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ABSTRACT

The internal recycling phosphorus in freshwater lake bottom sediments represents a significant
source of hypolimnetic phosphorus (P) release for many of Maine’s lakes. In summer months,
Maine lakes often thermally stratify and the lake hypolimnion develops anoxia, leading to a
reduction in redox potential at the sediment-water interface. These reducing conditions facilitate
the reductive dissolution of ferric iron, and, since phosphorus is often present in freshwater lake
sediments as solid FeOOH-PO4 complexes, results in release of soluble phosphorus into the
water column. Our current study presents field and laboratory data from sediment fractionation
extractions designed to quantify concentrations of iron, aluminum and phosphorus in lake bottom
sediments from East Pond (Smithfield, ME), Great Pond (Belgrade, ME) and China Lake (China,
ME). We focus on elucidating the chemical foundations of the fractionation method so as to
streamline our extraction procedure and minimize the required sample size. We confirm that
internal P flux is negligible during hypolimnetic anoxia if molar Al:Fe is > 3. We ultimately
hope to apply our extraction data to optimize aluminum dosing schemes designed to mitigate
internal P flux in lakes above their phosphorus sorption threshold using the designated Al:Fe > 3

as an operational target for aluminum additions.



INTRODUCTION

1 The importance of Maine’s lake industry to the state economy

Maine lakes are an invaluable resource to the state economy as they offer a low-cost source of
drinking water, maintain lakeshore property values, boost the economic status of adjacent
communities and contribute to the overall aesthetic appeal of life in Maine (The Economics of
Lakes). Over the past few decades, studies conducted by the Maine Department of
Environmental Protection have indicated that economic losses due to degrading water quality are
an imminent threat to the quality of Maine life (The Economics of Lakes). In recent years, the
water quality of many Maine lakes such as those in the Belgrade Lakes Watershed of Central
Maine has declined due to increased instances of cyanobacterial blooms (high algal cell
densities). In Maine lakes, these blooms not only adversely affect recreational aesthetics, but
they may also introduce taste or odor issues in lakes used for drinking water or, if the blooms
involve toxin-producing species, they may pose a serious threat to the health of animals and
humans who interact with the lake (Madore, 2020).

2 Phosphorus is the limiting reagent in Maine lakes

Phytoplankton play a crucial role in maintaining the trophic status of freshwater lake systems as
they are primary producers in the pelagic lake system food web. In the presence of excess
nutrients, such as nitrogen (N) and phosphorus, algal populations grow rapi, leading todly
blooms in the lake. The Redfield stoichiometry (equation 1) represents the average conserved
ratio of biological nutrients in systems such as freshwater Maine lakes (Ptacnik et al., 2010).
From this equation, we can understand the ecological stoichiometry of plant life in these lakes.
Redfield equation:

106 CO, + 16 NO;3 + 1 PO}~ + 122 H,0 > 1 (CH,0)105(NHs)14(HsPO,) + 1380, (1)



As some cyanobacteria in Maine lakes are able to fix nitrogen from the atmosphere, we
conclude that phosphorus is often the limiting nutrient involved in the growth of algal blooms
(Schindler, 1977; Figure 1). Thus, it is critical to understand the biogeochemical basis of
phosphorus cycling in freshwater lake systems in order to develop effective water quality

management schemes.

f 3
: ey,

Little
North Pond

North Pond

Figure 1. Aerial images were taken by airplane over North Pond in Smithfield, ME during the
summer of 2020; [left] algal blooms on North Pond, [P] = 30 ppb; [right] Little North Pond in a
mesotrophic trophic state, [P] = 20 ppb.

2.1 Phosphorus flux in freshwater lake systems

There are two general processes for P flux into freshwater lakes: external loading and internal
loading.

External loading

External nutrient loading is a pervasive issue in water quality management around the world

(Song et al., 2017). While nutrients are essential for plant growth, an overabundance of nutrients

in freshwater lake systems may lead to detrimental health and environmental effects such as



instances of algal blooming. The two most important nutrients that limit phytoplankton are
phosphorus and nitrogen. Nitrogen occurs as ammonium (NH4*) or nitrate (NOs’), and
phosphorus occurs as phosphate (PO4%) or phosphate-containing molecules. As was
forementioned, many aquatic plant species and phytoplankton in Maine lakes are able to fix
nitrogen. As a result, the majority of water quality management schemes are focused largely on
mitigating external phosphorus loading.

Excessive phosphorus inflow may be introduced via external loading from watershed runoff,
groundwater incorporation, soil erosion, wildlife activity, man-made pollutants and discharges,
and atmospheric systems. The majority of external phosphorus load has been reported to come
from managed farmland and shoreline development (Phosphorus Control Action Plan: Echo
Lake). Mitigating the external nutrient load of lake systems has been a widely accepted water
quality management strategy.

The soil map depicted in Figure 2 describes the broad soil classification in the Belgrade
Lakes Watershed. These soils all have the moderate potential to contribute to external
phosphorus inflow upon erosion. Maine soils have formed via podzolization, gleization and
formation of organic soils in the centuries since the last glacier in Maine melted over 12,500
years ago (Ferwerda et al., 1997). The primary soil types in this region, 5 and 7, are loamy tills
largely derived from schist, granite, phyllite and gneiss (Ferwerda et al., 1997; Figure 2). This
soil type constitutes approximately 23 percent of land area in Maine, including regions of the
Belgrade Lakes where there is a significant slope near the lake (Ferwerda et al., 1997).
Additional soil types to note include 15, sandy or gravelly glaciofluvial material derived mainly
from slate, shale, phyllite, granite, gneiss and limestone, and 17, clayey or loamy glaciomarine or

glaciolacustrine sediments mixed with loamy till (Ferwerda et al., 1997; Figure 2). Soil types 15
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and 17 are both highly prone to erosion (Ferwerda et al., 1997). In contrast however, they are
also often found in areas of little to no slope such as the peat bogs on North Pond, East Pond,
Great Pond, Long Pond and Messalonksee lake (Wagner, personal communication). Soil types 5

and 7 have relatively organic carbon content as compared to types 15 and 17 (Ferwerda et al.,

1997).

Map Legend

[T Soil type 5
Dixfield
Colonel
Lyman
Brayton

[[] soil type 7
Lyman
Tunbridge
Dixfield

Bl soil type 15

Masardis
Stetson
Adams

[[] soil type 17

Scantic
Lamoine
Buxton
Lyman

Figure 2. Soil map of the Belgrade Lakes Watershed (Ferwerda et al., 1997). Map legend refers
to the four primary types of soil in the Belgrade Lakes Watershed and their general regions by
town. The Belgrade Lakes Watershed is marked by the white box.
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Internal loading

As the much of the soil in the Belgrade Lakes Watershed is highly susceptible to erosion, these
lakes are candidates for excessive internal phosphorus loading as a result of historically high
external load from sediment erosion. Historical excesses of external phosphorus load result in the
accumulation of phosphorus rich organic material in the sediments of lakes. Oxidation of this
organic material leads to release of phosphorus as phosphate to sediment pore waters where it
binds to inorganic solid phases like iron and aluminum oxides. Excessive accumulation of
dissolved organic carbon (DOC) in the hypolimnion also fuels sediment and bottom water anoxia
and the subsequent reductive dissolution of phosphorus from the sediments, also known as the
internal phosphorus load.

3 Lake management strategies

Ideally, in order to mitigate instances of algal blooming and revive the water quality of many
Maine lakes, we could simply reduce the external load. This would involve riparian buffers,
erosion control efforts, building runoff diversion ditches and introducing “light on land” forestry
equipment, among others (Phosphorus Control Action Plan: Echo Lake). However, more recent
analysis of P flux in the Belgrade Lakes concluded that controlling external phosphorus load
alone is not an optimal management strategy because the primary source of phosphorus in some
Maine lakes is internal recycling of the lake bottom sediments (Wagner, personal
communication). Previous studies have reported that, while external loading is the dominant
source of phosphorus in lakes, the temporal nature of internal phosphorus loading is often what
leads to a dramatic increase in algal blooming during the summer months (Song et al., 2017).

Thus, the internal recycling of phosphorus from lake bottom sediments can contribute

12



significantly to the overall P budget of a lake during the open water periods, and ultimately delay
the lake’s recovery from eutrophication for decades.

Empirically, we know that solid-phase aluminum (I11) (AI"") reduces the reductive
dissolution of phosphorus from lake bottom sediments. The engineers who design aluminum
treatments for blooming lakes simply add Al'" to lakes until internal loading is reduced, but often
don’t investigate the natural basis for the presence or absence of internal load.

This thesis looks at the chemical basis of internal loading and how the biogeochemistry of
both iron and aluminum affects the rate and magnitude of phosphorus release. Our goal is to shift
empirical measurements towards a more chemically robust analysis of phosphorus cycling that
includes iron and aluminum geochemistry.

4 Iron and Aluminum speciation chemistry

In oxygenated water, the stable oxidation states of iron and aluminum are Fe'"" and AI'",
respectively. The solubility of both iron and aluminum in the water column of freshwater lake
systems at equilibrium is highly dependent on the pH of the solution.

Iron in aqueous solution may undergo hydrolysis, forming ferric hydroxides which influence
iron solubility. In most (if not all) Maine lakes, the pH is not low enough to prevent iron
tetrahydroxide formation, thus the majority of iron in oxygenated water is present as insoluble
ferric hydroxide, Fe(OH)s (s).

The solubility of iron as iron hydroxide can be described by equation 2:

Ksp = [Fe3*][0H]3 ()
The pH of solution affects Fe'"' solubility directly due to the dependence of the hydroxide ion,

but also indirectly by changing Fe®" activity via the formation of iron hydroxide complexes.

13



Thus, it is critical to understand the pH-dependent iron species in freshwater lake systems.

Hydroxide is added to ferric iron forming soluble, sequential iron hydroxide species.
p1
Fe3* + OH™ & FeOH?** (3)
B2
Fe3* + 20H™ & Fe(OH)} (4)
B3
Fe3* + 30H- © Fe(0H); (5)

Fe3* + 40H™ gFe(OH); (6)
The total iron in the lake is thus described by:
Tre = [Fe3*] + [FeOH?*] + [Fe(OH)}] + [Fe(OH)3] + [Fe(0H); 1 (7)

So, the fraction of each iron species is described by a:

[n]
= — 8
an TFe ( )
where n represents each species. For ferric iron,
3 [Fe3+] 9
Qg = Tre €))

The definition of a, can be further defined using the equilibrium constants for the complexation

of iron hydroxides (see Table 1):

0 = [Fe37] 10)
O 7 [Fe3*] + [FeOH?*] + [Fe(OH)] + -
3+
@ =773 I_:e - (11)
Fe3* + B1-Fe3*[OH™] + p2- Fe3*[OH ]? + -
1
(12)

T TFpL-[OH 1+ B2 -[OH 2 +
We can now express the solubility of ferric iron in terms of total iron by combining equations 2

and 9:

14



Ksp = [Fe3+][0H_]3 =Qqp- TFe ' [OH_]3 (13)
The above series of equations details the solubility of iron in freshwater lakes. Figure 3

demonstrates the solubility of Fe'"' species in solution as a function of pH.

pH
1.0E+00
1.0E-01 ¢
1.0E-02 °

1.0E-03

1.0E-04

1.0E-05

Fe3*

Total Fe(lll)
R ——————————

1.0E-06

1.0E-07

Fe(OH)%

1.0E-08

1.0E-09

= o o o o o o )
L ]
o
-
1]
—
o
=
[—
w
—
w
~—
L J
e

1.0E-10

Figure 3. Fe'" speciation and solubility in pure water as a function of pH.
Solubility in moles/liter.

Figure 3 demonstrates that the solubility of Fe'!' decreases with increasing pH, reaching a
minimum around 1 nM at pH 7. As the solution becomes more basic, iron solubility begins to

increase as Fe''' solution phase complexes, Fe(OH)4", become more abundant.
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The same fundamental behavior applies to the solubility chemistry of aluminum, just with

different equilibrium constants (Table 1). Figure 4 demonstrates pH-dependent aluminum

speciation following the same approach we used to calculated pH-dependent iron speciation. As

with Fe'"" (Figure 3), the observed solubility of Al'' reaches a minimum around pH 7 (Figure 4).

This is important to note as both metals reach their solubility minima at the natural pH of lake

water.

1.00E+09
1.00E+08
1.00E+07
1.00E+06
1.00E+05
1.00E+04
1.00E+03
1.00E+02
1.00E+01
1.00E+00
1.00E-01
1.00E-02
1.00E-03
1.00E-04
1.00E-05
1.00E-06
1.00E-07
1.00E-08

Total Al(1l)

Figure 4. Al'"' speciation and solubility in pure water as a function of pH.
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Table 1. Standard K values for critical iron and aluminum species generated in ChemEqg|
(Stumm & Morgan, 1996; Smith & Martell, 1989).

Species K
Fe Fet* 13.0
FeOH*™ -2.2
Fe(OH),* 5.7
FeOH* -9.5
Fe**+ -13.0
Fe(OH): (aq) -20.6
Fe(OH)s (aq) -25.6
Fe(OH)s" -32.0
Fe(OH)s -34.6
Fe(OH) 4~ -46.4
Al Al 10.8
AI(OH)** 5.8
AI(OH).* 0.7
Al(OH)z (aq) -6.1
Al(OH).- -14

5 Iron and aluminum as solid phase adsorbents for phosphorus
In their solid phases, both iron and aluminum adsorb phosphorus as phosphate in a well-
oxygenated environment (Kopéacek et al., 2005). Thus, the P flux is controlled by the abiotic
complexation of phosphate by Fe'' and AI''":

=FeOH;" + H,PO4s > =FeOH4PO4 (14)

=AIOH," + H,PO4 = =AI0OH4PO4 (15)



To model this chemistry, we need to consider the acid/base chemistry of both metals and

phosphate. We know that phosphorus as phosphate has three protonated states in solution:

k
H3PO, & H* + H,PO; (16)
ka
H,PO; & H* + HPOZ~  (17)
k3
HPO? & H* + P03~ (18)

However, in considering the acid/base properties of phosphate, we know that only the second
protonation state and acidity constant are important in a pH range of 5-9 (the range most
applicable to biological freshwater lake systems). As such, the fraction of each phosphate species

relative to total phosphorus can be described as follows:

[H3PO4] _ [H2PO] _ [HPoiT) POV
1 TotalP ' 2 TotalP ' 3~ TotalP

" TotalP'

ot (19)
We then extrapolated the speciation further to incorporate the acid dissociation constants

(Appendix A) associated with each deprotonation, and arrived at the following:

_[H*P? — ki[H*]? — kqky[H] _ kikaks

d ’ al d ) aZ d ’ a3 d (20)

Where,
d = [H+]3 + kl[H+]2 + klkz[H+] + k1k2k3 (21)
Using the same mathematical basis, we defined the speciation for iron oxides:

_ +k1 + ., —
= FeOH; & H*+=FeOH  (22)

k
= FeOH & H*+ = FeO~ (23)
Total solid iron is defined as:

Tpe = FEOHS + = FeOH + = FeO~  (24)
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It is important to note that equations 22-24 define the acid/base properties of the Fe'"" solid phase

which is a different chemical species than Fe'" solution phase complexes. The adsorption of

phosphorus as phosphate to FeOH," as described by equation 14 can thus be defined as:

[= FeOH,PO;] [= FeOH,PO;]
KFe =T + 72— (25)
[= FeOH; |[HPO;™] [ao,Fe * TFe][aZ,P * Tp]
Similarly, K, can be defined as:
K — _ [= FeOH;PO;] -
Fe = Bpe@o,rel2,p = [Trol[Tr] (26)
The fraction of phosphorus adsorbed to iron is:
Kre@o ey p|Trel|T
Fraction P adsorbed to Fe(IIl) = redorezp|Trel [T ] (27)

14 Kre@ore@splTrellTp]
Equation 27 is described by Figure 5. Figure 5 demonstrates the fraction of dissolved H2PO4™ in
stream water as a function of pH. As pH increases, the fraction of phosphorus as phosphate

adsorbed to Fe'"' decreases and thus the dissolved fraction of HoPO4 increases.
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Figure 5. Calculated adsorption edge for H.PO4 ™ in sediments as a function of pH.
(Note: stream water and lake water are chemically identical (King, personal communication).)
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The same is true of aluminum oxide adsorption of phosphorus as phosphate:

[= AlOH,PO;]
[Tal[Tp]

Both = FeOH and = AIOH; are in competition for H,PO4™. Thus, the fraction of phosphate

Ky = Ky gz p = (28)

adsorbed by aluminum may be described as the ratio of these apparent K’ binding constants and

total concentrations of solid-phase metal:

Kf;lTAl
K/;lTAl + KI;eTFe

Fraction of P adsorbed to AL(II]) = (29)

Mass conservation requires that the fraction of phosphorus adsorbed to Fe'"' be 1-faction
adsorbed by AI"". The resultant plot from this model is given in Figure 6. Note that as molar
Al:Fe increases (i.e., there is increasingly more aluminum in solution than iron), the fraction of
phosphorus adsorbed by Fe''' decreases. While phosphorus adsorption modeling gives us insight
into the competitive affinity of iron versus aluminum for phosphate binding, it neglects to tell us
anything about the chemical kinetics of phosphate adsorption. We return to the discussion of

kinetics at the end of this thesis.
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Figure 6. Adsorption model for phosphorus as phosphate binding to aluminum as a function of
Al:Fe.
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6 Iron and aluminum redox chemistry

When levels of organic carbon are increased in lake bottom sediments, the redox conditions
change as a result. We must also consider how iron and aluminum change in sediments as redox
conditions change.

6.1 Role of organic material in freshwater systems

Organic material in lake sediments plays a large role in internal P flux. As organic material
reaches the sediment-water interface, it is oxidized by a variety of respiratory processes that rely
on different electron acceptors such as oxygen (O2), nitrate (NO3), sulfate (SO4%), Mn oxides
and Fe oxides. The oxidation of organic carbon (Corg) has a significant impact on the release of
sediment-bound phosphorus if redox conditions change. Certain electron acceptors such as Oo,

NOs™ and Mn'" are more easily reduced and will thus be consumed by organic carbon oxidation
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Figure 7. Redox chemistry of organic carbon and electron-accepting species found in freshwater

lake sediments; [A] relative reduction potentials of prominent reducible species (Oz, Mn'V, NOs,

Fe''', SO4%) in freshwater lake bottom sediments (Stumm, 1996); [B] predicted titration curve for

the reduction of prominent sediment-bound elements (O, Mn, N, Fe, S) by organic carbon at pH
7 (King, 2002).
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In lakes with low oxygen concentrations (hypoxia) and/or excess organic material, sediment
bound Fe'"' will eventually be reduced leading to the subsequent release of phosphorus as
phosphate. When the supply of organic carbon is relatively higher than oxygen concentrations in
freshwater lake systems, we see a change in the redox conditions of the lake. From Figure 7B,
we see that as oxygen is depleted, the solution becomes more reducing. This is exactly what is
happening at the sediment-water interface in anoxic lakes.

6.2 The reductive dissolution of ferric iron is responsible for phosphorus release
Phosphorus is primarily present in lake sediments in solid FeOOH-PO4 or AIOOH-PO4
complexes (equations 14 and 15) formed by the adsorption of phosphate to sediment-bound
ferric iron (Gachter & Meyer, 1993). This is because both Fe'"' and Al'"' have strong binding
capacities for inorganic phosphate under oxic conditions (Lake et al., 2007). However, as Fe'''-
reducing microbial activity thrives in an anoxic environment, Fe'"" is reduced to Fe", ultimately
releasing phosphate and distributing Fe'" and phosphorus into the water column (Lake et al.,
2007). Figure 8 represents a simplified schematic for an impacted lake versus a pristine lake.
Note that the increased flux of phosphorus upon reduction of Fe''' to Fe'' promotes algal
blooming. Since it is impractical to physically remove phosphorus from lakes, water quality
management schemes must incorporate a way to “lock” it into the sediments in order to mitigate

reductive phosphorus release.
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Figure 8. Schematic for phosphorus release as phosphate in an impacted lake (left) and a pristine
lake (right).

Al(Il)
|I)('”) Fe(111)/(11) Al(II)

Lake managers ultimately turn to aluminum as a tool to lock phosphorus released from
reduced iron into lake bottom sediments. However, it is critical that we first understand the
chemical redox relationships between iron, aluminum and phosphate.

Iron, relatively abundant in the composition of the Earth’s crust, occurs in two primary
oxidation states: divalent (or ferrous) Fe™ and trivalent (or ferric) Fe*** (Hem, 1962). As such,
iron in aqueous solution such as lake water systems is subject to pH (as described in section 4)
and redox potential (pE) dependent hydrolysis. There are several important ionic iron species
including Fe***, FeOH™", Fe(OH),*, Fe*" and FeOH* (Hem, 1962). In most freshwater systems
with a pH ranging between pH 5 and 8, iron hydroxides form naturally, precipitating iron most
commonly as ferric hydroxide, or Fe(OH)sz (Hem, 1962; Figure 3). Under conditions of chemical

equilibrium in freshwater lake systems containing both divalent and trivalent iron species, the
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redox potential is dependent on the relative abundance of reducing and oxidizing iron species
present.
The transition between oxidized iron species and reduced iron species is related through the

Nernst equation:
o RT I
E=E A F nQ (30)

in which Q represents the ratio of reduced species to oxidized species. For the ferrous-ferric

system at 25°C, this equation becomes:

0 [Fe]
E=E —0.05916 + ZOQW (31)

Using Tre and a,, defined by equations 7-9, we can express redox potential via the Nernst

equation in terms of total iron:

. T, a
E=E°—0.05916 + log —<D 1 (32)
Fe(lInD %o
, 0 aq
E'=E’ ~0.05916 + log— (33)
0
, Tren
E =E —0.05916 + log (34)
Fe(IID)

In concert with the pH-dependent speciation of iron and aluminum in freshwater lake
systems, equations 30 through 34 can be applied to generate pE-pH diagrams that characterize
the acid/base and redox chemistries of these molecules. Figure 9 shows Pourbaix plots, or pE-pH
diagrams, for iron and aluminum species in freshwater lakes. The upper boundary represents the
pE and pH of oxidized natural water while the lower boundary represents the pE and pH of

reduced natural water.
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Figure 9. Pourbaix plots for iron (left) and aluminum (right) in water generated using ChemEq|.
Pure redox reactions are marked by the horizontal lines and pure acid-base reactions are marked
by the vertical lines. The blue star represents iron and aluminum stable conditions in oxygenated
pore water conditions; the green star represents iron and aluminum in high carbon, low oxygen
conditions. The yellow box represents the potential range of the green star, depending on the
amount of reducing agent required to fully reduce Fe'' to Fe''.

If both Fe'"" and AI"" were stable under all environmental conditions, our job would be done.
Instead, we have to find a way to combat the reductive dissolution of phosphorus from iron
under anoxic conditions. The Pourbaix diagrams for iron and aluminum clearly present the redox
and acid/base capabilities of iron and aluminum as Lewis acids, allowing us to ultimately
distinguish between the relative phosphate retention abilities of each Lewis acid. As is shown in
Figure 9 by the lack of horizontal lines in the aluminum Pourbaix plot, aluminum species can
only change with pH, not with pE. Thus, as aluminum has a single oxidation state (Al'"), Al'' is
a more effective Lewis acid than Fe'"" for the retention of phosphorus in lake bottom sediments

because it cannot be reduced by organic carbon. It is also important to note that Fe'', a third

Lewis acid, is also present. While Fe'' is capable of binding phosphate, it is a much weaker
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Il as the charge-to-size ratio is changed upon the reduction of Fe'''to Fe''. Fe'

Lewis acid than Fe
is also highly soluble at the natural pH of freshwater lakes.

7 Aluminum treatment as a way to combat internal phosphorus load

Like iron, aluminum enters the lakes from the sediments upon the weathering of terrestrial rocks
and soils. Figures 3 and 4 suggest that Al'' is only about one order of magnitude more soluble
than Fe'"' in pure water at pH 7. While Al"' concentrations in the Belgrade lakes are below the
inorganic solubility limit for amorphous aluminum hydroxide, Fe'"" must be solubilized by other
ligands in the lake bottom sediments (King, personal communication). Upon photooxidation of
these organic ligands, the metal-ligand bonds are cleaved, releasing Fe''' and AI'! into the water
column as Fe(OH)s (s) and AI(OH)s (s) (Porcal, 2010). Although both Fe'"' and AI'" are naturally
occurring metals known to decrease P flux in freshwater lake systems, the relative ability of Fe'"!
as compared to Al'"' to bind phosphorus is dramatically hindered by its reduction under high
organic carbon, low oxygen conditions. Thus, phosphorus retention strategies via complexation
with Fe''' present an issue.

Previous studies have demonstrated considerably low rates of phosphorus sequestration by
Al'"in lake sediments (Kopacek et al. 2000; 2001). Since Al'" is not susceptible to redox
reactions, it is considered a permanent phosphorus sink in freshwater lake systems (Lake et al,
2007; Figure 9). As such, increasing the abundance of solid phase Al'" at the sediment-water
interface via alum (Al2(SO4)3) treatments has emerged as a viable lake management strategy to
mitigate internal phosphorus loading in eutrophic lake systems.

8 Conventional “jar test” methods used to engineer aluminum dose
Classic “jar test” experiments are typically used as small-scale mesocosms in a laboratory setting

to engineer alum treatments by measuring phosphorus released from anoxic sediments as a
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function of redox-insensitive aluminum concentration. The majority of these jar test studies are
empirical in nature as they focus only on measuring reductive phosphorus release in controlled
circumstances.

8.1 East pond alum treatment

In 2018, East Pond in Smithfield, ME was experiencing algal blooms as a result of hypolimnetic
anoxia and a buildup of organic carbon at the sediment-water interface. Figure 10 shows Secchi
depth measurements in East Pond since 1975. From this plot it is clear that rapid changes in the

chemistry of freshwater lake systems can have dramatic effects such as intense algal blooming.

Secchi Depth since 1975 - East Pond, Oakland, Maine (Source ME VLMP)
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Figure 10. Secchi depth on East Pond since 1975 (Source ME VLMP). A lake is considered
impacted when Secchi is less than two meters.

In order to mitigate algal blooming on East Pond, the King Lab at Colby College quantified
reductive phosphorus release as a function of intentionally added aluminum in order to determine

the optimal alum-dosing scheme. Typically, extraction procedures consist of five extraction
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steps, however we used a slightly condensed version of the Psenner & Pucsko (1988) procedure

that only focuses on three critical extraction steps. (1) 0.1 M ammonium chloride at room
temperature (RT) to extract pore water and loosely bound iron, aluminum and phosphorus; (2)

0.11 M sodium bicarbonate (NaHCO3)-buffered sodium dithionite (Na2S204) at RT to extract

reduced iron in sediment and associated phosphorus; (3) 0.1 M sodium hydroxide (NaOH) at RT

to extract amorphous iron and aluminum hydroxides, and associated phosphorus. This study
details an empirical fractionation procedure suitable to distinguish between a variety of

chemically well-defined phosphorus compounds in freshwater sediments. The King Lab

extraction scheme is laid out in Figure 11.
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Figure 11. Schematic representation of phosphorus fractionation extraction procedure used to

analyze iron, aluminum and phosphorus concentrations in East Pond sediment samples. See

Appendices B and C for a more detailed procedure.

Raw extraction data from East Pond sediment samples were analyzed for reductive

phosphorus release as a function of added aluminum. This data showed trends consistent with the
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theory described above: reductive phosphorus release decreases as aluminum concentration

increases (Appendix D; Figure 12).
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Figure 12. Sequential sediment extraction data from East Pond.

It was ultimately determined that East Pond should be treated with 45 g alum/m? in order to
minimize reductive phosphorus release from lake bottom sediments. However, the East Pond
sequential extractions were carried out prior to our current full understanding of the
biogeochemistry of our extraction methodology. The primary area of uncertainty during the East
Pond project was the role of our reducing reagent, sodium dithionite, and its chemical behavior.
We have since characterized dithionite and its role in sediment extractions as will be discussed in

the subsequent sections of this thesis. Similarly, during this study, we measured only reductive

29
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phosphorus release, neglecting levels of both iron and aluminum. Despite this, more than two
years after the initial alum treatment, East Pond remains clear and extraction analysis indicates
low levels of phosphorus release upon reduction, indicating that the treatment was successful
regardless of our error. Our recommendation for treatment dosage was likely more than enough
aluminum to keep the phosphorus bound up in the sediments. Yet, the reproducibility of this
experiment was weak; we now recognize that our analytical work was inefficient, and a better
understanding of the chemistry will ultimately improve extraction reproducibility.

Therefore, before we move on to treat other Maine lakes with alum as we did for East Pond,
it is important that we understand the chemical foundations of what is still a fairly empirical
procedure. Historically, researchers have used the Psenner & Pucsko method strictly to analyze
sedimentary concentrations of phosphorus, while neglecting to understand variation in iron and
aluminum levels. We believe that characterizing the redox and acid/base chemistry of the
traditional extraction method will better inform future alum dose engineering studies.

9 The aluminum to iron molar ratio

Recent literature on the biogeochemistry of phosphorus cycling in Maine lakes has shown that
molar Al:Fe plays a major role in the release of phosphorus under reducing conditions (Norton,
et al., 2008). Phosphorus adsorption is directly linked to the chemistry of Fe''' and Al'"in lake
bottom sediments (Norton et al., 2008). Conventional jar tests empirically extract sediments by
changing the pH and pE of extraction reagents (Figures 9 and 11). Separate from the jar test
studies, geochemical analyses of phosphorus release provide foundational insight into the
chemical relationship between iron and aluminum sediment concentrations and phosphorus
release. Thus, we argue that the two approaches can be merged to develop a comprehensive

chemical model for hypolimnetic phosphorus release in both natural and engineered freshwater
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lake environments. Relevant literature has demonstrated that there is no need to add Al'"" to lake
systems in order to study the importance of Al on internal load as internal P flux is reduced
during hypolimnetic anoxia if molar Al:Fe is > 3 (Kopacek et al., 2005). The 3:1 ratio indicates
chemically stable levels of iron and aluminum are required to modulate P flux from sediments.
This ratio can be applied as an operational target for estimating optimal aluminum dosing in
freshwater lakes suffering from algal blooming. In other words, it is important to apply the
empirical jar tests to well-defined chemical systems in order to fully understand the
biogeochemistry of reductive phosphorus release. At the time of the East Pond alum treatment,
we did not include analysis of Al:Fe in our final treatment recommendation. However, it appears
that the East Pond alum treatment successfully improved water clarity, so we went back to our
raw extraction data to look at the iron and aluminum levels in each sample. We ultimately found
that, despite our oversight, the 45 g/m? recommended alum dose was enough aluminum to push
Al:Fe of East Pond from 1:1 to 3:1. Thus, the goal of this current work is to tie all of these
processes together into a comprehensive model for studying phosphorus release in freshwater
lakes.

10 Characterization of the reductive step in the Psenner & Pucsko method

An important place to start is to consider the chemistry of dithionite, used as a redox buffer in the
reductive extraction step (Figure 8). This step is the primary area of analytical uncertainty in the
traditional jar test method. As was forementioned, freshwater lake scientists have largely adopted
the extraction procedure of Psenner & Pucsko (1988) to analyze sedimentary concentrations of
phosphorus. While this method has been proven to successfully extract phosphorus and metal
compounds from freshwater sediments, it neglects to explain the biogeochemical theory behind

the method. Consequently, those who have replicated the method do so in blind faith. Dithionite
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obviously plays an integral role in sediment extractions, so it is important that we examine the
redox kinetics of dithionite in freshwater sediments to fully understand this method
Sodium dithionite has long been used as a powerful biological reducing agent in

biogeochemical research (McKenna et al., 1991).

0 0
R
Dithionite

Figure 13. Chemical structure of the dithionite ion.
Literature values for the standard reduction potential of critical redox reactions in freshwater lake
systems are shown in Table 2.

Table 2. Literature values for the standard reduction potential of critical reactions in this
study (King, 2002; Harris, 1999).

Reaction Eo (V)
CH,0 + H20 (1) © CO3 (g) + 4H* + 4e” 0.06
Fe'' + e > Fe!l 0.771
H,0 +e > ¥%H;, (g) + OH" -0.828
0. (g) + 4H* + 4e > 2H,0 1.229
$,04% 2 SOz% -0.66

The dithionite ion (S204%) has a strong affinity for bi- and trivalent metal cations, making it
an optimal choice for use in laboratory settings to mimic the reducing ability of organic carbon in
freshwater lakes. In other words, dithionite acts as the inorganic surrogate for organic carbon in a
laboratory setting. The use of buffered dithionite (BD) is preferred in environmental chemistry
labs because organic carbon redox reactions require microbial catalysis that is often challenging

to simulate in vitro.
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Nirnberg (1988) concluded that the quantification of iron-bound phosphorus by dithionite
extraction provided a more accurate estimate of internal phosphorus load in anoxic lakes when
compared to other extraction reagents such as NaOH. While the Nirnberg (1988) study found
that dithionite extraction correlated well with the total sediment phosphorus concentration, it
neglected to correct for aluminum-bound phosphorus concentrations leading to skewed data.

In 1993, Jensen and Thamdrup published a study that drew on the Psenner and Nuirnberg
studies in order to modify the five-step extraction scheme for phosphorus in freshwater sediment
for use in marine sediments in Denmark. The results of this study concluded that the BD-reagent
is highly specific for extraction of iron-bound phosphorus (Jensen & Thamdrup, 1993).

Most of the published literature on dithionite offers a largely empirical analysis of the
reducing ability of dithionite in freshwater sediments. The most extensive quantitative study of
the redox potential of dithionite was that of Mayhew in 1977 in which the kinetics of the redox
equilibrium established by the dithionite/(bi)sulfite system were examined. This study used
dithionite as a redox reagent to react with electron carriers like flavodoxins, methyl viologen and
hydrogen in the presence of catalytic hydrogenase. Previous studies have shown dithionite
solutions to be strongly reducing and often assume that the dithionite/(bi)sulfite system described
by equation 35 is irreversible under physiological conditions. However, several findings have
indicated that there may be a redox equilibrium established by the dithionite/(bi)sulfite system at
pH values ranging between pH 5 and 8 (Mayhew, 1977). The dithionite/(bi)sulfite system in
question is described by the anaerobic oxidation of dithionite to (bi)sulfite:

S,0;~ + 2H,0 = 2HSO3 + 2H* + 2e~ (35)
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Mayhew (1977) concluded that the reductant in dithionite redox reagents is the dissociation
product SO rather than the dithionite ion as was previously assumed. According to equation 36,

the dithionite ion (S204%) is a dimer of SO".

Kq
S,02~ 2505 (36)

Ko = (37)

SO; reacts with water to form (bi)sulfite, a proton and an electron.

S,0;~ © HSO; + HY + e~ (38)
This means that the concentration of dithionite in solution directly (but nonlinearly) controls the
concentration of SO2™, and thus the reducing power of the redox reagent. Of additional
importance is the dependence of the midpoint redox potential of the dithionite/(bi)sulfite system

(E’) on the pK of (bi)sulfite at 6.9 (Mayhew, 1977):

HSO; =502~ + H*  (39)

At dithionite concentrations above 10 nM, the reductant SOz is present largely in its dimeric
form (Mayhew, 1977). As such, the midpoint redox potential (En) of dithionite solutions will
become less negative (less reducing) as the concentration of dithionite is increased. In other
words, the conditional redox potential of dithionite is highly dependent on the concentration of
dithionite in solution.

Mayhew (1977) ultimately calculated the redox midpoint potential (E’) of the
dithionite/(bi)sulfite system at pH 7 to be -0.66V. The estimation for the redox potential of the
dithionite/(bi)sulfite system as it relates to dithionite concentration is given by the following

equation that describes the form of the redox titration curve for the dithionite/(bi)sulfite system:

So
Eh =FE'+ 0.051610g—2_

+ 0.029log 4K, [S,0% 40
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Furthermore, Mayhew predicted that the reducing ability of dithionite solution increases with
increasing concentration as per the following equation:
Ey = Ep, = E' + 0.029 log 4K,[S,037] (41)

This study provides critical insight on the reducing ability of dithionite redox reagents as a
function of dithionite concentration. It additionally reinforces the notion that dithionite is a
powerful reducing agent as it is a source of sulfite and bisulfite, both known reducing agents of
iron. In using dithionite in our extraction protocol, we not only have a redox reagent that is
sufficiently reducing but also sufficiently reactive.

In 1995, Millero et al. published a study that examined the kinetics of the rates of Fe'"
reduction by sulfite in NaCl and seawater solutions as a function of temperature, pH, ionic
strength and composition. While our study concerns strictly freshwater solutions, this study
presents several important conclusions that illuminate fundamental aspects of the redox
chemistry of dithionite. (1) It was found that the following reaction is first order with respect to

both Fe'' and S'V:

k
Fe(IIl) + S(1V) - products (42)

d[Fe(IID] _  [Fe(lID]
ok [S(IV)] (43)

As such, the importance of Fe'"" reduction by sulfite emerges in the context of the first-order
formation of Fe' in solution as a function of S concentration. (2) The results from this paper
may be applied to further examine the effect of iron speciation on the reduction rates with sulfite
in natural waters. Based on their study of iron speciation in seawater as a function of pH, Millero
et al. concluded that the effect of pH on the rate constant for the reduction of Fe'"' can be
described by Equation 44. At pH 7, the half-life of Fe'' predicted by this equation is less than one

hour (Stumm, 1996; Millero et al., 1995).
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k[Fe(IID][S(V)] = ko[Fe3*][HSO3] +

k,[FeOH?**][HSO3] + k,[Fe(OH)Z1[HSO; ]

(44)

The properties of dithionite have also been researched by workers in the mining community.

A 2018 paper by Botelho Junior et al. investigates dithionite as a reducing agent to convert Fe'"

to Fe' in leachate from nickel mining waste. The results of this study identified dithionite as a

powerful reducing agent and an optimal choice for complete conversion of Fe''' to Fe!' by

reducing the potential to 590 mV at pH 0.5-2 or 240 mV at pH 2.5 (Botelho Junior et al., 2018).

However, as our current study does not concern varying the potentials of our reducing reagents,

the primary takeaway from the Botelho Junior study is that reducing iron with dithionite may be

an optimal mechanism for the recovery of metals by an ion exchange process as Fe'' precipitates

above pH 2 (Botelho Junior et al., 2018).

Table 3. Summary of primary conclusions from studies on the chemical behavior of dithionite as

a reducing agent for Fe'"'.

Sediment Dithionite Reaction Reaction Reaction
Paper Method type concentration, M pH temperature, °C time, hr
Psenner & -
Pucsko, 1988 Empirical Freshwater 0.1 nfa 40.00 0.5
Nirnberg, 1988 Empirical adaptation of Freshwater 0.1 n/a 40 0.5
Psenner paper
Jensen & Empirical adaptation of .
Thamdrup, 1993 Psenner paper Marine 01 70 RT !
Quantitative analysis of
Mayhew, 1977 kinetics of dithionite redox nla 0.1 8.5-9.0 25.00 <1
equilibrium
Millero et al., Quantitative analysis of Fe(lIl) . )
1995 reduction by S(IV/) Marine 1.0E-04 35 25.00 n/a
. . L Leachate from
Botelho Junior et Ana'ly5|s of dlt'hlonlte asan nickel mining 01 05-2.0 25.00 2
al., 2018 iron-reducing agent waste
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11 Current study

The aims of the current study are threefold. Primarily, we will merge phosphorus concentration
measurements from the empirical jar test methodology with the in-depth biogeochemical
analyses of iron, aluminum and phosphorus and their interactions in freshwater lake systems. To
do so, we will use data from sequential sediment extractions of samples from Great Pond and
China Lake, and introduce an analysis of the reductive dissolution of phosphorus as a function of
Al:Fe. Additionally, we will provide critical insight into the chemical behavior of dithionite as a
reducing agent by determining the optimal reaction time for the dithionite extraction step. We
will relate our discussion of the dithionite reaction time to the chemical foundations drawn from
literature presented the above sections. Finally, as we hypothesize that our conclusions from our
adapted jar test procedure will be consistent with our geochemical extraction data, we aim to
make a recommendation for future studies that underscores the importance of including iron and
aluminum data in water quality management schemes. Since most researchers do not focus on
iron and aluminum concentrations in their sediments, they have no context in which to compare
internal phosphorus cycling across different lakes. Thus, we ultimately propose that future alum
dose engineering studies consider iron and aluminum data in tandem with their phosphorus data
in order to achieve a comprehensive understanding of the biogeochemistry of phosphorus cycling

in freshwater lakes.
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MATERIALS AND METHODS

1 Sediment sampling

1.1 Site description

The Belgrade Lakes region and surrounding watersheds (Figure 14) were selected for sediment
analysis of phosphorus cycling based on historical patterns of seasonal anoxia and algal blooms.
Among the identified lakes, East Pond, North Pond, Great Pond, Salmon Pond and China Lake
(not in the Belgrades, but central to this study) were eutrophic or mesotrophic (high phosphorus)
while the other three (Long Pond, Messalonskee Lake and McGrath Pond) were oligotrophic or
mesotrophic (low phosphorus) (Ferwerda et al., 1997). All 8 lakes share similar hydrologic
characteristics (Table 4). Sediment fractionation data presented in this study results from
extraction analyses of East Pond, Great Pond and China Lake, however water quality levels of all

8 lakes have been monitored consistently throughout the course of this study.

1. Great Pond

2. Long Pond

3. Messalonskee Lake
4. Salmon Pond

5. McGrath Pond

6. North Pond

7. East Pond
8. China Lake

Waterville,

Figure 14. Map of Maine lakes involved in this study.
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Table 4. Hydrologic properties of 8 Maine Lakes involved in this study.
Data from Lake Stewards of Maine.

Mean Max Perimeter Surface

Lake depth depth (km) area

(m) (m) (ha)
Great 6.4 21 74 3453
Long 11 32 50 1035
Messalonksee 10 34 48 1494
Salmon 7 17 13 281
McGrath 5 8 11 189
North 4 6 15 1024*
East 5 8 22 695
China 9 26 49 1594

* combined area of North Pond and Little North Pond

1.2 Sampling protocol

Lake bottom sediment samples were collected using a Standard Ekman Grab Kit from frozen (if

possible) lakes. Sediment samples cores were taken between 0 and 10 cm below the sediment-

water interface. In the lab, samples were composited by depth, transferred to airtight freezer bags

and stored at -80°C for preservation. To prepare samples for extraction, they were removed from

the freezer, allowed to thaw overnight and set to dry thoroughly under a laminar flow hood for
24-72 hours.

1.3 Sediment moisture and organic matter content

The moisture content of each sample was determined by Thermogravimetric Analysis (TGA).
TGA allowed us to monitor the mass of each sediment sample as a function of temperature in
order to quantify loss of water and organic material upon heating. The King Lab TGA method

involved heating the samples to 150°C, measuring the loss of water, and then heating to 500°C

and measuring the loss of organic carbon. Samples were also oxidized with H2O> and similarly

analyzed with TGA in order to determine their inorganic carbon fraction.
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2 Experimental alum dosing

Samples were treated with an alum solution prepared by adding 1 mL USALCO® Acid Alum
Aluminum Sulfate Solution and 0.5 mL USALCO® 38 Sodium Aluminate Solution to 30 mL
18.0 MQ purified reagent water. 6 different alum doses were delivered to sediments according to
Table 5.

Table 5. Alum dose preparation.

Alum dose, Vol alum soln,
g/m? sed uL
0 0
4 100
7 200
15 400
29 800
58 1600

3 Sediment extraction

The King Lab at Colby College developed a sediment fractionation method based on that
published by Psenner and Pucsko (1988) to extract phosphorus and metal compounds from
freshwater sediments. All reagents were made using 18.0 MQ purified reagent water. 1 gram of
sediment from each sample was used for extraction. The extraction procedure was as follows
(see Table 6 for pH and redox potential parameters): (1) 1 M NH4ClI for 2 hours at RT to extract
weakly bound Fe, Al and P; (2) 0.11 M Na2SOs-buffered NaHCO3 for 2 hours at RT to extract
Fe and P released under anoxic conditions; (3) 0.1 M NaOH for 24 hours at RT to extract any
remaining Al in sediment. The samples were placed on an automatic spinner for the entirety of
the reaction period. Samples were centrifuged at 4000xg for 15 min and the supernatant was
decanted. 0.5 mL of each supernatant was transferred into 10 mL of 3% HNO3 to prepare
samples for analysis of Fe, Al and P using an Inductively Coupled Plasma — Emission

Spectrometer (ICP-ES). (See Appendix C for a more detailed protocol.)
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4 Measuring pH and redox potential

The redox potential of each reagent was measured in mV before and after each reaction using a
redox probe and the measurements were standardized with a commercial ZoBell solution. The
pH of each reagent before extraction was measured using a Fisherbrand probe. Table 6 shows the
desired redox potential and pH ranges of the first two extraction steps. The redox and pH
parameters of the NaOH extraction step are not significant to our data as the point of this
extraction is to dissolve any remaining aluminum from the sediment samples.

Table 6. Optimal pH and redox potential range for ammonium chloride and sodium dithionite.
extraction reagents.

H redox
P potential, mV
ammonium chloride, 7510
stock 85 85 to 145
dithionite, 6.5t0
stock 75 -500 to -600

5 Dithionite stability
Sodium dithionite is a highly reactive compound, and the literature is inconsistent on the
parameters of sediment extraction using dithionite as the reductive step (Table 3). Thus, this
work aims to characterize the optimal extraction conditions (concentration, temperature, time)
for the dithionite extraction step. The primary issue when working with sodium dithionite
solution is shelf life. In our lab, we pre-made our bicarbonate buffer solution and added
powdered sodium dithionite to the buffer immediately before use. Based on previous studies, we
used 0.1 M dithionite for all experiments. Similarly, we concluded that performing the dithionite
extraction at RT would provide optimal data.

In order to determine the ideal reaction time for sediment extraction with dithionite, we
performed a series of experiments, varying the reaction times from 2 to 48 hours. 1 gram of

sediment was extracted first with ammonium chloride and then with dithionite. Supernatant
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samples at roughly two-hour intervals throughout the course of the dithionite extraction were
taken, and the concentration of reductive phosphorus released was analyzed using the ICP-ES.
6 Data analysis

Raw data from the ICP-ES for concentrations of Fe, Al and P were measured in parts per billion
(ppb) and converted to g/m? using molar mass, stoichiometry, density, etc. as detailed in

Appendix C.
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RESULTS AND DISCUSSION

1 TGA analysis of air-dried sediment samples

We performed TGA on air-dried sediment samples in order to characterize the percent organic
carbon in each sample. As organic carbon plays a role in the reductive capability of lake-bottom
sediments (more DOC means more reducing ability; Figure 7), it is important to characterize the
percent organic carbon by mass of the sediments. Figure 15 shows the percent organic carbon of

sediment samples from China Lake.

Percent Organic Carbon in China Lake Sediments - Samples A through G
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Figure 15. Percent organic carbon of sediments from several China Lake sampling locations.
The blue plot on the left side of Figure 15 shows a clear decrease in mass lost on ignition as
we move from sample A (the north end of the lake) to sample G (further south in the lake). This
means that sediments from the northern end of China Lake have more organic carbon than
sediments more toward the middle. As we see the most intense instances of algal blooming on
the north end of China Lake, this data makes sense as increasing organic carbon represents

decreasing water quality. Ultimately, the TGA analysis of our sediment samples plays an
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important role in our understanding of the relative reducing capabilities of the sediments,
separate from the reducing ability of dithionite. Although, reduction via the organic carbon
fraction of the sediments is nearly negligible when using one-gram samples as we do in this
study.

The “oxidized samples” plot represents samples oxidized with H20-. This data suggests that
all of our sediments have a consistent 2% inorganic carbon fraction (likely CaCO3 (s)). This data
is meant as a quality check to make sure our percent organic carbon data does not reflect loss on
ignition of other inorganic molecules.

2 Determining optimal reaction time for dithionite extraction

In order to determine the optimal reaction time for the dithionite extraction step, we performed a
time trial experiment in which we varied the reaction time from 2 hours to 48 hours. Figure 16
demonstrates the reductive phosphorus release as a function of reaction time with 0.1 M
dithionite at RT. Similarly, Figure 17 demonstrates the redox potential of the same dithionite

extraction solution as a function of time.
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Figure 16. Reductive phosphorus release as a function of reaction time.
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Figure 17. Redox potential of dithionite extraction reagent as a function of reaction time.
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From the data presented in Figures 16 and 17, we see a dramatic drop in both reductive
phosphorus release and redox potential around hour 3 or 4. Since the dithionite reagent is meant
to mimic the reducing conditions of the lake, as the magnitude of the redox potential decreases
(aka becomes less negative), the dithionite reagent becomes decreasingly reductive and
increasingly ineffective. Thus, we recommend a two-hour reaction time in the dithionite
extraction step so that the reagent is at its peak redox potential for the entirety of the reaction.
These findings are consistent with our greater understanding of dithionite. We know that
dithionite is highly volatile as it reacts freely with oxygen in the air (King, 2002). Since this
experiment required an increase in exposure to air, it is likely that the decrease in redox potential
(Figure 17) is more profound than it would be in a typical extraction procedure. Reproducing this
experiment is a critical step in furthering our understanding of the volatility of dithionite
however this data does provide promising foundational insight.

3 Sequential extractions of sediments from Great Pond and China Lake

Sequential sediment extractions raw data

We performed a series of sequential sediment extractions with intentionally added aluminum on
samples from two Maine Lakes (Great Pond and China Lake) to quantify reductive phosphorus
release as a function of added aluminum concentration. Appendix D shows the raw extraction
data from these experiments. Total extractable phosphorus in the absence of added aluminum
ranged from approximately 2 to 22 g/m? across both lakes. The largest percentage of extractable
phosphorus in all samples was in the NaOH extraction step, however, in the majority of the
samples, the dithionite extraction step yielded a significant amount of extractable phosphorus
when compared to the ammonium chloride extraction step. This once again makes sense in terms

of the Pourbaix diagrams (Figure 9) as we understand that the dithionite extraction reduces Fe'"
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species to the Fe'' species that we know to release phosphorus into the water column. Total
extractable iron ranged from approximately 3 to 135 g/m? across both lakes. The major
percentage of extractable iron was in the dithionite fraction. Finally, total extractable aluminum
(excluding intentionally added aluminum) ranged from approximately 7 to 27 g/m? across both
lakes. The majority of all extractable aluminum was extracted in the NaOH extraction step.
Plotting reductive phosphorus release as a function of added aluminum and Al:Fe

Figures 18 and 19 show the reductive phosphorus release as a function of aluminum dose and

Al:Fe for each of the two lakes.
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Understanding our data in terms of Al:Fe

Conventional aluminum dose curves such as the top plots in Figures 12, 18 and 19 are typically
used for empirical aluminum treatment engineering. These curves simply show that as
intentionally added aluminum increases, phosphorus release from sediments decreases. Thus, the
proposed aluminum dose is the aluminum concentration at which the reductive phosphorus
release begins to level off. Incorporating these dose curves into our analysis of lake systems
geochemistry is important but does not tell the whole story. In order to develop reasonable
models for the biogeochemistry of phosphorus cycling, we must also include chemical analyses
of the ambient concentrations of iron and aluminum in the lake bottom sediments.

Phosphorus is most often found in freshwater lakes complexed with Fe''' and AI'' solids. As
such, the literature has demonstrated that the ratios between phosphorus and iron or aluminum, in
addition to Al:Fe, can provide critical insight into the trophic status of a lake (Amirbahman et al.,
2003; Kopacek et al., 2001). Therefore, we included the plots of reductive phosphorus release as
a function of Al:Fe in Figures 12, 18 and 19. These plots have the same characteristic curve
shape as the alum dose plots. However, they allow us to condense a range of samples from a
single lake so that we can visualize Al:Fe throughout the lake.

The relationship between the reductive phosphorus release and Al:Fe provides insight into
lake-bottom sediment chemistry. Historically, iron and aluminum concentrations in the
sediments are critical yet often neglected aspects of P flux analysis. The literature has
demonstrated that naturally occurring lakes that do not suffer from algal blooming have less
phosphorus so that ambient aluminum levels can successfully mitigate P flux into the water
column (Kopacek et al., 2005). Conversely, lakes that do bloom likely have too much

phosphorus so that there is no natural ability (naturally occurring aluminum) to combat this. We
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see this phenomenon played out in our data; it is most apparent in our China Lake extraction
data. From looking at Figure 19, it is immediately obvious that samples with a higher Al:Fe have
less phosphorus release than samples with a lower Al:Fe. Furthermore, samples from the north
end of the lake (particularly samples A and B) have much higher levels of reductive phosphorus
release than other samples (Figure 19). From our ICP data, we know that samples A and B also
have relatively high iron levels compared to the other samples. Table 7 shows average Al:Fe at
each sampling location.

Table 7. Average Al:Fe at each sampling location on China Lake.

Sample Average [Al], g/m2 Average [Fe], g/m2 Average Al:Fe
A 28.35 107.37 0.264
B 4.00 96.66 0.041
C 9.17 1.29 7.138
D 60.61 60.89 0.995
E 40.33 6.82 5.911
G 43.84 61.10 0.718

Note that the northern most samples (sample A and sample B) have the lowest Al:Fe and the
highest iron concentrations. This makes sense with the extraction curves as we would expect
high iron levels to translate to high phosphorus release under reducing conditions. Zooming out,
this data makes perfect sense with the overall biochemistry of the lake as the algal blooms at the
north end of China Lake are the worst. There is a marsh just to the north of China Lake and we
hypothesize that this marsh is responsible for the phosphorus and iron trends we are seeing in the
lake. The marsh is expected to be reductive, and as it goes anoxic it releases iron that gets carried
into the north end of China Lake and subsequently precipitates. As a result, ambient Al:Fe in the
north end of China Lake is very low and cannot mitigate reductive phosphorus release as well as

other areas of the lake with higher Al:Fe (Figure 19).
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Investigating the chemical rational underlying the Al:Fe plots

China Lake is a fascinating lake to be studying currently because it perfectly demonstrates the
importance of Al:Fe in terms of understanding internal P flux. Engineers would likely look at
this lake and dump more aluminum that necessary into it. However, it would be much more
practical to develop a model that allows us to easily characterize phosphorus release as a
function of Al:Fe so that we can tailor our aluminum treatment in a way that minimizes cost and
maximizes impact. That is, rather that uniformly dumping a certain amount of aluminum across
the whole lake, we could instead base our treatment recommendation based on the natural Al:Fe
gradient throughout the lake. Areas with naturally high aluminum and low iron would need less
added aluminum than areas with naturally low aluminum and high iron.

Ultimately, this idea brought us to trying to understand the chemical rational behind the
Al:Fe plots. We want to know why Al:Fe is such a strong indicator of reductive phosphorus
release in freshwater lake systems. While these plots confirm what we already empirically know
— that more aluminum translates to less reductive dissolution of phosphorus 00 they do not tell us
why. The logical next step in this investigation is thus to look into the nature of chemical
adsorption patterns of phosphorus in freshwater lake systems. We want to know if our
observations from Figures 12, 18 and 19 make chemical sense based on what we know about

phosphorus adsorption to iron and aluminum.
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CONCLUSION

This thesis effectively characterizes the interface between the empirical jar test methodology and
in-depth biogeochemical analyses of iron, aluminum and phosphorus concentrations in
freshwater lake systems. As the extraction methods were altered between the East Pond
experiment and the Great Pond and China Lake experiment, we unfortunately cannot make
assumptions based on comparisons of total extractable iron, aluminum and phosphorus levels
between these three lakes. However, we have successfully defined the experimental
methodology for sequential sediment extraction and analysis that will guide future research to
easily and accurately compare the iron, aluminum and phosphorus levels of many lakes.

The primary conclusion of this thesis is that data from our adapted jar test procedure is
completely consistent with our biogeochemical analysis of our extraction data. We also conclude
that characterizing the chemical behavior of dithionite is critical for a full understanding of this
research, and that despite a high degree of uncertainty in the literature, the optimal reaction time
for the dithionite extraction step in undoubtedly 2 hours. Finally, we conclude that it is critical
that freshwater lake scientists continue to consider both sides of the story; since most researchers
do not focus on iron and aluminum concentrations in their sediments, they have no context in
which to compare lakes. Ultimately, we propose that proper analysis of iron and aluminum levels
in lake-bottom sediment samples is an integral aspect of this field of work. Future aluminum
treatment engineering projects must include iron and aluminum data in all of their measurements
in order to achieve a comprehensive understanding of the biogeochemistry of phosphorus cycling

in freshwater lakes.
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Future directions

An important experiment to expand our understanding of the chemical nature of phosphorus
adsorption to iron and aluminum involves an investigation of the Fe-P and Al-P binding kinetics.
We propose that future studies begin to look at phosphorus release at regular intervals starting
immediately after dithionite introduction up to 2 hours post-addition. Figure 20 shows a

schematic for what we expect is happening with P flux under reducing conditions.

Hypolimnion
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Figure 20. Schematic for proposed trajectory of reductive phosphorus release from lake bottom
sediments. Upon reductive dissolution, phosphorus is released into the water column as
phosphate. We hypothesize that a small fraction of dissolved phosphorus binds with adjacent
Al"" in the sediments while the majority binds to Al'" after floating down through the water
column.
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(1) represents phosphorus dissociation from iron upon reduction of Fe''' to Fe'"; (11) represents the
max phosphorus dissociation from the reduced iron; and (111) represents the aluminum binding to
dissolved phosphorus. We hypothesize that the reduction of iron and dissolution of iron-bound
phosphorus is fast compared to Al-P complexation. This assumption is based on our chemical
extraction data; in our jar test experiments, there is an abundance of aluminum relative to
phosphorus. Thus, we would expect that all phosphorus released upon the reduction of iron
would immediately be trapped by aluminum, however, based on our ICP extraction analysis, this
does not seem to be the case. As such, we have identified an area of incredible uncertainty in our
understanding of Fe-P and Al-P binding kinetics in lake bottom sediments. Revealing the precise
kinetics of phosphorus adsorption to iron and aluminum has the potential to dramatically change
the traditional methods of aluminum treatments to mitigate internal P flux. It will also open the
door for future researchers to find new ways to streamline conventional water quality

management strategies.
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APPENDIX A: Dissociation constants for PO4%, Fe, and Al species.

K pK
HsPO4 D HoPO4 + H* 6.9x10% 2.16
HPOs D HPO,Z + H*  6.2x10°% 7.21
HPO,* D PO,* + H* 4.8 x 101 12.32
FeOH;* D FeOH + H* -- 6.00
FeOH D FeO + H* -- 7.70
AIOH;*" D AIOH + H* -- 7.29
AIOH D AIO" + H* -- 8.93

59



APPENDIX B: Sediment analysis methods

I. EQUIPMENT, INSTRUMENTATION
A. Laminar flow hood

B. Mechanical spinner

C. Centrifuge

D. ICP-ES instrument

I1. EXTRACTION SOLUTION PREPARATION
A. Aluminum Dosing
(i) USALCO 38: Sodium Aluminate solution
Specific gravity = 1.46 - 1.49
pH = 14
% AI203 =19.5-20.5

(i) USALCO Acid Alum: Aluminum Sulfate solution

Specific gravity = 1.28 - 1.30
pH=0.2-1.0
% AI203=5.8-6.2

(iii) Aluminum dosing

Add 2 ml aluminum sulfate (acid) and 1 ml sodium aluminate (base) to 30 ml
deionized water in a beaker with a stir bar to make 2:1 alum stock solution. Continue
stirring so as not to allow flock to settle out. Use Table 1 to prepare alum dosed
samples. Remake 2:1 alum stock solution at the start of each day.

Table 1. Alum flock solution preparation.

Approx. alum dose Vol 2:1 stock

(mg Al/g)

(W)

0
4

7
15
29
58

0
100
200
400
800

1600

B. Ammonium Chloride solution.

Partially fill a 1L beaker with reagent water. Add 67 mL of concentrated ammonium
hydroxide and 82 mL of concentrated hydrochloric acid. Fill to the 1L mark with more
water. Adjust pH to 8.5 with more hydrochloric acid. This solution is stable for 1 year.

C. Buffered Dithionite solution

Partially fill a 1L beaker with reagent water. Add 9.2 grams of sodium bicarbonate and
adjust pH to 7.0-7.5 with concentrated sodium hydroxide. Fill to 1L. This solution is
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stable for 1 year. Before each dithionite extraction, add 4.8 g sodium hydrosulfite
(sodium dithionite) to 250 mL of the buffer solution. This solution is stable for one week.

D. Sodium Hydroxide solution
Partially fill a 1L beaker with reagent water. Add 40.00 grams of sodium hydroxide
pellets. Add more water to bring the solution up to the 1L line. This is a 1M NaOH
solution. Dilute ten times to create the 0.1M solution that will be used in the sediment
extractions. This solution is stable for one year.

1. PROCEDURE
A. Extraction solutions

1. Sediment samples stored in -80°C (we currently do not have -80 freezers so samples will
in King lab freezer) should be removed approximately 12 hours before use to allow
proper defrosting.

2. Allow samples to dry thoroughly (1-2 days) in weigh boats under a laminar flow hood in
clean room.

3. Add approximately 1 g of dried sediment to 6, 50 mL conical tubes.

4. Ammonium chloride fraction
a. Add 5-10 mL of Ammonium chloride solution directly to dried sediment in each tube.
b. Measure redox potential (should be close to that of ammonium chloride).
c. Add 2:1 alum stock solution to each tube according to Table 1.
d. Add additional ammonium chloride to the 30 mL mark on each tube.
e. Record pH of each sample (should be consistent and around 7).
f. Allow tubes to spin at 30 RPM for 2 hours using a mechanical spinner.
g. Centrifuge tubes at 4000 RPM for 15 minutes.
h. Pour off each supernatant into a clean, labelled Falcon tube.

5. Buffered dithionite fraction
a. Add 30 mL of the buffered dithionite solution to the 6 original tubes.
b. Measure redox potential (should be close to that of BD).
c. Allow tubes to spin for 2 hours at room temperature.
d. Spin, centrifuge, and pour off supernatant exactly as done in the previous step.

6. Sodium hydroxide fraction

a. Add 30 mL of the 0.1M NaOH solution to the 6 original tubes.
b. Allow tubes to spin for 24 hours at room temperature
c. Spin, centrifuge, and pour off supernatant exactly as done in the previous step.

B. ICP sample preparation

To prepare ICP sediment samples, add 0.50 mL of each supernatant to 10 mL 3% nitric
acid in a clean 50 mL tube. This is a 21-fold dilution.

Prepare reagent blanks by adding 0.5 mL of each reagent to 10 mL 3% nitric acid in a
clean 50 mL tube. For the aluminum solutions, add desired dose 400 pl 2:1 alum stock
solution to 30 mL 0.1M NaOH, then add 0.5 mL of each dissolved aluminum solution to
10 mL 3% nitric acid.

C. Calculations
See Appendix C
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APPENDIX C: Data analysis calculations

Raw data transferred into Excel.

1.
2.
3.

Multiplied by 21 to account for dilution in 3% HNOs

Multiplied by 0.03L to convert from ppb (pg/L) to pg element

Divided by the element molar mass and the original mass of dried sediment to convert
from pg element to pumol/g

. Multiplied by 8800 (percent solids x specific gravity of wet sediment x depth) and divided

by 1000 to convert from pmol/g to mmol/m?

. Divided by 1E-6 (g/ug) and multiplied by the element molar mass times 1000 to convert

from mmol/m? to g/m?
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APPENDIX D: Sequential extraction raw data for East Pond, Great Pond and China Lake

East Pond

(*Note: data was recorded prior to our current understanding of dithionite reaction parameters)

Sample Extraction  Alum dose, [Al], [Fel, [P1.

reagent g/m2 g/m2 g/m2 g/m2

A NHA4CI 0 0.01 0.01 0.01

NHA4CI 4 0.03 0.44 0.01

NHA4CI 7 0.01 0.00 0.00

NH4CI 15 0.03 0.00 0.00

NHA4CI 29 0.04 -0.01 0.00

Dithionite 0 0.03 30.64 0.97

Dithionite 4 0.06 32.57 0.73

Dithionite 7 0.09 33.75 0.59

Dithionite 15 0.08 33.76 0.37

Dithionite 29 0.04 32.00 0.17

NaOH 0 19.46 1.52 5.60

NaOH 4 21.44 1.31 5.56

NaOH 7 22.05 1.28 5.70

NaOH 15 26.18 1.26 5.81

NaOH 29 32.64 1.21 6.09

B NHA4CI 0 0.22 0.19 0.02

NHA4CI 4 0.02 0.20 0.02

NHA4CI 7 0.01 0.10 0.03

NHA4CI 15 0.01 0.04 0.03

NH4CI 29 0.01 0.04 0.03

NH4CI 58 0.01 0.04 0.03

Dithionite 0 0.33 19.39 0.49

Dithionite 4 0.46 18.53 0.34

Dithionite 7 1.01 18.14 0.29

Dithionite 15 1.37 17.38 0.21

Dithionite 29 0.75 16.86 0.10

Dithionite 58 1.41 17.96 0.22

NaOH 0 9.21 5.26 2.62

NaOH 4 11.02 5.45 2.77

NaOH 7 13.61 5.67 2.77

NaOH 15 15.49 5.68 2.68

NaOH 29 25.34 6.24 2.72

NaOH 58 16.39 5.95 2.81

C NHA4CI 0 0.01 0.04 0.01

NHA4CI 4 0.01 0.07 0.01

NH4CI 7 0.00 0.04 0.02

NHA4CI 15 0.01 0.04 0.02

NH4CI 29 0.00 0.03 0.01

NHA4CI 58 0.02 0.02 0.01

NHA4CI 15 0.01 0.03 0.01

Dithionite 0 0.04 12.10 0.18

Dithionite 4 0.02 7.72 0.16
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Dithionite 7 0.02 10.30 0.14
Dithionite 15 0.04 9.82 0.12
Dithionite 29 0.03 8.57 0.09
Dithionite 58 0.02 0.02 0.01
Dithionite 15 0.04 9.76 0.13
NaOH 0 7.84 1.35 3.28
NaOH 4 10.05 1.49 3.53
NaOH 7 12.26 1.50 3.60
NaOH 15 12.14 1.49 3.57
NaOH 29 22.78 1.01 4.10
NaOH 58 0.01 0.01 0.01
NaOH 15 14.92 1.43 3.68
NH4CI 0 0.00 0.03 0.02
NH4CI 4 0.00 0.03 0.02
NHA4CI 7 0.00 0.04 0.02
NHA4CI 15 0.01 0.32 0.02
NHA4CI 29 0.01 0.03 0.02
NH4CI 58 0.01 0.04 0.03
NH4CI 15 0.00 0.02 0.02
Dithionite 0 0.13 11.33 0.35
Dithionite 4 0.27 11.05 0.21
Dithionite 7 0.41 10.85 0.16
Dithionite 15 0.23 10.30 0.09
Dithionite 29 0.10 9.91 0.06
Dithionite 58 0.09 12.96 0.06
Dithionite 15 0.23 10.35 0.09
NaOH 0 15.74 10.63 2.55
NaOH 4 16.92 10.16 2.54
NaOH 7 19.66 10.69 2.84
NaOH 15 22.04 9.60 2.74
NaOH 29 29.14 9.99 2.66
NaOH 58 52.93 10.24 3.05
NaOH 15 22.06 9.71 2.80
NHA4CI 0 -0.02 0.01 0.01
NH4CI 4 -0.03 0.00 0.02
NH4CI 7 0.03 0.55 0.04
NH4CI 15 -0.03 0.02 0.01
NHA4CI 29 -0.02 0.17 0.02
NHA4CI 58 0.02 0.23 0.06
NHA4CI 15 -0.03 0.02 0.01
Dithionite 0 0.26 2.53 0.17
Dithionite 4 0.14 2.98 0.10
Dithionite 7 0.06 2.74 0.07
Dithionite 15 0.32 3.00 0.07
Dithionite 29 0.49 3.12 0.07
Dithionite 58 0.44 3.66 0.07
Dithionite 15 0.45 3.91 0.09
NaOH 0 8.28 2.35 2.14
NaOH 4 11.18 2.35 2.25
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NaOH 7 12.44 2.39 2.23
NaOH 15 17.18 2.51 2.24
NaOH 29 28.34 3.77 2.19
NaOH 58 52.63 6.53 2.24
NaOH 15 17.12 2.50 2.20
NH4CI 0 -0.03 -0.01 0.02
NH4CI 4 -0.03 -0.01 0.01
NH4CI 7 -0.03 0.00 0.01
NHA4CI 15 -0.04 -0.02 0.01
NHA4CI 29 -0.04 -0.02 0.01
NHA4CI 58 -0.06 -0.05 0.01
NH4CI 15 -0.04 -0.02 0.01
Dithionite 0 0.23 0.38 0.13
Dithionite 4 0.19 0.35 0.09
Dithionite 7 0.11 0.19 0.07
Dithionite 15 0.13 0.17 0.05
Dithionite 29 0.02 0.10 0.03
Dithionite 58 -0.01 0.18 0.04
Dithionite 15 0.12 0.16 0.04
NaOH 0 11.18 3.27 2.53
NaOH 4 13.32 3.19 2.63
NaOH 7 13.70 3.01 2.49
NaOH 15 18.81 3.09 2.45
NaOH 29 27.32 3.31 2.44
NaOH 58 50.57 4.64 2.51
NaOH 15 19.68 3.25 2.52
NHA4CI 0 -0.02 0.03 0.01
NHA4CI 4 -0.03 0.01 0.01
NH4CI 7 -0.03 -0.03 0.00
NH4CI 15 -0.03 -0.03 0.00
NH4CI 29 -0.03 -0.01 0.00
NHA4CI 58 -0.06 -0.05 0.00
NHA4CI 15 -0.03 -0.03 0.00
Dithionite 0 0.27 36.15 0.55
Dithionite 4 0.24 33.19 0.32
Dithionite 7 0.27 22.16 0.11
Dithionite 15 0.58 30.01 0.12
Dithionite 29 0.31 27.12 0.05
Dithionite 58 0.08 38.27 0.05
Dithionite 15 0.63 31.22 0.14
NaOH 0 11.38 11.59 2.38
NaOH 4 13.16 11.41 2.43
NaOH 7 15.93 12.29 2.53
NaOH 15 18.07 12.10 2.76
NaOH 29 -0.01 13.28 2.69
NaOH 58 55.87 15.66 3.27
NaOH 15 18.88 12.79 2.86
NHA4CI 0 -0.05 -0.04 0.01
NHA4CI 4 -0.04 0.00 0.00
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NH4CI 7 -0.04 -0.03 0.00
NH4CI 15 -0.03 -0.01 0.00
NH4CI 29 -0.03 -0.01 0.00
NH4CI 58 -0.04 -0.07 0.00
NH4CI 15 -0.02 0.04 0.00
Dithionite 0 0.01 48.06 0.67
Dithionite 4 0.08 42.63 0.37
Dithionite 7 0.09 50.48 0.33
Dithionite 15 0.10 47.67 0.21
Dithionite 29 0.08 49.81 0.15
Dithionite 58 0.03 54.81 0.13
Dithionite 15 0.10 51.86 0.23
NaOH 0 10.82 5.95 2.39
NaOH 4 10.77 7.52 2.77
NaOH 7 12.89 7.35 2.96
NaOH 15 16.27 8.15 2.94
NaOH 29 27.00 8.67 3.09
NaOH 58 55.76 9.33 3.30
NaOH 15 15.99 7.96 2.90
| NH4CI 0 -0.04 0.01 0.01
NH4CI 4 -0.05 -0.03 0.01
NH4CI 7 0.93 0.10 0.01
NH4CI 15 -0.03 0.00 0.00
NH4CI 7 -0.02 0.10 0.01
Dithionite 0 0.02 46.77 0.62
Dithionite 4 0.10 55.30 0.52
Dithionite 7 0.15 55.88 0.26
Dithionite 15 0.16 59.75 0.27
Dithionite 7 0.16 57.41 0.36
NaOH 0 0.13 48.58 0.22
NaOH 4 17.08 6.56 2.96
NaOH 7 22.72 8.00 3.29
Great Pond
Sample Extraction Alum dose, [Al], [Fel, [P1,
reagent g/m2 g/m2 g/m2 g/m2
A NH4CI 0 2.33 3.34 0.74
NH4CI 4 1.29 0.17 0.12
NH4CI 7 1.29 0.16 0.10
NH4CI 15 1.41 0.14 0.08
NH4CI 15 1.32 0.14 0.08
NH4CI 15 1.22 0.14 0.08
NH4CI 29 1.35 0.15 0.07
NH4CI 58 1.35 0.13 0.07
BD 0 1.56 29.12 2.13
BD 4 1.70 27.72 1.35
BD 7 1.82 24.93 0.99
BD 15 1.79 24.61 0.51
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BD 15 1.34 0.16 0.07
BD 15 1.33 0.15 0.08
BD 29 1.66 27.28 0.52
BD 58 1.58 33.66 0.42
NaOH 0 23.28 15.29 19.90
NaOH 4 27.06 12.38 14.39
NaOH 7 36.05 17.17 20.54
NaOH 15 49.03 14.60 17.77
NaOH 15 19.70 4.02 6.99
NaOH 15 15.72 3.90 7.27
NaOH 29 64.48 18.25 21.00
NaOH 58 97.92 19.77 21.31
China Lake
Extraction Alum dose, [Al], [Fe], [P],
Sample
reagent g/m2 g/m2 g/m2 g/m2
A NH4CI 0 1.21 0.32 0.19
NH4CI 4 1.34 0.52 0.18
NHA4CI 7 1.43 0.37 0.15
NHA4CI 15 1.57 0.33 0.12
NHA4CI 15 1.54 0.32 0.12
NH4CI 15 1.45 0.37 0.13
NH4CI 29 1.66 0.44 0.11
NH4CI 58 1.61 0.31 0.11
Dithionite 0 1.40 81.53 4.94
Dithionite 4 1.58 91.26 4.11
Dithionite 7 151 84.73 2.29
Dithionite 15 2.09 89.30 1.37
Dithionite 15 2.84 106.79 1.14
Dithionite 15 2.76 111.86 1.27
Dithionite 29 3.13 101.23 1.03
Dithionite 58 1.99 63.96 0.51
NaOH 0 10.19 17.25 16.31
NaOH 4 10.17 14.87 18.16
NaOH 7 11.23 13.17 18.82
NaOH 15 20.15 13.37 20.71
NaOH 15 21.09 17.87 20.00
NaOH 15 17.38 18.43 20.22
NaOH 29 40.39 16.61 20.44
NaOH 58 78.91 16.76 19.68
B NHA4CI 0 1.58 1.06 0.20
NHA4CI 4 1.42 0.39 0.15
NH4CI 7 1.39 0.45 0.13
NH4CI 15 1.51 0.45 0.11
NH4CI 15 1.47 0.37 0.11
NHA4CI 15 1.54 0.39 0.13
NHA4CI 29 1.52 0.31 0.10
NHA4CI 58 1.53 0.23 0.09
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Dithionite 0 1.43 65.15 3.85
Dithionite 4 1.48 68.40 1.33
Dithionite 7 1.66 115.19 0.98
Dithionite 15 1.69 73.78 0.64
Dithionite 15 2.21 68.05 0.57
Dithionite 15 1.42 133.96 0.57
Dithionite 29 1.88 128.42 0.56
Dithionite 58 1.41 90.34 0.31
NaOH 0 0.66 4,12 0.81
NaOH 4 0.68 4.12 0.65
NaOH 7 1.01 4,01 0.62
NaOH 15 2.56 5.52 0.76
NaOH 15 2.34 3.94 0.62
NaOH 15 -0.01 0.02 0.02
NaOH 29 6.47 6.69 0.82
NaOH 58 5.10 1.60 0.32
NH4CI 0 0.27 0.06 0.22
NH4CI 4 0.26 0.10 0.04
NH4CI 7 0.25 0.07 0.02
NHA4CI 15 0.42 0.16 0.03
NHA4CI 15 0.36 0.10 0.02
NHA4CI 15 0.34 0.05 0.02
NH4CI 29 0.45 0.10 0.02
NH4CI 58 0.49 0.08 0.02
Dithionite 0 0.30 0.19 1.02
Dithionite 4 0.26 0.10 0.10
Dithionite 7 0.44 0.09 0.07
Dithionite 15 0.52 0.09 0.05
Dithionite 15 0.42 0.07 0.04
Dithionite 15 0.53 0.08 0.05
Dithionite 29 0.32 0.06 0.04
Dithionite 58 0.34 0.06 0.03
NaOH 0 1.32 1.16 2.07
NaOH 4 1.76 1.08 0.79
NaOH 7 2.73 0.96 0.52
NaOH 15 5.38 0.95 0.41
NaOH 15 7.93 1.33 0.62
NaOH 15 5.58 1.11 0.39
NaOH 29 15.76 1.39 0.47
NaOH 58 29.79 1.56 0.45
NH4CI 0 0.03 0.08 0.02
NHA4CI 4 0.08 0.04 0.02
NHA4CI 7 0.11 0.06 0.02
NH4CI 15 0.23 0.07 0.03
NH4CI 29 0.13 0.04 0.01
NH4CI 58 0.19 0.28 0.01
Dithionite 0 0.15 49.30 1.30
Dithionite 4 0.20 47.34 0.41
Dithionite 7 0.21 51.94 0.36
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Dithionite 15 0.19 49.12 0.22
Dithionite 29 0.13 43.55 0.12
Dithionite 58 0.11 40.11 0.14
NaOH 0 18.42 9.86 3.57
NaOH 4 27.57 10.71 4.46
NaOH 7 34.51 10.63 4.64
NaOH 15 49.62 12.28 4.39
NaOH 29 84.12 17.41 4.22
NaOH 58 148.42 23.11 4.75
NHA4CI 0 5.21 7.33 0.15
NHA4CI 4 3.81 5.87 0.13
NH4CI 7 3.53 3.37 0.08
NH4CI 15 3.64 2.98 0.08
NH4CI 29 5.90 2.84 0.07
NHA4CI 58 9.63 2.11 0.06
Dithionite 0 0.06 0.13 0.12
Dithionite 4 0.21 0.09 0.08
Dithionite 7 0.18 0.06 0.05
Dithionite 15 0.18 0.07 0.04
Dithionite 29 0.12 0.04 0.02
Dithionite 58 0.10 0.04 0.02
NaOH 0 17.03 7.48 3.01
NaOH 4 18.26 4.98 2.78
NaOH 7 37.33 6.98 3.14
NaOH 15 38.33 6.87 3.21
NaOH 29 56.94 7.01 2.93
NaOH 58 73.25 7.19 2.82
NH4CI 0 0.17 0.03 0.02
NH4CI 4 0.29 0.04 0.01
NH4CI 7 0.12 0.02 0.02
NHA4CI 15 0.15 0.03 0.02
NH4CI 29 0.14 0.03 0.01
NHA4CI 58 0.10 0.02 0.01
Dithionite 0 0.48 50.78 0.86
Dithionite 4 1.29 51.49 0.31
Dithionite 7 0.69 56.07 0.21
Dithionite 15 0.68 50.68 0.13
Dithionite 29 0.50 50.75 0.07
Dithionite 58 0.75 50.35 0.06
NaOH 0 16.39 9.09 2.10
NaOH 4 20.37 8.41 2.68
NaOH 7 28.54 9.27 3.04
NaOH 15 39.39 9.09 2.81
NaOH 29 59.13 10.03 2.86
NaOH 58 94.85 10.56 3.10
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APPENDIX E: TGA raw data

First mass loss is mass of sediment lost upon heating to 100°C. This is the fraction of water
leaving the sediments.

Second mass loss is mass of sediment lost upon heating to 500°C. This is the fraction of organic
carbon leaving the sediments.

Sample sample location Initial mass  First mass loss  Second mass Percent Percent
name (mg) (mg) loss (mg) H20 Corg

A 44.46907, -69.51483  9.146 0.279 1.256 3.051 14.16

B 44.46273, -69.51888  33.986 0.852 3.749 2.507 11.31

C 44.45415, -69.52736  13.86 0.29 1.262 2.092 9.3

D 44.43878, -69.54225  21.099 0.366 1.448 1.735 6.98

E 44.43004, -69.54741  18.196 0.3 1.206 1.649 6.74

F 44.41805, -69.56328  15.83 0.227 0.981 1.434 6.29

G 44.40503, -69.57529  14.588 0.228 1.059 1.563 7.37
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