $1.2-1.6 million
for Barr Lake and $1.1-1.5 million for Milton Reservoir. The treated area is the same for each
waterbody, but the necessary dose for Milton Reservoir is just slightly less than for Barr Lake.
Application of lower doses of aluminum to the water column can reduce available phosphorus and
at least temporarily lower algae biomass. Water column treatment has been used in cases where
watershed loading is not yet under control but in-lake benefits outweigh the cost of annual
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treatment. This could be the situation at Barr Lake and Milton Reservoir for some time to come.
Effective inactivation with aluminum is expected to be achieved at a ratio of Al:P in the water
column of about 20:1. With water column concentrations currently estimated at 200 µg/L in Barr
and 300 µg/L in Milton, the aluminum dose would need to be about 4 mg/L in Barr and 6 mg/L in
Milton. The floc that forms remains reactive for at least a few days but settles in about a day, so
there would be some sediment phosphorus inactivation achieved by this approach as well.
Doses of 4 and 6 mg/L over the average depth of each waterbody (5 m for Barr, 3.5 m for Milton)
equate to surficial sediment doses of 20 and 21 g/m2, respectively. This is less than 20% of the
recommended dose for sediment treatment described above, but with repeated annual application,
most available phosphorus in the surficial sediment would eventually be inactivated. The
advantages of this approach are that it addresses phosphorus in the water column that is
periodically replenished (at least annually) while still inactivating surficial sediments and does so
over an extended period of time that spreads out the cost. Since any internal load may include
phosphorus released from organic matter and not subject to inactivation as part of a one-time
sediment treatment, this approach also inactivates more of the internal load when applied
repeatedly. Spread over a 5 year period, this approach could greatly depress both identified sources
of internal load (iron-bound and organic phosphorus) in the longer term while combatting external
loads during the period of treatment. As external loading is minimized after April each year,
treatment in May or June could provide acceptable conditions until the following winter or spring.
If external loading is further reduced, the necessary dose for a water column treatment would also
be reduced. The projected phosphorus concentrations at the critical total loading limits for each
waterbody are 39 µg/L for Barr Lake and 53 µg/L for Milton Reservoir. These are loading limits
below which algae blooms should be uncommon. The TMDL calls for an average phosphorus level
in each waterbody of 40 to 60 µg/L. With concern that internal loading might raise these values to
around 100 µg/L and support continued algae blooms and pH violations, treatment doses around 2
mg/L of aluminum would be appropriate. Doses in other lakes using this approach tend to range
from 1-3 mg/L. Such dosing might only be necessary for a period of 3-5 years, and the need should
at least decline over time. Again, this approach has the advantage of flexible response to measured
phosphorus levels in the waterbodies and can be applied as needed to achieve TMDL compliance.
The cost of this approach is very much analogous to that of the sediment treatment. We do not have
to estimate the mass of phosphorus to be addressed; it is a direct function of phosphorus
concentration in the water column, which is easily measured. For the current condition scenario,
the cost of an application to each entire waterbody would be $205,000-274,000 for Barr Lake and
$308,000-411,000 for Milton Reservoir. The primary factor in the difference between waterbody
treatment costs is the higher phosphorus concentration in Milton Reservoir at this time. Since some
of the water entering Milton Reservoir comes from Barr Lake, the cost for the Milton Reservoir
treatment may be somewhat less than calculated here. However, in both cases, the dose would be
based on the measured phosphorus level in the lake and can be estimated roughly as $0.50-0.70 per
µg/L per acre treated. This equates to a cost of about $31-41 per kg removed.
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For the projected scenario of reduced external loading (TMDL achieved) and increased internal
loading leading to in-lake phosphorus of >100 µg/L, costs of $97,000-136,000 per treatment are
postulated for both waterbodies. This assumes treatment of the entire waterbody. If treatment is
delayed into summer when the water level declines, the area treated could be less and cost would
be reduced proportionally. However, based on the timing of most pH violations and the occurrence
of peak phosphorus levels in the spring, treatment in spring when the waterbodies are still full or
close to it would seem preferable.
Inactivation of phosphorus entering a lake from a tributary or other discharge involves a dosing
station delivering an approximate dose whenever necessary. Most of the time we are dealing with
storm water inputs and need to dose just during storms, and often just during the first flush period
of each storm. This can be done manually or automatically at slightly higher capital cost but
potentially reduced operational cost. Storm water treatment has been very successful in many
cases in Florida (Harper 1999, ERD 2015) and at the only active installation in Massachusetts (WRS
2015). A dose range of 1-10 mg/L has been applied, with pumps and chemical storage sized
accordingly. Systems are commercially available or can be custom made at costs that are largely
proportional to the amount of phosphorus to be removed; a capital cost range of $100,000-200,000
per dosing station is common for storm water systems. Treatment of storm water is generally
conducted in the spring to maximize conditions going into summer, but continued summer
treatment can be conducted if warranted.
For Barr Lake and Milton Reservoir, this approach would involve inactivating a sufficient portion of
the winter/spring refill water, mostly diverted from the South Platte River, so a more continuous
operation for about 4 months over the winter would be envisioned. The dosing station could be
similar to those used in storm water applications, but the treated volume will be larger in this case
and treatment would only cease during the refill period if monitoring suggested acceptable
phosphorus levels in the inflow. Larger chemical storage capacity would be needed than in most
storm water applications. In the ERD (2015) report, a separate treatment canal is proposed at a
significantly increased cost over typical storm water applications.
Inflow treatment as described in the report by ERD (2015) covers four different treatment levels
(increasing amounts of phosphorus removed) with three options for floc management for each. The
report covers treatment of inflow to Barr Lake only, but is thorough in the regard. It addresses the
engineering and cost of creating an offline treatment canal, actual treatment apparatus and
operations, and options for capturing the formed floc if necessary to get permits for this approach.
Based on recent reductions in loading to Barr Lake as a result of cessation of Metro wastewater
discharges to the B&O Canal, the two higher phosphorus removal options do not appear currently
applicable. Loads are considerably lower now, although if the Burlington Pump Works was
reconstructed, discharge from Metro to the B&O Canal could resume. The minimum removal option
has regulatory merit, but is too low to be expected to meet TMDL compliance. An intermediate level
of removal, targeting 14,500 kg/yr, is appropriate for current loading levels, estimated at about
23,000 kg/yr for Barr (and 22,000 kg/yr for Milton, if such a system was built to serve that
waterbody).
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Capital costs are primarily a function of construction costs for elements of the phosphorus
inactivation system. Annual operational cost is largely a matter of necessary aluminum chemical
supply, with some expected maintenance of the dosing station established as a capital cost. Beyond
the cost of constructing a treatment canal, estimated at about $726,000, the actual treatment
apparatus for the 14,500 kg/yr removal effort was expected to have a capital cost of about
$356,000 and an annual operating cost of about $443,400.
Additional costs for floc capture were substantial, but if permits can be obtained for the discharge,
sending the floc into the lake would be preferable on the basis of further inactivation of sediments
on which the floc would land. Treatment early in the refill cycle would result in floc landing in the
primary target zone, the portion of Barr Lake that is deeper than 20 feet (6 m). Later treatment with
a fuller lake would place floc in shallower portions of the lake, but some treatment in those areas is
also desirable (some of the higher iron-bound phosphorus levels were outside the deep zone).
Actual load reduction will vary with sources addressed. In general, aluminum inactivates at least
75% of the targeted phosphorus and often >90%. The inflow treatment would have the greatest
overall load reduction, as it addresses what is by far the largest phosphorus source, external
loading, and its impact on the internal load could be substantial as well if the floc is allowed to enter
Barr Lake. The potential for such a system for Milton Reservoir is functionally the same as for Barr
Lake except that the focus would be on water diverted through the Platte Valley Canal, not water
released from Barr Lake. If the floc from inflow treatment is captured and not allowed to settle in
the waterbodies, the inflow treatment would have little immediate impact on internal loading,
although with flushing and reduced inputs the internal load should decline over a decade or two.
The one time sediment treatment would minimize loading from iron-bound phosphorus, but this is
<6% of the current load and <25% of the projected load if the TMDL was reached. The sediment
treatment does usually involve injection into the water column, so a large portion of the
phosphorus mass in the waterbodies at the time of treatment would be coagulated and settled, but
that phosphorus would be replaced during the next refill cycle. There is no pressing reason to
conduct a one-time sediment inactivation treatment if inflow treatment is conducted and the floc is
allowed to settle in the lake. Conducting a one-time sediment treatment without inflow treatment
will provide benefits for 3-5 years, but the incoming load will be more important and suggests that
those benefits may be minor as well as short-lived.
The repetitive water column treatment approach offers the greatest flexibility, reducing the water
column phosphorus mass by 75-90+% on each treatment and inactivating some portion of the
internal load, projected at up to 20% per treatment. Use of this approach could meet the TMDL
target without the inflow treatment, but would require a smaller dose if the inflow was treated, and
might not be necessary at all. The ability to adjust water column treatment based on ambient
conditions is a distinct advantage. The primary drawback is that it will undoubtedly have to be
repeated annually in the spring until external loading and internal loading decline sufficiently.
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All three phosphorus inactivation approaches are compatible; implementing one does not preclude
use of the other two, but for most lakes only one approach is applied, with the choice based on site
specific considerations. The single higher dose application to inactivate iron-bound phosphorus is
the logical choice for lakes with multi-year detention times; internal loading is typically the main
phosphorus source and inactivation provides many years of relief. This is not the case for Barr Lake
or Milton Reservoir, with detention times <1 year and major external loading over the winter to
refill each waterbody.
Inflow treatment could solve the external load problem and may lower internal loading to a
substantial degree if the floc is allowed to enter the lake, and is the subject of the ERD (2015)
report. Capital and operational costs are substantial, but the cost per unit of phosphorus removed
(about $25/kg under the intermediate removal scenario with floc going to the lake) is favorable in
comparison with many phosphorus loading reduction methods. This remains a highly applicable
management approach for Barr Lake, and could be extended to Milton Reservoir as needed.
The in-lake water column treatment poses the greatest potential for immediate success in this
system, is a highly flexible approach, and carries the least projected annual cost as a contracted
annual treatment. In-lake water column treatment can be based on measured phosphorus levels
and target areas, would counteract external loads not addressed otherwise, and would inactivate
surficial sediments to some degree with each application. Done by barge, it would be less efficient
for overall load control than an inflow treatment system, particularly while so much of the total
phosphorus load to the waterbodies is from external sources, but it could reduce phosphorus
concentrations enough in each waterbody to achieve compliance with the TMDL for pH. As a
complement to an inflow system, it could be applied only as needed with no capital outlay to be
prepared. Alternatively, an in-lake dosing system could be combined with a circulation system, an
option that will be addressed after the discussion of circulation as a management technique.

Oxygenation
Oxygenation of water has many benefits in terms of chemical conditions and suitability of the
treated water for most uses. Deep water in many lakes suffers oxygen deficits and often depletion,
which then fosters several sediment-water interactions that are almost invariably undesirable in
terms of use support. Loss of oxygen renders habitat unsuitable for fish and invertebrates and
allows iron and phosphorus in sediment to dissociate and move into the water column. Ammonia
and sulfides accumulate and can be toxic. Decay of organic compounds is incomplete, leading to
accumulations of organic matter that may release phosphorus at a later time. Maintaining oxygen
throughout the water column is not always essential, but is almost always desirable, and will
minimize internal loading from iron-bound phosphorus release. Adequate oxygen may actually
accelerate organic phosphorus release, but that phosphorus may be removed from the waterbody
or winds up back in the sediment, either as iron-bound phosphorus or some organic form in an
ongoing cycle.
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A relatively recent Water Research Foundation report (Wagner 2015) reviews oxygenation
approaches and practical experience with them, itemizing lessons learned and providing cost
reviews. There are four basic ways to directly oxygenate a waterbody, excluding the oxygenation
function of circulation (for which there are 3 main methods, covered separately in this report):
 Hypolimnetic aeration chambers (HAC), which pull in water and create interaction with a
rising air bubble plume to oxygenate, then route the water back to a target depth for release
(Figure 22).
 Diffused oxygen (DOX), whereby small bubbles of pure oxygen are released into the water
column at sufficient depth to facilitate complete absorption of the oxygen bubbles before
they can cause complete mixing of the water column (Figure 23).
 Downflow bubble contactors (DBC), more commonly known as Speece cones, in which
water is pumped downward while injected oxygen bubbles try to rise and are entrained,
with the balance causing the oxygen to be nearly all dissolved in the downwelling water and
discharged to target areas (Figure 24).
 Sidestream supersaturation systems (SSS), in which water is pulled from deeper portions of
a waterbody, oxygenated beyond normal saturation points under pressure, then released
back into deeper water (Figure 25).
Each of the four modes of oxygenation can be effective. Efficiency varies considerably and site
specific factors determine which approach is most advantageous in any given circumstance. For
Barr Lake, temperature data indicate that the summer thermal profile typically exhibits about a 5C
difference from top to bottom, with a gradual decline with increasing depth. There is no strong
thermocline most of the time, but the thermal gradient is larger than the 3C difference that will
allow significant resistance to mixing. Consequently, while Barr Lake is not strongly stratified, it is
not so well mixed that oxygen depletion is prevented at the bottom. Anoxia does occur at the
sediment-water interface in water more than 20 feet (6 m) during much of the summer and can
extend upward by up to 10 feet (3 m) in some years where the water is deep enough.
For Milton Reservoir, summer temperature profiles suggest that the thermal gradient is rarely
greater than 4C from top to bottom, and that often the 3C difference that limits mixing is not
achieved. Milton Reservoir mixes more readily than Barr Lake, but oxygen demand can still
overwhelm limited re-aeration from mixing, and anoxia is observed intermittently at the sedimentwater interface in water as shallow as 10 feet (3 m). The thickness of the anoxic layer can be as
much as 10 feet (3 m) in the deepest areas, but is rarely more than 5 feet (1.5 m). Anoxia is not as
persistent, with wind potentially re-aerating the entire reservoir between any two sampling dates.
These conditions do not favor oxygenation strategies. Where the primary areas that need oxygen
are thin layers at the bottom, distribution of oxygen becomes a challenge. Diffused oxygen systems
are the most efficient of the four options, but where the vertical run for released oxygen bubbles is
<10 feet (3 m), much oxygen may be wasted at considerable cost. Hypolimnetic aeration chambers
and Speece cones can distribute oxygenated water to any water stratum, but keeping the
redistributed water near the bottom can be a challenge; any slight temperature increase due to the
oxygen input process may cause that water to rise slightly. Sidestream supersaturation systems
have the most potential in cases like this, as the supersaturated water can be chilled or have salts
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Figure 22. Elements of a Hypolimnetic Aeration Chamber System
(Modified from Holdren et al. 2001 after Wagner 2015)

Figure 23. Elements of a Diffused Oxygen Injection System
(After Wagner 2015)
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Figure 24. Elements of a Speece Cone Oxygenation System
(After Beutel and Horne 1999, courtesy of Taylor and Francis/NALMS)

Figure 25. Elements of a Sidestream Supersaturation Oxygenation System
(After OK Water Resources Board 2012)
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added to increase density, allowing discharged super-oxygenated water to functionally roll across
the bottom of each waterbody in the target area. However, most sidestream supersaturation
systems in use today do not chill the water or add density maximizers, so the increased
temperature associated with oxygen addition under pressure will also tend to make the discharged
water rise somewhat.
The cost of oxygenation systems varies greatly (Table 7). There is an economy of scale that greatly
affects estimates of capital cost. Diffused oxygen has few moving parts and minimal power
requirement, but the cost of oxygen is substantial. Speece cones and sidestream supersaturation
also carry oxygen costs and also have pumps that require power. Hypolimnetic aeration chambers
rely on air bubbles as a source of oxygen, limiting oxygen cost, but the transfer of oxygen to water is
inefficient over the relatively short vertical run of most chambers, so a lot of water has to be moved
and the cost of power to run compressors can be large.
For Barr Lake, with about 3000 acre-feet of volume that could be anoxic at full water level, and
applying the median costs from Table 5 on a volumetric basis, diffused oxygen would cost about
$165,000 to implement. Note that application of the per acre median cost for the roughly 400 acre
target area yields a much higher capital cost, but that is because most applications of this technique
involve deeper reservoirs with much greater potential anoxic volume. The operating cost would be
on the order of $32,000/year. These costs are relatively attractive, but recall that this technique is
not particularly well suited to the thin anoxic layer encountered in Barr Lake. The situation is
similar for Milton Reservoir, with an even thinner layer providing about 1200 acre-feet of potential
anoxic volume over 400 acres.
The other oxygenation options are more expensive. The sidestream supersaturation approach,
which seems to have the greatest potential among oxygenation options, carries an anticipated
capital cost of just under $1.2 million to address the potentially anoxic volume of Barr Lake and
slightly less than $500,000 to handle the potentially anoxic volume of Milton Reservoir. Annual
operational budgets are projected at about $160,000 and $64,000, respectively. Internal loading
from iron-bound phosphorus release should be curtailed, and other water quality benefits might be
expected, but the organic phosphorus release would not be decreased.
Realistically, oxygenation of water in Barr Lake or Milton Reservoir is likely to be an inefficient way
to control phosphorus loading and may not work adequately. This technique has an excellent track
record for providing improved deep water oxygen levels in deep lakes, but even then the results in
terms of algae blooms are mixed. In many cases, external loads control algae blooms and any
control of internal loading by oxygenation is insufficient to offset those external loads. This is much
analogous to the situation at Barr Lake and Milton Reservoir, so a focus on inactivating external
loads would seem preferable and could be extended to internal load control more economically.
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Table 7. Cost of Oxygenation and Circulation Systems
(From Wagner 2015)
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Artificial Circulation
Moving water vertically within a lake can prevent stratification from occurring. Mixing can be
impeded by temperature differences as small as 3C and the addition of energy from the sun during
summer is usually enough to create such a gradient, even with near continuous wind. The
temperature profiles for Barr Lake and Milton Reservoir suggest that the gradient is not often much
more than 3C, and that thermally distinct layers in these waterbodies are not very stable, but the
oxygen data indicate that mixing is inadequate to maintain oxygen near the sediment-water
interface during summer. These are the types of lakes where a circulation system can be a cost
effective means for maintaining mixed conditions and limiting low oxygen near the bottom.
Circulation can be accomplished by three approaches (Figure 26):
 Unconfined diffused air, or diffused air circulation (DAC) released at a target depth usually
near the bottom to move water upward with the bubbles.
 Downdraft pumping (DDP) of water from the surface to near the bottom.
 Updraft pumping (UDP) of water from some target depth to the surface.
Circulation is best used to prevent thermal stratification, not to break it. The energy required to
prevent a thermal gradient from setting in is much less than that necessary to disrupt an existing
gradient. While some systems are run only during the summer half of the year, most vendors
recommend year round operation, just at lower output in winter when mixing requires less energy.
If the waterbody is kept well mixed, it is unusual for oxygen to be depleted at the bottom and many
benefits can be obtained, but achieving complete mixing at all times is challenging.
One major drawback to circulation is that countering the input of heat from the sun during summer
requires more energy than most systems incorporate into their designs. Consider that heat is not
being dissipated back into the atmosphere, but rather more evenly mixed in the waterbody by
artificial circulation. As the temperature rises, the density difference between any two successive
degrees of temperature increases and more energy is needed to mix the associated water masses.
Consequently, complete mixing under hot summer conditions with little aid from wind requires
much greater system capacity that greatly increases capital cost but is not often used.
Another drawback of artificial circulation is potential resuspension of bottom sediment if active
mixing occurs too near the sediment-water interface. Systems that draw water from the bottom and
pump it to the surface can have an intake fairly close to the bottom without entraining sediment,
but moving water near the sediment-water interface will increase oxygen demand, something
circulation is intended to satisfy, not aggravate. Compressed air and downward pumping systems
have to be careful not to stir up the bottom. Compressed air release points are therefore mounted at
least a foot or two off the bottom in most systems and may allow a “dead zone” below if diffusion of
oxygen is not substantial. Downward pumping systems either terminate the downward thrust well
above the bottom or use deflector plates to avoid sediment resuspension.
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Figure 26. Three Methods of Artificial Circulation
(Modified from Holdren et al. 2001, courtesy of North American Lake Management Society)
The use of compressed air to move water has been in practice for many decades, and there are
many products and vendors available. The principles are basically the same, but details like the size
of the bubbles and the spacing of release points vary considerably. Some systems use perforated
tubing, while others use diffusers, a plate or coiled perforated tube that releases more air in a
smaller area. Equations exist for predicting the volume of water moved, but none are especially
reliable. The one rule of thumb that has held up for close to 40 years is that to prevent stratification
one must provide about 1.3 cubic feet per minute (cfm) per acre (9.2 m3/min/km2) of target area.
Lesser amounts of air may work in colder weather with lesser density gradients. Yet for summer
mixing, by far the most common application, at least 1.3 cfm must be delivered to each acre. For
shallow systems, the necessary air flow can exceed 2.0 cfm.
Distribution also matters; one cannot put a single diffuser in a 100 acre area and expect it to mix the
entire area, even if it supplies 130 cfm (1.3 cfm/ac). Ideally the air delivery would be spread out as
evenly as possible, as with perforated tubing, but this creates possible use interference (e.g.,
snagging of anchors and fishing lines) and greater maintenance challenges than point diffusers.
Water depth is an important factor as well, with more water moved per unit of air added at greater
depth, simply because the bubble path distance is longer.
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Pushing cold water upward is challenging but workable with compressed air, while getting warmer
water to sink is almost impossible, so maintaining mixed conditions is challenging during longer
stretches of hot sunny weather in summer. However, loss of oxygen is not instantaneous, and
systems can be designed with the flexibility of variable operation, which translates into variable
power use and variable cost. It is best to overdesign and under-operate when using compressed air.
Downward pumping has been around as a concept for many decades, but widespread application is
a more recent development. Some of this has to do with physics principles that are now better
understood and built into downward pumping circulation systems. There is a limit to how large a
diameter tube can be used to confine the downward flow, but a large amount of water must be
moved to be successful. The ResMix system by WEARS from Australia is the best known downward
mixing system, with units of 10 to 17 feet (3 to 5 m) diameter moving 70 to 350 acre-feet (86,000 to
432,000 m3) per day. These units can be solar powered, but are fairly efficient with electric power.
The primary drawbacks for downdraft pumping are that large units are centrally placed and it is
not always clear that all the target water is being mixed before previously mixed water is circulated
again, and that the risk of sediment resuspension increases greatly between water depths of 30 and
20 feet (9 and 6 m). Therefore this approach is most often used in deep reservoirs, and applicability
to Barr Lake or Milton Reservoir is marginal, especially in summer with declining water level.
Upward pumping has also been around for decades, but has been popularized by the Medora
Company, which equipped relatively small units with solar panels and created self-sufficient mixing
units that can be placed in reservoirs without external power needs. These Solarbees are just one
example of updraft pumps, with a competitor firm in Canada and a number of older designs in use
in various reservoirs, but Solarbees are what most people think of when updraft pumps are
mentioned. A small direct drive motor turns an impeller with a diameter of between 0.7 and 3.0 feet
(0.2 to 0.9 m), with impeller and tube diameter increasing with capacity of the five available models
(listed as 1250 to 10,000 gpm, or 4.7 to 37.8 m3/min). Units operate directly from solar power, but
can be equipped with storage batteries that are charged by day and allow overnight operation.
The listed capacity of Solarbees, however, depends on compensatory flow induced by the
movement of water upward through the tube, and the units are called “long-distance circulators” in
product literature. Water brought to the surface supposedly moves laterally for substantial
distances before sinking toward the bottom, creating currents and countercurrents that move more
water. Yet this has not been observed in independent tests and is counter to accepted physical
principles. Greater lateral motion might be expected if there is no thermal gradient present, but
even then friction forces would dampen lateral motion within a short distance. Heat from the sun
guarantees some thermal gradient, and in reality the largest unit only achieves about a third of the
listed water moving capacity, and a single unit is unlikely to keep more than a few acres circulated.
It is often recommended that Solarbee intake depth be near the top of the thermocline, mixing only
the upper waters, which might potentially improve the area covered, but where the intent is to mix
the entire water column to get oxygen near the bottom, this approach will be inadequate.
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Comparing the three methods of circulation, the downdraft pump is theoretically most appealing, as
it pushes oxygenated, potentially algae-laden water into deeper areas, both providing oxygen and
putting the algae in the dark longer. The other two approaches risk bringing poor quality water to
the surface if undersized, and that has happened in multiple case studies. However, Barr Lake and
Milton Reservoir are not deep enough for maximum effectiveness by commercially available
downdraft pump systems. Also, the target volume suggests that one large unit would be sufficient,
but that means depending on a single point of water movement to mix water over about 400 acres
in each of Barr Lake and Milton Reservoir. Given the much greater flexibility of design and
operation with compressed air systems, those would seem the better choice for these waterbodies.
If the system operates as planned, oxygen near the bottom should be adequate to prevent ironbound phosphorus release. Decay of organic matter may be more complete, and more phosphorus
might be released by that mechanism, although much of it would be removed from the system with
irrigation withdrawals, so over a period of years the internal load from that source would be
minimized. Even so, this is still a minor component of overall loading now and projected to be no
more than 25% of the loading if external loads were reduced to the calculated critical loading limit.
However, circulation offers two other benefits that make this approach attractive: 1) mixing may
cause a shift in algae types away from cyanobacteria, and 2) mixing will increase interaction with
the atmosphere, allowing greater carbon dioxide inputs and potentially depressing pH by that
mechanism. The pH depression benefit is fairly straightforward, while the algae impacts are more
complicated. The shift from cyanobacterial to green algae and diatoms has been documented in
many cases (Wagner 2015), including in Cherry Creek Reservoir upstream of Barr Lake in this
watershed. However, reductions in algae biomass have been difficult to achieve with circulation;
the dominant types of algae are more desirable from the perspective of ecological function and
most human uses, but the quantity of algae is still elevated. This may not aid compliance with the
pH standard, as photosynthesis by algae is a primary factor in the elevated values.
One key to making the shift in algae types translate into less algae is to enhance the food web. The
presence of many gamefish can depress populations of panfish that eat zooplankton, and the
cascading effect of increased zooplankton mean size and abundance can increase grazing on algae.
Achieving and maintaining a desirable biological structure can be challenging, and may be
particularly problematic in Barr Lake and Milton Reservoir, where fluctuating water levels and
even complete draining can be very disruptive to fish populations. High abundance of Daphnia, a
large bodied grazer of algae, have been observed in both reservoirs, but consistently elevated
grazing pressure will be hard to maintain in these waterbodies.
The cost of circulation systems is highly variable (Table 5) and not normally distributed, suggesting
the importance of site specific factors and making generalizations about cost somewhat difficult.
The mean cost per acre is not extremely different among the three circulation techniques, but the
median cost of diffused air is much less than the other two methods. As diffused air seems like the
most appropriate circulation technique from a technical perspective, having the most likely lowest
cost makes it even more attractive.

Page 43

Assuming a 400 acre target area in Barr Lake or Milton Reservoir, the capital cost based on the
median cost per acre ($422) would be about $170,000. This value seems low, however, knowing
that increased capacity will be needed to maintain mixed conditions in summer along the front
range. The mean cost per acre is 3.4 times as high as the median cost, skewed by a few high cost
examples that are not really representative of conditions in this case. More recent discussion with
vendors suggests that a value close to $1000 per acre is appropriate for estimation as a
generalization, suggesting a capital cost of about $400,000 for either waterbody. These are
believable costs if power is readily available.
Based on a median annual cost of $49/acre, the operational cost would be about $20,000/yr. The
mean operational cost is 4.6 times as high, so the range is rather wide. An annual operational cost of
about $50,000 is suggested for Barr Lake or Milton Reservoir, but there will be year to year
variation based on weather that could be substantial. The operational cost is mostly a function of
power use and compressor maintenance.
If nutrient levels are not substantially reduced, use of artificial circulation is not likely to depress
algae biomass in Barr Lake or Milton Reservoir and may not adequately reduce pH other than by
more rapid re-introduction of carbon dioxide. In order to depress algae biomass by mixing, the
algae must be circulated to a depth about three times the Secchi transparency once stable
conditions are reached. As large portions of these waterbodies are shallow, there is no way to move
the algae deep enough to be in the dark even if the circulation system was expanded to cover the
whole waterbody. During summer with lower water level, it is doubtful if circulation can impose a
light limitation in even the targeted deeper areas. If no light limitation is imposed and nutrients
remain elevated, overall algae biomass may actually increase. The chlorophyll levels at the surface
may decrease somewhat, but more of the water column will be subject to elevated algae
concentrations and overall biomass and photosynthetic influence on pH will increase. Circulation
strategies must be accompanied by a decrease in phosphorus concentration beyond what might be
expected from internal load reductions.

Hybrid Circulation and Inactivation
With the need for nutrient reduction in mind, one intriguing combination system worth exploring
for Barr Lake and Milton Reservoir is the coupling of an air driven circulation system with a
phosphorus inactivation injection system. Rather than load aluminum chemicals in a barge and
distribute it over the target area every spring, aluminum could be dispensed by pumping to the air
diffusion points and mixed into the overlying water that way. An additional chemical feed line along
each perforated airline or to each diffuser would represent a minor addition to the cost of the
circulation system (<5%). Chemical feed pumps are relatively expensive, and might add about
$50,000 to the system for each waterbody. Storage tanks might also be needed, although aluminum
compounds could be dispensed from a tanker truck with just a small holding tank if treatment is
episodic as expected.
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Such a combined circulation and inactivation system could take the place of inflow treatment at a
much lower cost. Not nearly as much phosphorus would be removed (only part of each reservoir
would be addressed), but as the water level declines the target areas would be more important and
would be where many of the pH violations occur. For an estimated cost of no more than $500,000,
an in-lake system that could achieve pH compliance could be installed in either waterbody. This is
economically favorable to the inflow treatment system for Barr Lake covered by the ERD (2015)
report, although not more efficient and with a lesser overall phosphorus loading decrease.
Using an air driven circulation system to both distribute aluminum and keep the water column
mixed has been employed successfully in several systems, but is not yet a common approach. If the
inflow treatment system is not constructed for Barr Lake and extended to Milton Reservoir,
consideration could be given to this approach. However, it would be appropriate to perform a
spring inactivation treatment using a vendor employing more traditional barge application to
validate the in-lake inactivation approach before spending a large sum on the infrastructure
necessary for a combined circulation-inactivation system. Yet if in-lake treatment is going to be
needed indefinitely to meet the pH standard, setting up a more permanent delivery system would
be worthwhile and the added benefits of circulation make it an attractive distribution method for
phosphorus inactivators.
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Conclusions and Recommendations
Internal loading of phosphorus in Barr Lake and Milton Reservoir is a function of both release of
iron-bound phosphorus from surficial sediments exposed to anoxia and organic phosphorus subject
to decomposition. Neither source is as large as assumed in past modeling efforts, based on sediment
testing and calculations, but both could support algae blooms and pH violations if external loading
was reduced enough to meet TMDL allocations for external sources. Despite recent reductions in
external loading, internal loading is still a minor component of the overall load to each waterbody
and not worth substantial expenditure to control at this time. The proposed inflow treatment
system for Barr Lake could reduce in-lake phosphorus to the point where internal loading becomes
an issue, but allowing the floc from inflow treatment to enter Barr Lake could greatly diminish
internal loading over a period of a few years, potentially negating the need for other in-lake
treatments.
In the event that the inflow treatment system is not constructed for Barr Lake, and without an
additional treatment system for inflow to Milton Reservoir directly from the South Platte River, inlake systems could improve conditions in each waterbody. This report has evaluated the potential
for dredging, phosphorus inactivation, oxygenation and circulation to support compliance with the
TMDL for pH. Key considerations were effectiveness with regard to internal loading, ability to
address pH impacts from algae supported by available phosphorus contributed by both external
and internal loading, and cost.
Dredging would effectively address internal loading but would not have much impact on elevated
phosphorus levels caused by ongoing external loading. Given the high associated cost and lack of a
strong need for increased volume, plant control, or other dredging benefits, sediment removal is
not justified.
Oxygenation could limit release of iron-bound phosphorus by preventing anoxia, but would
accelerate release of organic phosphorus and would not address ongoing external loading and
resultant algae blooms and pH violations. The physical features of both waterbodies challenge the
four oxygenation methods described and the cost would be high. For the minor benefits achievable,
oxygenation does not appear justifiable.
Artificial circulation can improve deep water oxygen levels and limit release of iron-bound
phosphorus. It has also been known to shift the algae community away from buoyant cyanobacteria
and would encourage movement of carbon dioxide from the atmosphere into Barr Lake and Milton
Reservoir, lowering pH somewhat. Circulation could be enhanced through release of compressed
air, upward pumping of water, or downward pumping of water. Given the physical features of this
system and the track record of each circulation option, the use of compressed air in an unconfined
diffused air circulation system is preferred among available circulation options.
However, it will be difficult to impose a light limitation on algae growth in either waterbody with
circulation, so reduction of algae biomass through circulation alone seems unlikely. Unless the
biological structure of each waterbody can be set up to process the green algae and diatoms that
may assume dominance from cyanobacteria, the change in algae types will be unlikely to
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substantially reduce pH violations. The cost of circulating the deep areas of each waterbody is not
extreme, but without phosphorus reduction within each waterbody, artificial circulation is unlikely
to allow compliance with the TMDL.
Phosphorus inactivation is the basis of the proposed inflow treatment, and is equally applicable
within Barr Lake and Milton Reservoir. Use of aluminum compounds seems most advantageous;
application could inactivate surficial sediments to limit release of iron-bound phosphorus and could
lower water column phosphorus levels elevated by external loading or release of organic
phosphorus from decomposition. Inactivation of surficial sediment with a single high dose
treatment could eliminate release of iron-bound phosphorus, but as this is a minor source the cost
is not currently justified.
Lower dose water column treatments could appreciably lower in-lake phosphorus levels and would
also inactivate some portion of available sediment phosphorus with each treatment. No capital cost
would be necessary to try this approach; a vendor could be hired to apply aluminum with a barge in
response to measured phosphorus levels, allowing great flexibility and cost control. Without an
inflow treatment system and with assumed continuation of current phosphorus levels in each
waterbody, the cost of an annual spring treatment is estimated at $205,000-274,000 for Barr Lake
and $308,000-411,000 for Milton Reservoir. This approach is completely compatible with inflow
treatment as a means to address both internal load and residual external load as warranted, and inlake treatment costs would be much lower with an inflow treatment system in place.
If an inflow treatment system is not constructed and water column treatment is to become a regular
management method, it would be appropriate to consider the use of an air driven circulation
system to deliver the aluminum. While the initial capital cost would be substantial (estimated at up
to $500,000 for either waterbody), aluminum could be delivered whenever necessary to maintain
phosphorus levels that facilitate compliance with the TMDL for pH. The benefits of circulation
combined with the phosphorus reduction advantages of aluminum application would greatly
improve conditions in both waterbodies.
An inflow treatment system as designed by ERD for Barr Lake is recommended as a reliable means
for lowering phosphorus, limiting cyanobacteria blooms, and minimizing pH violations. Such a
system could also depress internal loading if the floc is allowed to enter the lake, which would also
lower the cost of the inflow treatment system. A similar system is likely to be needed for Milton
Reservoir, but a period of monitoring after implementation at Barr Lake is warranted before
additional inflow treatment system construction. If an inflow treatment system is not constructed,
or as an interim measure until such a system is installed, a lower dose aluminum treatment
(initially 4 mg/L for Barr, 6 mg/L for Milton) is recommended to reduce phosphorus levels in
spring. If external loading reductions continue, the dose might be reduced to around 2 mg/L in each
waterbody with a commensurate cost decrease for aluminum application.
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