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1.0 BACKGROUND
The City of Mitchell, SD hired Verax, Inc. to perform sequential extractions on selected
sediments recovered from February 2018 lakebed sampling at Lake Mitchell. Among other
traditionally understood sediment reservoirs of phosphorus (P), all lakebed samples contained P
bound in a reduced ferrous iron (Fe2+) fraction (Fe(II)-P). The reservoirs of P in lake sediments
have important ramifications for lake management as explained in this memorandum. The
relevance of newly discovered Fe(II)-P fraction is also explained.
Lakebed sampling from 2016 showed elevated phosphorus (P) concentrations, Also the lake
water column routinely exhibits P concentrations exceeding 500 ug/L. This combination
prompted concerns that much of the P may be bound as ferrous salts (e.g. vivianite), which
would exacerbate internal loading due to salt dissolution when lake management strategies
reduce P concentrations in the water column (e.g. watershed management or alum addition).
Moreover, recent proposals to aerate the lake aggressively prompted concerns that Fe(II)-P could
be oxygenated, thereby releasing much of that P mass to the water column. These scenarios
deviate from P models traditionally applied to lakes, which assume that P is better sequestered
when the lakebed is oxygenated – an invalid assumption in Lake Mitchell.
This memorandum is intended to help lay readers and scientists understand how P is partitioned
in sediments of Lake Mitchell and why that partitioning is important to lake management
strategies. To that end, this background section will further explain partitioning mechanisms in
1

sediments and some basic concepts associated with sequential extraction methods. Methods and
results from this work are described in dedicated sections followed by a discussion section
intended to relate specific information gained from this work to design of future efforts to
manage internal loading at Lake Mitchell.

1.1 Phosphorus Partitioning in Lake Media
Phosphorus is the typical limiting nutrient for living organisms in lake systems – especially
algae. For algae to thrive, P must be in the water column in available forms. So there is a concern
for mechanisms that keep P concentrations elevated in the water column or recycle P from
storage in lakebed sediments. Phosphorus can be divided into three basic forms in the water
column: (1) Soluble reactive phosphorus (SRP), which is immediately available for direct uptake
by algae, (2) dissolved organic matter (DOM), which is partially available to biota, and (3)
suspended particulate matter, which can return P to the SRP fraction through a variety of
geochemical processes. Those processes are the focus of this section. In a quiescent lake
suspended particulate matter is generally settling solids consisting of imported minerals from
streams and wind combined with organic detritus. Sediment resuspension does not appear to be a
major factor in Lake Mitchell except near the mouth of the Firesteel Creek during high flows and
is therefore omitted from this discussion.
When P is entrained in settling material, it becomes part of the lakebed sediments which in turn
becomes analogous to a storage bank that can receive P from (or return P to) the water column
and/or shift P between sediment types depending on various geochemical conditions. This bank
of P is the source of “internal loading” to the lake, while P imported from outside the lake is
considered the “external load.” Because the internal load represents P that is recycled by biota
such as algae, it is a critical part of lake management. Thus, understanding how P is partitioning
in the lakebed can help evaluate various lake management strategies to reduce P available to
algae, thereby reducing nuisance blooms.
There are numerous classification schemes applied by researchers to understand the migration
and sequestration of P in lakebeds, ranging from simple to complex. The appropriate scheme
depends on the lake geochemistry. If the scheme is too simple, important details are omitted
resulting in errors to modeling and potentially failed outcomes (e.g. previous alum applications).
If the scheme is too complex, research money is expended with little benefit to the design.
Previous schemes at the lake have considered P that is (1) easily exchangeable – also called
“loosely bound”, (2) bound to Fe- without distinction between ferrous and ferric forms, (3)
bound to aluminum (Al), (4) bound to calcium (Ca), and (5) bound to organics. Organic fractions
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are divided into a highly available “labile” fraction and a partially available residue. In this work,
the Fe fraction is divided into oxidized ferric iron and reduced ferrous iron, which are quantified.
The calcium fraction is also discussed qualitatively as calcite and apatite fractions, but not
quantified due to expense and because both calcium minerals are subject to seasonal fluctuation
and P release by acidity.
1.1.1 Easily Exchangeable
The easily exchangeable fraction occurs through adsorption and desorption of P at various
mineral and organic surfaces. This can be understood to behave much like a common water
softener in a home which adsorbs hard water ions until the media is exhausted. The media is
restored by backwashing with another fluid, which desorbs the hard water ions back into
solution. Phosphorus behaves similarly and can adsorb to surfaces and later desorb in response to
biological processes or changing geochemical conditions. Most P species contain oxygen and
despite having excellent adsorption capacity to many sediments P can be dislodged from
adsorption sites in the presence of competing anions – especially ones that also contain oxygen
(e.g. sulfate, bicarbonate, and hydroxide).
1.1.2 Iron Bound
Most lake models consider Fe-bound P to be attached to ferric iron (Fe3+), an iron form which is
recognizable from the rusty color it imparts on steel or on yellow, red and brown soils. This is
characteristic of “oxidized” iron. Ferrous iron (Fe2+) is typically black, grey, or greenish and is
characteristic of wetland soils and anoxic lakebed sediments (e.g. “reduced” iron). Ferric iron
oxides and phosphate both contain oxygens and can bond to one another by sharing oxygens.
Ferric-bound P (Fe(III)-P) often exhibits “bidentate” (i.e. sharing two oxygens) bonds with ferric
iron, making it an important P bonding mechanism. Desorption of P can occur when ferricbound P is exposed to cleaner water or if Fe3+ is reduced to Fe2+ under conditions in which the P
concentration is too low to make Fe(II)-P salts. Accordingly, in most lakes P release from the Fe
fraction is considered to occur upon burial and resulting transition to ferrous iron that occurs in
anaerobic conditions.
However, in Lake Mitchell, P has been historically elevated enough to produce ferrous salts,
which can release P by simple dissolution if P concentrations are lowered in the water column.
This is partially the reason past alum addition is believed to offer only short-term relief. With
ferrous bound P, high P concentrations in the water will trigger precipitation of ferrous P salts
while low water column P will trigger dissolution of P. This mechanism is discussed in greater
detail in Section 4.0.
Other lake constituents also compete for Fe, including sulfur, carbonate, and organic molecules.
Accordngly, most Fe is not available for P binding and the extent to which other constituents
bind Fe affects P availability to the water column.
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1.1.3 Aluminum Bound
Free aluminum hydroxide has a strong affinity for P and will form relatively stable Al-O-P bonds
capable of driving P below concentrations needed for algal blooms in most lake systems – until
the Al adsorption capacity is consumed. Engineers familiar with alum application in wastewater
where P concentrations are orders of magnitude higher than lakes may be accustomed to P
binding directly to Al producing a low solubility AlPO4 precipitate. However, at lake P
concentrations Al oxygen sharing on Al-hydroxides is more common. Al is a major constituent
of clays and artificially added Al slowly reverts from an amorphous Al(OH)3 floc to a variety of
crystalline structures such as bayerite and gibbsite, with lower P adsorption capacity. Excess Alhydroxides are also prone on the time scale of decades to convert to clay mineralogy which is
even less effective at retaining P. Binding of P by free aluminum is effective generally on the
scale of a several years to a few decades if strategically applied and in modest amounts. Unlike
Fe, Al is not prone to oxidation or reduction in response to aerobic and anaerobic conditions.
This makes Al-O-P bonds generally more resistant to P release than Fe-P bonding mechanisms.
Accordingly, Al supplementation is a common eutrophication management strategy. However, it
is not a panacea, nor should it be viewed as a permanent solution to lake management -especially
in alkaline lakes. The more it is applied, the less effective it becomes.
Al has limited availability in natural lake systems because other constituents are prone to bind
with Al. For example, silica binds with Al to form aluminosilicates, the basis for geochemically
stable clay minerals. Also, the hydroxyl ion (OH-) competes with P for available Al binding
sites. Under neutral and slightly alkaline conditions, Al-O-P is favored, while in conditions
above about pH 8, Al-O-P becomes less favored. In Lake Mitchell sediments, the Al(OH)3 and
AL-O-P phases can be expected to exist simultaneously and in a balance with one another
subject to changes in pH and P concentrations. Lake Mitchell has a calcareous lakebed, which is
prone to alkaline conditions likely within a tight range due to calcite buffering. In the summer,
the benthic part of the lake averages pH 8.0 (DENR 200#) when organic materials are actively
decaying in the lakebed. In this winter study, sediment pH in all samples were about 8.3, as
expected because microbiological activity is suppressed and pH returns to an equilibrium state
with calcite. As such, Al binding sites can become more important in the summer when it is most
needed and can shift P to calcium (Ca) sites in the winter when pH rises.
1.1.4 Calcium Bound
Calcium minerals primarily bind P as coprecipitated layers on the calcite (CaCO3 - the same
mineral as chalk). As P levels increase more complex and less soluble Ca-P composites begin to
form until ultimately apatite is deposited (i.e. the mineral in bones). The stability of apatite leads
to the assumption by some limnologists that Ca-bound P is stable. As such it is often ignored,
4

which may be reasonable in lakes modestly impacted by P. However recent research indicates
that Ca-bound P becomes a significant source of internal loading in heavily impacted lakes (Li et
al. 2016). The threshold for P becoming an internal loading source was 180 mg/kg in that study.
While individual lakes will exhibit different thresholds for Ca-bound P becoming a source, Lake
Mitchell routinely exhibits levels several times higher than that value and as such, Ca-bound P
cannot be ignored. Factors that contribute to release of Ca-bound P include acidification and
reduction of P concentrations in the water column.
The type of apatite formed has significant impact on the stability of P retention. Fluorapatite
(Ca5(PO4)3F), a major component of healthy teeth, is very resistant to dissolution, which is why
fluoride is added to drinking water and teeth do not dissolve in pH 7.4 conditions typical of
saliva. Unfortunately, F concentrations are generally too low (0.3 to 0.5 mg/L) in the watershed
to form significant fluorapatite. It is likely that hydroxyapatite (Ca5(PO4)3(OH)) and chlorapatite
(Ca5(PO4)3Cl), with intermediate dissolution resistance are the dominant apatite forms in deeper
aged Ca-P bound sediment fractions. A weaker (Ca10(PO4)6(CO2) can also be expected in
shallower sediments which will release and re-adsorb P in response to CO2 produced by
microbial respiration in near-surface organic sediments. Inspection of the formula for fluorapatite
demonstrates the importance of F in its ability to promote essentially permanent sequestration of
3 phosphate ions. By contrast, it may take 9 to 120 Al atoms to bind a single phosphate ion
through adsorption processes.
1.1.5 Organic Bound
Living organisms use P in a variety of metabolic processes and tissues. When living tissue dies
and settles to the lakebed, the availability of P depends on the type of organic compounds
formed. Organic-bound P is generally divided into two primary fractions. The labile fraction is
comprised of simple organic molecules such as phospholipids, adenosine phosphates and
nucleotides (e.g DNA). Because this fraction is readily utilized by growing biota, it is
traditionally and reasonably assumed to be entirely available in internal loading models.
Other biological material, such as leaf litter, contains P that is more resistant to biological
degradation. This more recalcitrant organic fraction has traditionally been assumed to be about
25% available for internal loading in upper sediments. That assumption is reasonable for buried,
unoxygenated lakebed sediments in the absence of an expensive study. Much of that degradation
and resulting P liberation can occur through microbiota and bottom feeding organisms.
Aggressive aeration, however, would rapidly accelerate degradation and oxidize otherwise
resistant organic forms liberating vast stores of P to new biota and the water column.
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1.2 Sequential Extractions
Numerous methods for estimating the partitioning of P or other constituents in sediments have
been developed over the past few decades. Sequential extractions use various chemical liquors
aimed at removing P associated with an individual fraction. With one fraction removed, the
residual sediments are then subjected to a subsequent liquor with new chemistry designed to
extract P from the next fraction. As explained in further in Section 2, this process is repeated
sequentially to identify the mass of P associated with each fraction.
All sequential extractions produce estimates because P that is liberated to the liquor has some
affinity for the subsequent solid fractions and some liquors may draw partially from other
fractions. The key in designing an extraction liquor is to maximize affinity of the target fraction
to the liquor while minimizing affinity for P transfer to and from other fractions. The best
extraction methods and the design for the amount and composition of liquors depends on the
sediments being extracted and a general idea of how the constituent (P in this case) is partitioned.
Thus, the initial extraction work done in 2016 was critical in refining the extraction steps for this
work.
As a first step, almost all methods apply a brine, such as MgCl2, to remove exchangeable P. This
works much like the backwash in a home water softener system, in which a brine is used to
recharge media.
A second step is usually applied to dissolve iron, intended to strip P along with the iron that
binds it. The usual strategy is to apply a reducing agent that converts ferric (rusty colored) iron
to ferrous (black colored), which is more soluble. This works well in mildly impacted lake
sediments where most or all of the iron-bound P is adsorbed to ferric iron. Unfortunately, in a
highly-impacted lake that method can leave P that is already bound to ferrous iron with the
residual sediment that is then subjected to extractions in subsequent fractions. Thus, the
potentially important Fe(II)-P fraction is omitted by most methods and the P contained in the
ferrous fraction largely shows up in the extraction devoted to calcium – often resulting in the
erroneous underestimates of P available for internal loading. In this work, a liquor was applied to
selectively remove ferrous-bound P before the traditional ferric extraction step, thereby
distinguishing between ferrous- and ferric-bound P.
A third step is usually applied to dissolve Al-bound P – generally by increasing the pH with
caustic to dissolve aluminum. In this step, labile organic P is also liberated and the liquor is then
further processed to determine the proportion of P that was associated with Al versus labile
organics.
A fourth and often final step usually applies an acid to dissolve the Ca minerals, liberating P
associated with them. The lay reader can mimic this process by putting a piece of chalk in a glass
of vinegar. This acid step also readily dissolves any ferrous P that was not removed in Step 2 of
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traditional extraction methods, creating the false perception that ferrous-bound P was bound to
Ca. This is why, for Lake Mitchell sediments, it is important to add the ferrous extraction step
early in the process.

2.0 METHOD
Seven lakebed cores (Figure 1) were collected in February, 2018 and frozen until analysis.
Sediments from the 5-10 cm fraction of each core were weighed and dried at 105 oC for 24 hours
and reweighed to determine solid/water ratio. Dry samples were submitted to Midcontinent
Testing Laboratories for total Ca, Fe, and P. 5g of each dried sediment were sequentially
extracted using a modified method after Ruttenberg, 1992. Fe(II)-P was identified as an
independent fraction preceding the traditional Fe(III)-P extraction (Figure 2). All extraction
liquors were made with research grade reagents. Each extraction was vacuum filtered on 0.45 um
cellulose acetate. To inhibit adsorption of P on high density polyethylene (HDPE) laboratory
sample containers, extracted liquors were preserved to pH<2 with trace metal reagent grade
H2SO4, except the high pH Al-P extraction, which was preserved at pH>12.5 using the original
NaOH extractant. Preserved, extracted liquors were analyzed at MidContenent Testing
Laboratories in Rapid City, SD.

Figure 1. Coring locations in Lake Mitchell by Fyra/Verax in February 2018. Map by Fyra.
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Figure 2. Sequential extraction steps used to identify P fractionation among Lake Mitchell
lakebed sediments.

3.0 RESULTS
3.1 Sediment Physical Characteristics and Bulk Chemistry
Sediments exhibited different characteristics related to position in the lake. Samples 00 and 1
near the mouth of the Firesteel Creek (Figure 1) exhibited significant fine sand and silt content
and were partially oxidized. In fact, sample 1 was so sandy that it could not be sampled by the
wide polymer samping tool and had to be retrieved in a firm narrow sampler with a steel cutting
edge. Sample 00 had alternating layers of fine sand and fine lake deposits. Yet, Sample 0, which
8

is between the two sandy samples mentioned above, was composed entirely of soft organic lake
mud. The variability of sediments downstream from the creek mouth are indicative of the
dynamic conditions in which the western lake sediments are deposited. During high discharge of
Firesteel Creek, the western part of the lake acts as a transition zone between the fluvial and
lacustrine deposition environments. During low flow in Firesteel Creek, the zone is quiescent
and receives fine lake deposits. It is reasonable to assume that fine lake deposits near the creek
mouth are subject to resuspension during high flows and are carried eastward until lake depth
and width reduces flow velocity and promotes stable deposition.
Samples 2, 3, and 5 were entirely fine, anerobic, organic lake muds. Sample 4 intersected
original bottom sediments, evidenced by the presence of silty sand, and even a rounded gravel
clast at 1.5 cm diameter. Sample 4 was also distinguished from lake sediments by unique
chemistry, as discussed in Section 3.2. The sampling and analysis of different sediment types
provides information that can be used in evaluating feasibility of different treatment options.
SAMPLE ID
Depth
5‐10cm
00: 5‐10
0: 5‐10
1: 5‐10
2: 5‐10
3: 5‐10
4: 5‐10
5: 5‐10

P
Total

Fe
Total

Ca
Total

(mg/kg)

(mg/kg)

(mg/kg)

1510
1790
1720
1160
1210
1700
1680

24600
5940
8120
26900
28300
7330
13400

71100
16200
15200
65500
81200
14300
40400

SOLIDS

>63
um

%
29%
60%
71%
28%
24%
59%
26%

%
95
62
22
98
96
15
100

63um
to
125um
%
5
24
34
2
4
24
0

125um
to
250um
%
0
13
27
0
0
33
0

>250
um
%
0
1
17
0
0
36
0

Table 1. Bulk Chemistry and Physical characteristics lakebed sediments at 5-10 cm depth. Samples
0 and 1 represent fine sand and silt near the mouth of Firesteel Creek. Sample 4 exhibited loam,
including a rounded ~1.5 cm pebble characteristic of bottom alluvial sediments prior to reservoir
construction. The remainder are black, fine lake sediments.

3.2 Phosphorus Fractionation
Results of extractions and chemical analyses are presented in Table 2. All sediments exhibited
some ferrous phosphate fraction, but such salts were most pronounced in fine organic sediments
The four fine sediments corresponded with the four highest values of ferrous phosphate results
ranging from 128 mg/kg to 298 mg/kg as Fe(II)-P salts. Accordingly, fine quiescently deposited
lake sediments exhibit a higher potential for release of Fe(II)-P salts under low P conditions in
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the watershed. Conversely, the native sediment recovered at the intersection with lake sediments
in sample 4-5-10 exhibited the lowest Fe(II)-P.
Both Fe and Ca concentrations were elevated in fine lakebed sediments. This indicates ongoing
accumulation of Fe and Ca after deposition by geochemical means, which are discussed in
Section 4.
TOTAL‐P

LOOSELY
BOUND P

FERROUS
BOUND P

FERRIC BOUND
P

AL‐P

LABILE
ORGANIC P

CA BOUND
P

ORGANIC P

(HCL)

SAMPLE
ID

(mg/kg)

(mg/kg)

(mg/kg)

(mg/kg)

(mg/kg)

(mg/kg)

(mg/kg)

(mg/kg)

00: 5-10

1510

6.7

128

143

75

34

716

407

0: 5-10
1: 5-10
2: 5-10
3: 5-10
4: 5-10
5: 5-10

1790
1720
1160
1210
1700
1680

4.4
2.6
3.2
3.0
3.8
4.9

104
63
150
186
93
298

29
25
59
68
19
82

119
12
40
45
5
43

31
8
9
18
4
19

1172
1248
672
394
1496
920

331
362
227
496
79
314

Table 2. Results of P sequential extractions. AL and Labile organic P evolve together in the same
digestion extraction. Al was calculated by subtracting the labile organic fraction determined
separately from the total caustic extraction results. Recalcitrant organic P is calculated as the
balance of other fractions subtracted from total P results.

4.0 DISCUSSION
Sediment results indicate complex interrelationships between fractions and the water column as a
result of sediment type, location, and proportions in fractions. This section helps place results in
context as an aide for understanding lake internal loading and helping to develop future lake
management strategies. The results in this work should be considered as a snapshot in time and
space of a very dynamic system in which P is shifting between other fractions and the water
column in response to biological and geochemical changes. Geochemical drivers of these shifts
between fractions also helps in understanding the extraction process itself. Key findings are that
Fe(II)-P and Ca-P will be sources of internal loading if left in place when water column P
concentrations are lowered. Additionally, a vast and underutilized lakebed Ca mass could
sequester P better if fluorapatite precipitation were promoted with fluoride addition.

4.1 Ion Exchange Capacity
The easily exchangeable fraction is not a major driver of lake eutrophication due to low mass
relative to other fractions, but it is highly available to biota. Lake Mitchell is dominated by
calcium carbonate buffering which maintains slightly alkaline conditions in the lakebed. This
imparts a slightly negative charge on many mineral surfaces that would otherwise have higher
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adsorption capacity for P in less alkaline conditions. Negatively charged mineral surfaces in
alkaline conditions act to repel the negatively charged phosphate ion. As such, there is a limited
pool of easily exchangeable P. The benefit of this is that the fraction does not contribute
significantly to eutrophication. The disadvantage is that the fraction offers little buffering of
shock P loads that enter from the watershed during high discharge events. This is not a fraction
that can be reasonably changed or managed in Lake Mitchell.

4.2 Iron Adorption and Precipitation Mechanisms
Storage and release of P to the water column from lakebed minerals is predominantly governed
by precipitation and dissolution mechanisms and secondarily by adsorption and desorption.
Precipitation occurs when P is directly incorporated into a mineral crystal structure. Adsorption,
which involves a relatively smaller mass of lakebed P, occurs when P is attached to mineral
surfaces by reversible chemical bonds. Different Al, Ca, and Fe – based minerals have different
capacities to store and release P based on concentrations of the elements in the water and
conditions such as aerobic state, pH, temperature, and the competition other constituents exhibit
for Al, Ca, and Fe availability.
Having identified ferrous-bound phosphates though sequential extraction, the discussion begins
with precipitation and dissolution of those salts, such as the mineral, vivianite (Fe3(PO4).8H2O).
There are other forms of ferrous phosphate minerals, but we ignore them in this discussion for
purposes of simplicity and brevity. Water is incorporated into the crystal structure by providing
oxygen atoms which link FeO octahedrons with PO tetrahedrons as shown in Figure 3.

Figure 3: Mineral structure of vivianite after Mori and Ito, 1950. Black dots at the edge of each Fe2+
octahedron represent oxygen in water molecules (hydrogens not shown). White dots represent oxygens
inherent to the phosphate ion. The parallelogram in the center represents the side view of a “unit cell” which
is a repeating pattern in the mineral containing 3 net Fe ions, 2 phosphate ions and 8 waters (two of which
are concealed from view, obscured by iron octahedra).
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When enough ferrous iron (Fe2+) and phosphate (PO43-) are in solution, they combine together to
form ferrous salts, as follows for the case of vivianite:

3 Fe2+ + 2 PO43- + 8 H2O  Fe3(PO4) . 8H2O
The dissolved ions on the left side of the equation and the precipitated mineral are in chemical
equilibrium by what is known as Le Chalier’s Principle. When concentrations of either Fe2+ or
PO43- are increased, equilibrium moves to the left by precipitating vivianite. By this mechanism,
the lakebed has been storing P when concentrations are elevated in the pore water. When either
Fe2+ or PO43- concentrations are decreased, vivianite dissolves to replace reduced concentrations
until equilibrium is re-established. This mechanism is depicted graphically in Figure 4. Technical
readers are referred to Stumm and Morgan, 1996 for detailed discussions on the relationships
between concentration and solution activity and other relevant precipitation and dissolution
mechanisms. In short, equilibrium concentrations can be expected to be several times higher than
the 80 ug/L goal for P needed to inhibit algal blooms. Thus, if significant ferrous salts are left in
place unmanaged when other management strategies lower P concentration, vivianite and related
minerals will dissolve, releasing P at elevated concentration. Thus, it is not economically feasible
to control internal loading using alum alone, because vivianite will simply dissolve and replace
the P that was sequestered – a process that would occur in a matter of weeks from Lake
Mitchell’s soft, bioturbidated lakebed.

Figure 4: A) When phosphorus levels are highly elevated in the water column in the presence of dissolved
ferrous iron (Fe2+) a partially soluble phosphorus salt like Fe3(PO4).8H2O is formed, which helps store P in the
lakebed (water in the crystal structure is not shown for simplicity). As long as P is elevated in the presence
of ferrous iron, the ferrous phosphate salt will precipitate faster than it dissolves, causing net accumulation.
B) However, if lake management strategies reduce P in the water column without sequestration of the ferrous
phosphate salts, the salts dissolve and release P back to the water column. C) As P concentrations begin to
rise again, dissolution is slowed until D) an equilibrium is reached in where dissolution and precipitation
rates are equal. Unfortunately, this equilibrium concentration is much higher than target goals to inhibit algal
growth.
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4.3 Aluminum-Bound P
The Al-P fraction exhibited variable concentrations (12-109 mg/kg) in samples 00, 0, and 1 near
the mouth of Firesteel Creek for reasons unknown. One hypothesis is that the sediments were
more recently deposited and have variable weathered aluminosilicate content with differing free
Al concentrations. Conversely fine sediments in the body of the lake exhibited a tightly-bound
Al-P concentration range (40-45 mg/kg). In part, this is likely a remnant of historical alum
dosing because fine flocs created by alum addition tend to settle in quiescent settings. Finally,
the native alluvium encountered in Sample 4 was nearly devoid of Al-P. This is consistent with a
mature sediment in which little free Al is expected due to its incorporated into essentially
permanent bonds with aluminosilicates. The importance of this to lake management strategy is
that the native sediments beneath the lake have little natural Al-P adsorption capacity if the
chosen lake management remedy causes dissolution of the Ca-P fraction.

4.4 Calcium-Bound P
Calcium-bound P is the most prominent fraction in Lake Mitchell regardless of location.
However distinctions were observed among different sediment types with important implications
for lake P management. The lowest Ca concentration (14300 mg/kg) was exhibited by native
sediments in Sample 4, yet Ca-P is responsible for sequestering 88% of P in that sample and it
exhibited the highest Ca-P concentration (1495 mg/kg) and was the most resistant to P release of
all the sediments. Silty/sandy sediments near the mouth exhibited only slightly higher total Ca
concentrations. Conversely fine lakebed sediments all exhibited elevated total Ca (40400 to
81200 mg/kg). This demonstrates that Ca is being accumulated in fine sediments geochemically
after deposition. Biogenic Ca deposition is the most likely mechanism.
There is an inverse relationship between total Ca and Ca-P concentrations (Figure 5). This shows
that native sediment Ca from the watershed and sediment deposited bofore the reservoir was
constructed utilize much more effective Ca-P bonding mechanisms – most likely with an
increased fraction of apatite vs. calcite. Conversely, Ca minerals added in fine sediments, most
likely as biogenic calcite, are relatively poor at sequestering P and represent a vast, underutilized
store of Ca that could be enhanced. This is especially important given the high cost of obtaining
and shipping P sequestering amendments to Lake Mitchell The Ca-rich sediments are ripe for
enhanced P sequestration through fluoride amendment to promote P sequestration by
fluorapatite. A high quality fluorspar (CaF2) would be an excellent choice for amendment in
modest doses that avoid excessive dissolved F in the water column.
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Figure 5. Total sediment Ca vs. Ca-bound P demonstrates that sediments below the reservoir and
near the mouth of Firesteel Creek are effectively utilizing native Ca to bind P more effectively.
Conversely, biogenic Ca exhibited in fine lakebed sediments are not binding P effectively. The
implication is that if biogenic Ca carbonates could be transitioned to apatite, Large natural Ca
reserves in the lake could be used to sequester P more effectively.

CONCLUDING THOUGHTS AND RECOMMENDATIONS
1. Ferrous iron is a significant part of lake sediment fractions, especially in fine organic
sediments. If P concentrations are suppressed by external watershed management
strategies or alum, ferrous phosphate salts will dissolve to replace the P, severely
compromising lake management objectives if they are not removed or successfully
sequestered. Given that there is an equilibrium point between cost of removal and cost of
management in place, removal is better because the P is gone.
2. There is a vast supply of underutilized Ca in the lake and watershed that could be
enhanced to promote P sequestration by the mineral precipitation of fluorapatite. That is
not a replacement for removing the buld of P-contaminated sediments because it would
be too expensive to amend that large mass.
3. Alum addition is inappropriate for direct addition to these sediments because the acidity
will dissolve corresponding amounts of Ca and S in alum will bind Fe that is used for P
binding.
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4. Ongoing maintenance of the lake through amendments will likely be required pending
implementation of external loading controls. Adding fluoride through CaF2 amendment
should be considered long term, but at rates low enough to prevent elevated F
concentrations in water. To prevent elevated dissolved F in the water column dosage
should be restricted to <100tons CaF2/year at 1 ton/acre until in-lake dosage results are
assessed for efficacy and dose to F response relationship is developed in the water
column. Dosage should not coincide with aluminum additions due to Al-F interactions
and are likely to produce best results in late fall when lakebed pH is transitioning upward.
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