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Abstract:

Banded iron - and manganese - rich precipitates were collected from the lake bottoms of Lake
Charlotte (Nova Scotia), Lake Shebandowan (Ontario) and Sowden Lake (Ontario). Investigations of study
areas at the macro, meso and micro scale were conducted to understand the iron-manganese rich-
nodules in their natural environment. The nodules appear as circular precipitate bands which alternate
between high concentrations of iron and manganese. Analysis of precipitates revealed that those from
Lake Charlotte are highly concentrated in arsenic. Lake Shebadowan and Sowden Lake samples are

highly concentrated in phosphorous.

Correlation between iron, arsenic and phosphorous suggests oxidation and precipitation of these
elements in the same bands of the nodule. Iron relies on the Eh and pH of an environment to precipitate
from solution. At a redox boundary in a near neutral environment, iron is able to oxidize as a sediment
coating and co-precipitate arsenic and phosphorous from the water. An dffiliation between manganese,
barium and cobalt suggests precipitation of these elements in the alternate bands present in the nodule.
Barium and cobalt are able to co-precipitate with manganese by either penetrating a manganese oxide

by means of protonation, or oxidize and become interchangeable with Mn*".

The growth of the nodules at Shebandowan and the majority of Lake Charlotte sites were
probably affected by a redox boundary created by the diffuse upward flow of groundwater with lower Eh
than the oxidized lake water. It is likely that photosynthetic and iron and manganese oxidizing
microorganisms are present in a bacterial mat covering the nodules and probably played a role in their
precipitation. Analysis of the growth mechanisms of precipitates revealed in Sowden Lake and the

Granite Islands site of Lake Charlotte were inconclusive.



Purpose of Study

This study was completed to understand how iron — and manganese — rich precipitates grow on
freshwater lake bottoms in three Canadian lakes. In past research by Dasti (2008) and Stevens (2007),
iron —and manganese — rich precipitates collected from Lake Charlotte, Nova Scotia were found to have
extremely high concentrations of arsenic. Further research in Lake Shebandowan, Ontario (Sozanski and
Cornan, 1978; Dasti, 2008) revealed the presence of precipitates similar in appearance and composition
to those of Lake Charlotte. Accidental collection of precipitates by a fisherman in Sowden Lake, Ontario,
brought to light specimens with the same nodule structure as those in Lake Shebandowan and Lake

Charlotte, although no previous research on the precipitates from Sowden Lake is known.

Iron —and manganese-rich nodules appear as spherical or oblong structures. They consist of a
dark brown or black precipitate surrounding a nucleus created by an object found within their
environment, such as a pebble, cobble or wood, etc. They are present on the surface of lake bottoms,
often occurring in shallow waters and on top of a sandy substrate (Kindle, 1932; Harris and Troup, 1969;
Sozanski and Cornan, 1976; Dean et al., 1981; Boudreau, 1988; Kepkay, 1985; Sommers et al., 2002;
Stevens, 2007). A cross-section of the precipitate matter from the nodules collected in this study often
reveals alternating light and dark brown layering appearing as stomatolitic structures. Similar structures
have also been described on the surface of ocean bottoms in both shallow and abyssal waters (Oswald
and Fraser, 1973; Crerar and Barnes, 1974; Margolis and Burns, 1976; Reyss et al. 1982; Yoshikawa,

1991; Takahashi et al. 2000).

Iron and manganese are the two main elements composing the nodules. Chemically, both
elements behave similarly to redox potentials and temperature. Changes to these conditions will alter
the form iron and manganese take in the surrounding environment. Iron exists in solution as either a

ferrous (Fe**) or ferric (Fe**) state. The amount of iron in solution is dependent on the degree of



oxidation in the aqueous environment, which will dictate the amount and rate of iron oxidation from the
ferrous to ferric state (Wetzel, 2001). The most common species of ferric iron in a well aerated
lacustrine environment is hydrated ferric oxide (Fe(OH);), which is at equilibrium in the pH range of 5-8,

appearing as a solid state due to its low solubility (Wetzel, 2001).

Manganese in particular can be difficult to interpret in a changing environment due to its oxide
mineralology. Although manganese can occur in several valance states, in a well aerated lacustrine
environment Mn** becomes thermodynamically unstable and Mn** is insoluble. The divalent Mn?*
commonly occurs at low redox potentials and pH, however its presence is often observed in a broad

range of natural environments (Wetzel, 2001).

Research involving iron, manganese and arsenic may enhance understanding of how these
elements interact with one another, how they are formed, and how they are able to grow in their
natural environment. Knowledge gained from understanding nodule formation can be used in
environmental science practice as a means of preventing arsenic and other heavy metal contamination

in surface and groundwater settings.



Introduction

Previous Work

Iron-manganese precipitates in a near neutral pH, lacustrine setting:

Ferromanganese concretions consisting of nodules composed of alternating bands rich in iron
and manganese have been found in lacustrine environments with normal pH waters. The deposition of
these concretions is influenced by water depth, substrate of the lake bottom, and the biotic
communities of microorganisms. All factors play a role in forming the appearance of stromatoloitic
structures found as part of the nodule morphology (Sommers et al., 2002). By observing the setting,
morphology, and microbiology where ferromanganese deposits are found, a better understanding of the

processes that created them can be achieved.

Two morphologies of ferromanganese nodules have been described in Lake Vermilion,
Minnesota including a “reef type” consisting of a laminated disc growing around a cobble, and an
“oncoid type” consisting of oval nodules found on muddy gravel (Sommers et al., 2002). Reef type
deposits are up to 2.5cm thick, are found on a solid substrate in depths of 1-7.0m, and grow three times
faster upward than they grow downward. These precipitates are laminated with alternating iron-rich
and manganese-rich layers and range on the mm to cm scale. These nodules concentrate iron and
manganese offering a micronutrient environment for microorganisms and some plants which require

manganese for photosynthesis (Sommers et al., 2002).

Conclusions of the study from Sommers et al. (2002), primarily from the role of biogenesis,
suggested that the growth rate of the precipitates is extremely slow (2.27-3.53um/yr) therefore making
the precipitates 4250-6600 years old. Sommers et al. (2002) state that due to the amount of variability

in the physical conditions of lakes, no explanation of nodule genesis could be proposed. However,
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limitations to the nodule origin and development were determined to be created by biogenic processes,

water depth, and substrate.

Rod and coccoidal shaped bacteria were found colonizing the surface of stromatolite structures
on the nodules from Lake Vermilon and are considered to be the prime constructing agents of the
stromatolitic structures concentrating in the precipitate (Sommers et al., 2002). It is suggested that the
bacteria present in the stromatolitic structures allow for iron and manganese precipitation along with
abiotic factors such as water chemistry (Sommers et al., 2002). The development of stromatolitic
structures appears to be influenced by the substrate the precipitates are found on: either solid substrate
with cobbles for “reef type”, muddy gravel for “oncoid type” and fine mud for no stromatolite growth
(Sommers et al., 2002). The water depth appears as a constricting factor in Lake Vermilion allowing for
growth only between 1-7 meters depth. Sommers et al. (2002) suggested the explanation for this to be a
lack of a suitable substrate elsewhere, competition from green algae, or the amount of sunlight

penetrating to the lake bottom.

Approximately 80km Northwest from Thunder Bay (Ontario) in Lake Shebandowan, a similar
morphology of ferromanganese deposits to those found in Lake Vermilion, Minnesota has been
described. Here the deposits occur at depths of 1-12m and are underlain by sand or coarser material
(Sozanski and Cornan, 1976). The precipitates are similar in structure to the “reef” concretions found in
Lake Vermilion. Both deposits are observed with banded layers of either oxidized iron (Fe) precipitates
such as Geothite (FeO(OH)), or oxidized Manganese (Mn) precipitates such as MnO, (Sozanski and

Cornan, 1976).

Sozanski and Cornan (1976) described six different morphologies found in Lake Shebandowan: a
“mushroom shape” in which the nodule is found on top of a pebble or cobble, a “top ring” where the

nodule ringed structure surrounds the top of the pebble; “saturine” shaped where the nodule surrounds
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the center of the pebble or cobble, an “equatorial skit” which is a saturine shape with only a small
section around the pebble, “disc with a down curl” where a flat pebble or cobble is surrounded by the
precipitate with the flat part down and stromatolite structure facing the surface, and the “pulley” in

which the nodule is flat except around the edges where it splits into two sections.

The precipitates appear to be concentrated in slow moving, swampy waters. This could be due
to lower pH and dissolved oxygen values in the lake water, allowing for metals to travel with organic
matter (Sozanski and Cornan, 1978). Sozanski and Cornan (1978) have determined there is a positive
correlation between Mn and potassium (K), calcium (Ca), magnesium (Mg), copper (Cu), nickel (Ni) and
cobalt (Co). The only positive correlation found for iron was with Zinc (Zn), possible due to a known

presence of zinc sulphide in the area (Sozanski and Cornan, 1978).

Sozanski and Cornan (1978) described the formation of precipitates in the Shebandowan area in
the following manner. Digenesis in the substrate below the precipitate involving an upward
remobilization of iron and manganese is suggested. The material supplied to create the precipitate is
then derived from a lateral and upward remobilization of iron and manganese from the substrate or by
being adsorbed from the lake water. The initial precipitation of iron in the form of Fe(OH); onto a pebble
nucleus is followed by absorption of Mn*. As an increase in Eh-pH occurs at the lake bottom by means
of groundwater coming into contact with surface water through the lake bottom sand, the Mn**
becomes oxidized to Mn*" and is precipitated as MnO,. The Eh-pH of a lake is often altered by changes in
the seasons and therefore could be cause for the alternating iron and manganese banding found in the
precipitate. It is suggested that due to the iron rich nature of the precipitates found in Lake
Shebandowan, and the ability for iron to oxidize before manganese, distribution of the precipitates is

dependent on the Eh-pH conditions of the lake bottom water.
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Similar morphologies to those found in northwestern Ontario have been described in Nova
Scotia, Canada. However the geological environment of Grand Lake and Ship Harbour Lake (Lake
Charlotte), where the nodules are located, is different than that of northwestern Ontario (Kindle, 1932).
Precipitates in Nova Scotia are found on sedimentary rock fragments in 0.5-2m of water depth and form
on bottoms composed of coarse grained sand and pebbles (Harris and Troup, 1969). As with the other
precipitates described, they display internal banded of iron and manganese. Harris and Troup (1969) had
no explanation for the origin of precipitate formation; however, they suggest two major features which
should be taken into account: the geographic distribution of precipitates in temperate vs. subarctic
environments, and the presence of chemical banding. They hypothesize that a pair of bands, one iron-
rich and one manganese- rich represent the annual growth increment of a precipitate. The calculated

growth rate for precipitates in the Nova Scotia lakes by Harris and Troup (1969) was 1.5mm/yr.

Lake Charlotte nodules have been examined by Boudreau (1988) to further understand the
rational of their growth, and the origins of heavy metals present in them. Boudreau (1988) suggested
that a nodule plays the role of a strong sink for heavy metals when compared to its underlying lake
bottom sediment. As the lake water passes over the nodule, gradients in metal concentrations develop
in the water adjacent to its surface. This allows for the lake water coming into contact with the nodule
to diffuse elements onto the nodule surface. Therefore, the concentration of iron and manganese in the

precipitate would be dependent on the concentration of these elements within the lake water.

The research of Boudreau (1988) was broadly based on the work of Kepkay (1985) who
suggested that the diffusion of metals is directed into the sediment from the lake water. Kepkay (1985)
researched the amounts of iron and manganese present in the pore waters of sediment underlying the
nodules of Lake Charlotte, Nova Scotia. It was suggested that the oxidation of heavy metals onto the

sediment has a strong affiliation with the existence of microorganisms in the environment.
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Iron and manganese precipitates found in Lake Charlotte, Nova Scotia were examined by
Stevens (2007) to further understand their origin. Stevens (2007) suggested that when reduced
groundwater comes into contact with oxidized lake water by means of a spring or diffuse flow on a lake
bottom, redox sensitive elements can oxidize and precipitate out of solution coating a nucleation point
such as a pebble. This idea may be used to further understand why large concentrations of other
elements have been found in iron-manganese precipitates. For example, concentration of arsenic, by
means of this redox method, can be high due to the ability of groundwater to leach a large area and

transport ions in solution for long distances, concentrating the dissolved material in the nodules.

A final theory as to how ferromanganese precipitates form was examined by Konhauser (2007)
who adapted models described by Dean et al. (1981). In this model nodules are created from a series of
microbial catalyzation reactions, which are as follows (Dean et al., 1981): Firstly, cyanobacteria and algal
plankton concentrate manganese and iron by catalyzation oxidation reactions. Upon their death, the
bodies of these microorganisms are transported to the lake bottom sediment and are buried. This
causes their bodies to be exposed to a suboxic environment, allowing iron and manganese to be
reduced into solution. An upward diffusion of water at the sediment-water interface causes the iron
and manganese to be re-oxidized. This reaction is continued causing accretion on an existing oxidized
iron and manganese surface. The result is the formation of a nodule. Dean et al. (1981) further
suggested that some of the iron- manganese precipitates could be physically transported to the anoxic
zone of a lake causing reduction of redox elements to occur and allowing their ions to be introduced to
the water column. Some of the reduced iron and manganese ions end up in oxic waters where they are
re-precipitated. In this study, three main nodule formation concepts described by previous authors will
be considered, including the ground to surface water interface, the sediment interface, or from an

interface in the lake water.
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Iron and managanese oxidization by bacteria in a near neutral pH environment

Iron oxidizing bacteria require ferrous iron to metabolize for their energy requirements. In near
neutral waters, the immediate oxidation of ferrous iron makes it difficult for microorganisms that use
this as an energy source to thrive. Bacterial oxidation is not instantaneous and therefore cannot
compete when chemical oxidation is already occurring (Emerson and Moyer, 1997). Due to the potential
for ferrous iron to become rapidly oxidized by abiotic (non-living) processes in an environment of high
oxygen and near neutral pH, neutrophilic microorganisms, known as microaerophiles, preferentially
populate the anoxic/oxic interface in sediment and groundwaters (Hedrich et al., 2011). Here they

acquire the oxygen and energy (carbon) which they need for survival.

In a highly oxygenated, near neutral environment, the microaerophile Gallionella ferruginea sp.
may act as bacterial catalyst for the oxidation of iron. The G. ferruginea sp. appear as elongated helical
stalks composed of intertwined microfibrils covered with iron oxide precipitate sheaths. They obtain
their energy by a chemolithotrophic process which uses inorganic donors such as ferrous (Fe**) iron in
oxidation/reduction reactions (Ridgeway et al., 1981). G. ferruginea can be autotrophic, having the
ability to create nutrient organic molecules from inorganic sources (light or chemical energy), or
mixotrophic having the ability to gain nutrients by a combonation of different energy sources, and are

able to grow by using ferrous iron as an electron donor (Hallbeck and Pederson, 1991).

Chemolithotrophy involving ferrous iron oxidation, as in the case of the G. ferruginea sp., works
for the organism to gain two objectives: to generate adenosine triphosphate (ATP) in the organism for
use of transporting energy within cells, and to generate the reducing power of nicotinamide adenine
dinucleotide (NADH) within the organism to be used as a reducing agent to donate electrons (Hedrich et

al., 2011). These two objectives are fulfilled in the following equation (Miot et al., 2009):

HCO; + 4Fe**+ 10H,0 <> CH20 + 4Fe(OH)s+7H"
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Here the Fe®* serves as both the source of ATP and the electrons electrons for NADH.

The Leptothrix ochracea sp. is another iron oxidizing bacteria that can be found in neutral pH
environments. Both microorganisms are only able to thrive under anoxic conditions such as at the oxic-
anoxic boundary of a groundwater spring (James and Ferris, 2004). The Leptothrix can be identified by
their straw-like appearance with a sheath that commonly becomes encrusted with iron hydroxides.
Though the reason is unknown, if both species occur in the same environment, the Leptothrix will most
likely be the dominant species and most productive (James and Ferris, 2004). Dominance of Leptothrix
could be due to its ability to act not only as a chemolithotroph or a mixotroph as with the Gallionella,
but also as an organotroph, having the ability to obtain hydrogen from organic substrates (James and
Ferris, 2004). Photoautotrophic iron oxidizing bacteria have also been found in the environment at the

oxic/anoxic boundary.

The phototrophic Rhodobactor sp, a kind of purple bacteria, is able to synthesize nutrients from
inorganic iron sources by use of light as its energy source (Miot et al., 2009). In this case ferrous iron is
used as a reducing agent for carbon dioxide, which is described in the following equation (Hedrich et al.,

2011):

4Fe* + CO, + 11H,0 + light > CH,0 + 4Fe(OH); +9H"

As with other oxidizing bacteria, an iron sheath precipitates around the bacteria. In the case of a the
Rhodobactor sp, its sheath may become its demise due to the iron precipitate restricting the bacteria’s

access to light (Hedrich et al., 2011).

Precipitation of manganese in a neutral pH environment has a greater relationship with bacteria
compared to iron. Unlike, iron, manganese does not oxidize quickly in a pH of below 9 and therefore

precipitation benefits from that of a bacterial catalyst (Ghiorse, 1984). Even though this is the case, the
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majority of Mn-oxidizing bacteria prefer to thrive at near anoxic conditions where there is less
competition with chemical oxidation. The Leptothrix sp which is also an iron catalyst is the most
prevalent Mn-oxidizer. The bacteria works the same as with iron by absorbing Mn(ll) onto its sheath and

then oxidizing it by a catalyst reaction (Perera and Jinno, 2009):

2Mn** + 3H,0 + CO,~> CH,0 + 2MnO0,

Once the Mn(ll) is oxidized to form MnQO,, cations of heavy metals such as lead (Pb) can be
adsorbed onto the sheath of the bacteria. This allows for a concentration of heavy metals. If the bacteria
are used as a food source for clams and/or other primary consumers it can work its way up the food
chain causing biomagnification (Jirgensen et al., 2004). Precipitation of Mn in a neutral pH environment
can also be affected by the microorganism genus Crenothrix. These are another form of sheathed
bacteria, in which the Mn (and sometimes Fe) is adsorbed onto the sheath and then oxidized (Ghiorse,

1984). They generally occur in large masses in near anoxic, neutral pH conditions.

Iron- and manganese- rich nodules are present throughout the world in lacustrine, neutral pH
environments. Their morphology often occurs as banded discs of alternating iron-and-manganese-rich
microlayers. By understanding the physical parameters in which these deposits are found, and the
biological relationships which may contribute to their rapid deposition, knowledge can be gained of

depositional processes.

Arsenic found in iron and manganese deposits of lacustrine and groundwater settings

The ability to remove arsenic from lacustrine and groundwater water can be accomplished by
redox reactions involving the presence of iron and manganese in near neutral pH environments (Chen et
al., 2006). In order to understand the adsorption of arsenic on these elements, the behavior of arsenic in

contact with these elements must be explored. Iron and manganese oxidizing and reducing bacteria may
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also be used as a tool for arsenic removal (Chen et al., 2006). Knowledge obtained from research in this
field may provide new easy, low cost methods to remove arsenic from drinking water and polluted

natural environments.

For arsenic to have the ability to be precipitated by iron or adsorbed onto iron hydroxide,
oxidation of the environment must first occur. Reduced ferrous iron (Fe**) becomes oxidized to ferric
iron (Fe**) and precipitates out of solution forming a precipitate, which commonly coats a sediment
particle (Rott et al., 2006). Arsenic in the environment will then act in a similar manner to phosphate
because of their chemical resemblance. Iron hydroxides have a zero charge at a pH of 8.6 making its
charge in normal lake water (ph 6-8) positive (Takamatsu et al., 1985). Just as phosphate has a -3 charge
in neutral pH, water so does arsenic in the form of arsenite (AsO;)™>. This allows for the precipitation of

oxidized As(V) with ferric iron to create the precipitate iron arsenate (AsFeQ,).

Manganese oxidation in a lake environment requires a higher redox potential (Eh) than iron due
to its zero charge being at a pH of 2.3 (Takamatsu et al., 1985). This means that if manganese and iron
are in solution together, iron must first be immobilized before manganese can come out of solution. If
this were always the case, then the arsenic in solution would concentrate in the iron as AsFeO, due to
iron precipitating before manganese (Rott et al., 2002). However, manganese does have the ability to
precipitate with arsenic in neutral pH waters if cations such as Mn*", Sr**, Ba®* and Ni*" are presentin
solution with manganese hydroxide (Mn(OH),). This allows for a change in the surface charge of
Mn(OH), due to the additional cation. This increases the suface charge of the compound giving it the
ability to precipitate in a neutral pH environment (Takamatsu et al., 1985). The increase in surface
charge is accomplished as follows (Takamatsu et al., 1985): A divalent cation is adsorbed onto Mn(OH),

by exchanging itself with an H* found on the oxide surface creating manganese oxide (MnO,) . This
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provides H" in solution changing the pH around the precipitate. The manganese oxide (MnO,) now has

the ratio:

charged equivalents released (H+) : charged equivalents adsorbed (divalent cation)

In this ratio, the release of H' is < the divalent cation by a charge of 1. This leads to a change in the MnO,
surface charge to be more positive. If the binding of greater amount of divalent cations to the MnO,
continues, the surface charge will have enough of a positive charge to absorb arsenic onto its surface

(Takamatsu et al., 1985).

The ability of As to precipitate in a redox environment with a neutral pH has been described to
be most effective if both Fe and Mn are found in the environment (He and Hering, 2009). He and Hering
(2009) studied the ability for MnO, to adsorb As(V) both in the presence of iron and when iron was
absent. They concluded that without ferrous iron present, MnO, could not absorb As(V) onto its surface.
It appears that the oxidation of ferrous iron to ferric iron allows for an increase in the amount of As(lll)
oxidizing to As(V) that can be precipitated with manganese. They determined that all the arsenic
precipitated was concentrated in MnO, and not Fe (Ill) hydroxides. However the amount of arsenic
absorbed onto MnO, decreased when no iron was present. This is consistent with other research (Chen

et al., 2006) demonstrating that the oxidation of As(lll) was influenced by contact with MnO..

Microorganisms of the Leptothrix sp. and to a lesser extent the Gallionella sp. are known to be
involved in the precipitation of iron and manganese oxides (Katsoyiannis and Zouboulis, 2006). In the
case of iron, bacteria play a role in the oxidation of ferrous iron to ferric oxy-hydroxides in anaerobic
environments if chemical oxidation cannot readily occur. The oxidized iron is then incorporated in the
surrounding sheaths of the bacteria creating a covering (Keim, 2011). Keim (2011) describes the coated

iron sheaths as substrate for passing arsenate to be absorbed into. The iron and arsenic coated sheath
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then can be adsorbed onto a precipitate or other solid state (such as a pebble) allowing arsenic to

concentrate in one specific area (Keim, 2011).

Iron-manganese at the nano-scale:

Scanning electron microscopes (SEM) have enabled exploration of images at the nano-scale
level. In microbial mineral interactions, this technology has been mostly applied to study the formation
of carbonate minerals. Nano-bacteria, such as oxide- reducing bacteria, have been discussed as having
the ability to mediate the formation of iron oxides. However, evidence to support micro structure

formation by microbes is difficult to prove (Bontognali et al., 2008).

Among the nanoforms found between iron-manganese nano-spheres, are extracellular
polymetric substances (EPS). EPS are compounds composed of polysaccharides with the ability to attach
to a cell surface, or be secreted as a medium designed to support the growth of microorganisms. In the
study of mineralization at the nano-scale, the existence of EPS has been considered proof of mediation
by microbes. However due to variable composition and the hydration ability of EPS it is very difficult to

study (Bontognali et al., 2008).

According to Vali et al. (2001), two mechanisms have been known to exist that result in the
formation of nano-scale mineralization. Biomineralization, in which either bacteria induce nucleation as
a result of metabolic activity, or in bacteria controlled systems where minerals will crystallize on cell
walls or in an intracellular area. The mineralization of carbonates at the nanometer scale displays a
unique collection of aggregates described as nano-globules. Sachez-Roman et al. (2008) suggest that
these structures may be the start of the nucleation of dolomite. In order for the dolomite crystals to
attach to bacterial structures, they must have a charge. Microbial cell surfaces and EPS both can carry a
net negative charge and therefore allow for ions to bind to their surface creating a site suitable for
nucleation (Aloisi et al., 2006).
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Nanostructures have been postulated to assist in the formation of Mg- rich calcite and iron
hydrous oxides in the Cezallier hydrothermal springs in Massif, Central France (Casanova et al., 1999).
The iron hydrous oxides were composed of dense aggregates of small rounded crystals that appear as
crusts overlying organics such as twigs. These aggregates hold colonies and frameworks of bacteria
known as ferruginous bacterial accretions, which are also found in acid mine drainage (Leblanc, 1996).
Major and minor elements, including arsenic are concentrated on the bacterial surfaces. The evidence of
nano-scale structures found in both carbonate and hydrous iron oxide environments are indications that

microbial mediation is possibley contributory to mineral formation.

Iron oxyhydroxide nanostructures have been shown to develop in areas with microbial filaments
containing polysaccharides (Chan et al., 2004). As microbial cells come in contact with iron
oxyhydroxides (FeEOOH) they extrude polysaccharide strands attaching to the FeOOH. Microbial cells
accomplish this by acting as a catalyst to an oxidizing reaction where the cell uses the oxygen in the
FeOOH for energy and in the process will precipitate iron out of solution. The attraction between the
microbe and the iron is due to the net negative charge of the microbial filament and the positive Fe**
(Chen et al., 2004). The microbes thus produce a polymer (polysaccharide), mineralize the polymer, and
then discard the polymer so as to not become entombed by the mineral. Iron oxidizing bacteria often
found in biofilms where oxidation of iron at the microscale occurs include Leptothrix sp. and Gallionella
sp. (Chen et al., 2004). These bacteria oxidize iron onto an armored sheath that appears as a stalk or

helix which then can be shed from the body.

The chemistry behind the entombment of a polymer can be used to further understand how
bacteria oxidize iron as a source of energy. If bacteria are able to localize iron mineral precipitation, a

micro-environment can be created in which there is a decrease in pH (Chan et al., 2004). The oxidation
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of iron outside the surface of a cell will acidify the microenvironment adjacent to the cell membrane as

described in the following equation:

Fe®* + 2H,0 > Fe(OH), + 2H"

Here iron generates two protons enabling a decrease in the microenvironments pH. The acidity of the

environment again decreases when another proton is emitted from solution:

Fe(OH), > FeOOH +H"

The H' is then transferred from the outside of the cell, across the proton pumping adenosine
triphosphate (ATP), to the inside of the cell to be used for energy. Polysaccharides can be emitted from
an iron oxidizing bacterial cell as spaghetti-like structures enabling a greater surface area for decreasing
the pH in the microenvironment and enhancing the ability for iron oxidation in a microenvironment to

produce energy for bacteria (Chan et al., 2004).

Nanostructures are also created with the influence of a bacterial catalyst in redox sensitive
reactions. The oxidation of manganese from a 2+ to a 4+ state at the nanoscale can be achieved by a
biological process. In a freshwater environment Leptothrix discophora have the ability to assist with the
oxidation of manganese and deposit the material on an extracellular sheath (Villalobos et al., 2005).
Another strain of bacteria, Pseudomonas putida, has the ability to produce Mn*" oxides and use a biofilm

consisting of extracellular polymers (EPS) to hold the oxidized manganese in place.

Pseudomonas putida assists with oxidation of manganese on the nanoscale by oxidizing the
Mn?* found in solution and precipitating manganese in its bilofilm (Toner, B. 2005). Mn** becomes
oxidized to Mn*" and precipitates out of solution onto the outer portion of a bacteria’s cell membrane.

Manganese ions can also be oxidized to form Mn**, which can also precipitate onto or between the cell
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membrane. The oxidized precipitates will then nucleate forming extra-cellular aggregates surrounding

and filling in spaces between bacterial aggregates composed of bacterial membranes (Toner, 2005).

Gupta et al. (2010) researched the oxidation of iron and manganese at the nanoscale for
assisting in the removal of natural arsenic concentrations in lacustrine environments. Laboratory created
iron and manganese nanosphere aggregates concentrated in bulk, were used for the oxidation of
arsenic, causing its precipitation out of groundwater moving through a redox boundary. The sample able
to adsorb the greatest amount of arsenic had a ratio of 5:1, iron to manganese, and occurred in a pH
environment of 3-7 and a temperature below 30°C. Understanding the relationship of nanoparticles
related to arsenic adsorption is beneficial for implementation of effective methods of arsenic removal

from freshwater, groundwater and water treatment plants.

Health Effects from Arsenic in Iron- and Manganese-Rich Water Contamination:

Arsenic can become a health concern if drinking water supplies are situated in an arsenic
contaminated environment. Arsenic, a known carcinogen, is found in compounds that are tasteless, do
not have an odor and readily dissolve in water (Wang and Mulligan, 2005). This creates a threat to the
health of the plants, animals and humans who may use this contaminated water for consumption (Wang
and Mulligan, 2005). According to the world health organization (WHO, 2012), water containing greater
then 0.01mg/L of arsenic can be harmful to human health and drinking water containing 60mg/L of

arsenic can be fatal.

Acute arsenic poisoning can occur within 30 minutes of ingestion and includes symptoms of
gastrointestinal discomfort, vomiting, coma and death (WHO, 2012). Chronic exposure to arsenic
contamination can lead to anemia, skin cancer, and other cancers of the liver, lung, nasal cavity, kidneys
and prostate (WHO, 2012). Arsenic contaminated groundwater is found in areas all over the world, with

areas of concern present in Bangladesh, India, Argentina, the United States, and Nepal.
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In arsenic contaminated water, As(lll) has a higher mobility than As(V) due to its inability to
easily fit in the lattice of an oxidized solid (Thomas et al., 2001). As (lll) is therefore more easily
consumed by humans through contaminated water. Once consumed, As(lll) is considered to be more
toxic compared to As(V) because of the way it becomes utilized in the human body. Thomas et al. (2001)
describe As(lll) as the preferred substrate for methylation reactions which involve the addition of a
methyl group (one carbon and three hydrogen atoms) onto a substrate (in this case As(lll)). The As(lIl)
methyl group is used as a coenzyme in the body’s metabolism to transfer compounds to different
chemical reactions occurring within the body (Thomas et al., 2001). As part of the metabolism, arsenic

has the ability to create toxic and carcinogenetic effects on the large organs of the body.

The removal of arsenic along with heavy metals such as iron and manganese from drinking
water supplies has become a concern. This was especially brought to the world’s attention in the 1990’s
when millions of drinking water wells were installed in Bangladesh by agencies such as Unicef, and the
World bank, only to be discovered to supply drinking water with high concentrations of naturally
occurring arsenic (Smith et al., 2000). Smith et al. (2000) suggested that of the 35-77 million people
potentially affected by the contaminated water source containing 500pug of arsenic per liter, 1 in 10 will
ultimately die from cancers affecting large organs such as the lungs and skin. In order to prevent further
exposure to arsenic in affected areas of Bangladesh and other countries of the world where the
concentration of As is above the WHO drinking water standards, effective methods of arsenic removal

from groundwater are being researched.

An example of a method being investigated to remediate areas with natural contamination of
arsenic is using oxygenation of groundwater to remove arsenic. Rott et al. (2002) described a method in
which groundwater passed through a well with a vacuum pump delivering atmospheric oxygen. The now

oxygenated water then passed through a degassing tank which was purged of any excessive gas from
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the groundwater, which then re-filtered back into the groundwater system. Oxygenation of the water
will allow for the reduced iron, manganese and arsenic found in the groundwater to be precipitated out
and displaced onto the surroundings of the well. This method appears to be enhanced if sediment is
added to the oxygenated well which has been coated in iron and manganese oxidizing bacteria such as
the Leptothrix sp. and Gallionella sp. The bacteria are able to enhance the oxygenation process

specifically for the heavy metals in question (Rott et al., 2002).

Site Description

Topography and Geology

Shebandowan Lake:

Shebandowan Lake is located approximately 80km from Thunder Bay Ontario, southwest of
Highway 11 at latitude 48 38’ 00”’N and longitude 90 20’ 00”W (Figure 1). The lake is approximately
32km from east to west and is separated into three sections: Upper (west), Middle (central), and Lower
(east) Shebandowan lakes. As it is easily accessible from the highway, Shebandowan is cottage country
for many families of the Thunder Bay area, creating a populated northern shore. Two resorts are present

on the lake, both enticing hunters and anglers to stay for the abundant fish and wildlife of the area.
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Figure 1: (a) Geologic map of Shebandowan Lake and legend. Map scale 1:1 00 000 (Ontario Geologic Survey, 1991). (b) Map
of Shebandowan Lake (Natural Resources Canada, 2012) A=Upper, B=Middle, C=Lower Shebandowan

The topography of the Shebandowan Lake area consists of low undulating slopes with elevations
averaging 15m in height (Morin, 1973). The drainage pattern of the area is immature creating many
muskeg swamps proximal to the lake and in its surrounding area (Morin, 1973). The lake’s water is
supplied by six major rivers and streams including the Greenwater, Firefly, Kashabowie, Kabaigon,
Harnden, and Swamp Rivers (Vander Wal and Stedwill, 1973). The only outflow from the lake is the
Shebandowan River, which joins the Kamanistqua River to be discharged into Lake Superior (Vander Wal
and Stedwill, 1973). The main characteristics of the area’s topography are the geographic features
created by past glaciation, including eskers and poorly sorted sediment (Morin, 1973). Vegetation
around Lake Shebandowan consists of both coniferous and deciduous trees and various shrubs, muskeg

vegetation in areas of oversaturation, and various aquatic plant life in the lake itself.
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The Shebandowan Lake area is underlain by Precambrian age “Timiskaming-type” bedrock
which unconformably overlies Archean “Keewatin-type” rocks, both consisting of metavolcanic and
metasediments (Aubut and Campbell, 2012). The Timiskaming-type rocks range in age from 2700Ma to
2680Ma (Card, 1990). The metavolcanics are shoshonitic having high amounts of aluminum and
potassium, and a titanium oxide content (Osmani, 1996). They are associated with volcanoclastic mass-
flow conglomerates and tuffs re-worked in the nearshore environments by tides and waves (Osmani,
1996). All supracrustal rocks of the area are structurally deformed and chemically altered. The rocks of
this area are part of the Shebandowan Greenstone Belt, which forms part of the Wawa Subprovince of

the Superior Province of Canada (Osmani, 1996).

The Shebandowan Mine, located on the lower section of Shebandowan Lake, in the
Shebandowan greenstone belt, operated between 1971 and 1998. During this time, the mine produced
9.29 million tones of ore from which nickel, copper, cobalt, platinum and silver were extracted (Inco,
2001). The North Coldstream Mine located 115km northwest of Thunder Bay on the Shebandowan
greenstone belt operated between 1957 and 1967 and produced approximately 2.5 million tones of ore
mined for copper, gold and silver (Golder Associates, 2002). Rehabilitation of both sites is currently

ongoing with contamination due to acid-generating mine tailings posing the largest problem.

Sowden Lake:

Sowden Lake is located approximately 50km northeast of Ignace, Ontario at latitude 49° 32’
40”N and longitude 91° 11’ 57”’W (Figure 2). The lake appears as two smaller lake sections both
approximately 10km from north to south. There is limited access to the lake with a public launch on the
western side sharing the shoreline with a small amount of private camps, and a road to a resort on the

eastern side. The resort is responsible for the greatest population on the lake, as it commercially
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advertises to hunters and anglers from the United States to come for a true Northern Ontario

experience.

Figure 2: (a) Geologic Map of Sowden Lake and legend (Ontario Geologic Survey, 1991). (b) Map of Sowden Lake (Natural
Resources Canada, 2012)

Topography of the Sowden Lake area has been affected by past glaciation in the area creating
poorly sorted sediment and glacial morphologies such as kames and moraines (Proctor and Redfern,
1981). The lake is part of the English River system which eventually discharges into Hudson Bay.
However, the Pleistocene glacial sediments of the area make water drainage from the lake difficult
creating wetlands throughout the area. Vegetation around Sowden Lake consists of trees, mostly
coniferous with some deciduous, various shrubs, muskeg vegetation in areas of oversaturation, and
various aquatic plant life in the lake itself. The lack of adequate water drainage in the area has, in the

past, created feasibility studies for potential peat exploitation (Proctor and Redfern, 1981).

The geology of the Sowden Lake area is composed of Archean bedrock of the central Wabigoon

Subprovince of the Superior Province (Jackson, 2003). This Archean bedrock is composed of granitic and
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metavolcanic rocks that have been altered by metamorphism, structurally folded and faulted, and
intruded by plutons (Proctor and Redfern, 1981). The mineral assemblages surrounding the lake consist
of diorite (including granodiorite to granite) on its eastern side, and tonlite on its western side (Jackson,
2003). Sediment sampling of three sites in Sowden Lake has been completed by the Ontario government
for potential exploration prospects which found the sediments to contain notable values of sodium,

titanium, aluminum, arsenic, barium, cobalt, iron, cerium, potassium and manganese (Jackson, 2003).

Recently the Nuclear Waste Management Organization (NWMO) has conducted an initial
screening of the Ignace area to determine the possibility of nuclear waste from Southern Ontario being
deposited in the areas’ bedrock. It concluded that the Ignace area met all criteria of the initial screening
including: having enough available land to accommodate a nuclear waste facility, being outside of any
protected areas or heritage sites, not having any groundwater resources at the repository depth, not
containing any exploitable natural resources, and not bearing any geological characteristics that would

create potential for the site being unsafe (Shaver, 2011).

Lake Charlotte:

Lake Charlotte is located along on the eastern shore of Halifax County, Nova Scotia
approximately 60km from Halifax at latitude 44° 46' 3" N and longitude 62° 57" 5" W (Figure 3Figure 3).
The lake is approximately 15km from north to south and 2km east to west. The southwestern side of
the lakeshore is densely populated with cottage dwelling residents, due to its easy access from Highway
7. There is also a resort on the western side of the lake enticing anglers and recreationists to stay for

fishing, swimming and water sports.
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Figure 3: (a) Geologic map of Lake Charlotte (Nova Scotia, Dept. of Nat. Res. 2004). (b) Map of Lake Chartotte (Natural
Resources Canada, 2012)

Topographic features of the area include glacial deposits such as drumlins and roche
mountainne and the presence of eskers. Poorly sorted sediment covers the areas bedrock geology
(Patrie, 1995). A lush growth of trees, such as spruce, hemlock and pine cover the topography, along
with various shrubs and aquatic plant species found within the lake (Patrie, 1995). Lake Charlotte
overlies the Cambrian-Ordovician age Meguma group, which is composed mainly of meta-sandstone and
slate (Patrie, 1995). The Meguma group consists of a minimum of approximately 4900 meters inter-
bedded quartzite and slate, with mineralized quartz veins composed of quartz, carbonate, pyrite,

arsenopyrite, gold and scheelite (Fralick, 1980).

The hydrothermal system that deposited the arsenopyrite originated in the slate of the Meguma
group from clay formed illite releasing water during metamorphism. The water became trapped in the

impermeable slate until pore-fluid pressure caused fractioning of the slate beds. This allowed fluid into
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the fracture cavity and carbonate to be deposited due to a decrease in the cavity’s CO, pressure
(Fergussen, 1972). Most of the arsenopyrite is found with the carbonate in the slate formation of the

Meguma group.

The chemical composition of lake waters in Halifax County, Nova Scotia is affected by the nature
of the geological substratum and the topography of the area, which controls sediment type and
thickness. Climate of the area and its proximity to the Atlantic Ocean also have an effect (Gorham,
1957). Further environmental changes to the area have become evident with an increase in human

activity altering the natural landscape of the area surrounding lakes in Halifax County.

The discovery of gold in Halifax County was first documented in the 1860’s. A mine opened on
the shore-line of northern Lake Charlotte in 1939, and was prosperous throughout the 1940’s (Cudmore
et al., 1945). There was a gold mining district comprised of small mining operations extracting gold-
bearing quartz veins and associated mineralized wall rock. A significant association between gold and
arsenopyrite was found in this area (Malcolm, 1976). The grade of the mined rock was over 2 ounces of
gold per ton (Patrie, 1995). Mining of the quartz veins, along with other human activities such as
quarrying and construction, enabled remobilization of arsenic in the rock mass (Fralick, 1980). Leaching
from the Meguma sequence has caused the groundwater of the area to become contaminated with high
concentrations of arsenic, which has been known to affect the resident drinking water wells in areas of

Halifax County (Fralick, 1980).
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Locations and Access

Shebandowan Lake:

Shebandowan Lake was accessed by vehicle, driving from Thunder Bay Ontario to Wilderness
Discovery Family Resort, located on the northern shore of Lower Shebandowan, off of Highway 11. From
the resort transport with all supplies was done in a 16ft aluminum boat with a 15hp motor. Locations of
data collection sites were determined by examining past maps of the area, trial and error, and talking

with locals.
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L—'J.—;.—L::Lﬂ.—.l——l—.l—] 4 _—

Figure 4: Map of Lake Shebandowan displaying site location areas (Natural Resources Canada 2012). Small site is labeled 1 on
map and Island site is labeled 2

Small Site:

The small site is located on the south side of Middle Shebandowan Lake in a small channel
connecting Middle Shebandowan to Upper Shebandowan (Figure 4) at UTM Zone 15 of WGS84 at
approximately UTM 696200E and 9391800N. The channel was populated with one camp found at its

northern side and had an island in its center. The nodule field was found began along the shoreline on
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the south side of this channel. This shore displayed vegetation directly to the shoreline and had a
bedrock point which opened into a small bay (Figure 5). Aquatic vegetation was observed sporadically
throughout the lake bottom. The nodule field at Small Site was approximately 100m west to east and
50m north to south. There site as a whole displayed a gradual increase in depth from the shoreline with
the greatest depth located in the centre of the channel at approximately 23m (nodules only found up to

10m).

Figure 5: (a) Southern Shore of Small Site, Shebandowan Lake (b) Southern shore of the Island Site: Shebandowan Lake

Island Site:

The island site was located off the north shore of an island highly vegetated with coniferous
trees on the western side of Lower Shebandowan (Figure 5b). It is found geographically in UTM Zone 16
of WGS84 at approximately 702170E and 5386280N. The site was found to have a small nodule field
approximately 50m off the shore of the island. This field stretched from the islands western corner to
offshore of its centre, and was approximately 100m east to west and 20m north to south. The
precipitates were surrounded by a hard rock lake bottom to the west and south which was part of the
island. There is a light, gritty, grey coloured silt and muddy lake bottom to its east, and a red stained,
thick, dense clay to its north. The field had a sandy substrate and the lake bottom was densely

populated with nodules. The nodules found in the center of the field were the largest; there size slowly
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decreasing towards the fields edge. Aquatic vegetation was observed sporadically throughout the lake
bottom. The site as a whole has a gradual decrease in depth from the shore of the island, the

precipitate field being found at a depth between 7 and 10m.

Sowden Lake:

Sowden Lake was accessed by vehicle via highway 17 from Thunder Bay to Sowden Lake Resort,
located on the southeastern side of the lake (Figure 6). From the resort, transport with all supplies was
done in a 16ft aluminum boat with a 20hp motor. Locations of data collection sites were determined by
trial and error, and talking with locals. At the time of sample collection, Sowden Lake was experiencing

an unusually high water trend.

0 1 2 4 Kilometers
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Figure 6: Map of Sowden Lake displaying collection sites (Natural resources Canada, 2012). Sowden-41 is labeled 1 on map
and Sowden- 46 is labeled 2.

Sowden- 41 site:

Sowden 41 site was located away from any shoreline in the southeastern portion of the lake
(Figure 7a). It is found geographically in UTM Zone 16 of WGS84 at approximately 630100E and
5482630N. The nodule field was present on the top of a shallow, steep sided reef at approximately 5-8m

depth. A red gasoline can was attached to the reef to keep marine vehicles from hitting the top of the
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reef with their motor. The nodules were abundant in an area approximately 30m east to west and 70m
north to south. The field was located on a sandy substrate. The lake bottom surrounding the precipitate
field was composed of red clay that had pebble sized Fe-Mn precipitates embedded in it. The lake

bottom surrounding the clay was deeper and consisted of an organic-rich, light, squishy, grey substrate.

Aquatic vegetation was observed sporadically on the lake bottom.

Figure 7: (a) Sowden 41 site, Sowden Lake. Picture was taken on top of nodule field facing northeast (b) Sowden 46 site,
Sowden Lake. Picture illustrates the island the precipitates were found beside. This picture was taken on the eastern edge of
the nodule field.

Sowden-46:

The Sowden-46 site is located off the eastern side of an island on the southwestern side of the
lake. The geographic coordinates of this site are UTM Zone 16 of WGS84 at approximately 626270E and
5486700N. The island was highly vegetated with coniferous trees up to the edge of its shoreline (Figure
7b). The nodule field began almost directly off the island and spanned an area of approximately 50m
north to south and 30m east to west in a depth between 2-8m. Precipitates were found in abundance on
top of a sandy substrate. As with the Sowden 41 site, the lake bottom surrounding the precipitate field
was composed of red coloured clay with small, pebble sized nodules embedded in the clay itself. Beyond
the red clay in deeper waters was an organic-rich, light, grey coloured substrate. Aquatic vegetation was

observed sporadically throughout the lake bottom.
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Lake Charlotte:

Lake Charlotte was accessed by vehicle from the Halifax, Nova Scotia, airport via Highway 7 and
a secondary road to a private cottage located at the My Cove Site. From the private cottage, transport
with all supplies was done in a 12ft aluminum boat with a 9.9hp motor. Locations of data collection
sites were determined by knowledge of past research of the area, trial and error, and talking with locals

(Figure 8).
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Figure 8: Map of Lake Charlotte displaying areas of sample collection. The map is numbered as follows: 7 Cove shown as 1,
Bud’s Cove, 2, My Cove, 3, Granite Islands, 4, Mine Site, 5.

7 Cove:

7 Cove site is located in a cove on the southern shore of the lake (Figure 9a) and is found
geographically at UTM Zone 20 of WGS84 at approximately 503800E and 5957500N. The shoreline
consisted of a shallow sand and pebble beach surrounded by coniferous and deciduous trees. The lake

bottom of 7 Cove was occasionally scattered with debris such as old tires, remains of an old dock and
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lumber. The precipitate field itself was approximately 30m from north to south and 60m east to west
and located at a depth between 0.5-2m on a sandy substrate. Aquatic vegetation was observed
sporadically on the lake bottom. On the north side of the precipitate field there is a steep decline where

the lake bottom begins to change to fine sediments, such as silt and clay.

Figure 9: (a) The shoreline at 7 Cove, Lake Charlotte (b) Picture taken on the shoreline of My Cove, Lake Charlotte (c) Granite
Island Site, Lake Charlotte. Picture was taken facing the Granite Islands site shoreline where the water depth was
approximately 18m (d) Appearance of shoreline coming from the south towards the Mine site. The site was present beyond
the point in the picture.

Bud’s Cove:

The Bud’s Cove site is located on the southwestern shore of Lake Charlotte at the UTM (WGS84,
zone 20) coordinates 530650E, 4958700N. Its shoreline is a populated cove with five cottages along the

beach and docks for keeping motorized vehicles. The lake bottom of Bud’s Cove is occasionally littered
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with foreign debris such as old tires and lumber. The area where only precipitates were found is
approximately 40m north to south and 30m east to west. It is at a depth of 1-1.5m on a sandy substrate.
Aquatic vegetation was observed sporadically on the lake bottom. As depth increases, the substrate

beside the nodule field became fine grained and high in organic matter.

My Cove:

The My Cove Site is located on the southwestern shore of Lake Charlotte and is the first cove
north from Bud’s Cove (Figure 9b). It is located geographically at UTM WGS84, Zone 20, approximately
503630E and 4958980N. The shoreline of My Cove is populated with cottages and docks to facilitate
motorized vehicles. The lake bottom is occasionally littered with old lumber. The area of the precipitate
field is approximately 50m north to south and 40m east to west. It is at a depth of 1-1.5m on a sandy
substrate. Aquatic vegetation was observed sporadically throughout the lake bottom, also on the sandy
substrate. After a steady increase in depth, the substrate off shore from the nodule field became fine-

grained and visually high in organic matter.

Granite Islands:

The Granite Islands site was located between two islands in the central section of Lake Charlotte
where the bedrock is composed of a granitic batholith (Figure 9c). Geographically, the Granite Islands
site is found at approximately UTM WGS84, Zone 20, coordinates 501700E and 496215N. The shoreline
of the site is composed of granite boulders which continue below the water surface to a depth of
approximately 2m. The island densely supports coniferous and deciduous vegetation. The precipitate
field at the Granite islands location was larger than any other field in Lake Charlotte. Despite the use of
an underwater video camera, its parameters were never completely determined, due to the existence of
precipitates at a depth greater then 18m. The substrate below the nodules was sandy closer to the
shoreline. However, it became finer- grained and light coloured as the depth of the field increased.
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Aquatic vegetation was observed sporadically on the lake bottom. The nodules found at this site were all
very similar in size and almost uniform in appearance. There were abundant and separated by

approximately 10-20cm from one another.

Mine Site:

The Mine Site is located on the northwestern shoreline of Lake Charlotte offshore from a small-
scale abandoned gold mine consisting of a tunnel into the steep bank going down to the shoreline
(Figure9d). The approximate geographic location of the site is UTM WGS84, Zone 20, 500570E and
4966750N. The shoreline of the area was dense with vegetation including both coniferous and
deciduous trees, plants and shrubs. The shore sloped at a steady grade. All aspects of the past mine
were overgrown with vegetation with the exception of the adit closed off by a gate to the public which
contributed water to a spring. There was a small 5m wharf composed of boulders found coming off the
shoreline. The lake bottom at the Mine site was occasionally littered with debris from the mine such as
pipes and other pieces of metal. The precipitates found at this site consisted of thin partial coatings on
rocks, not the well developed nodules found at other sites. The lake bottom at the Mine site was sandy

with cobbles close to shore but dropped off to a silt clay bottom at a depth of approximately 4-5m.

Methodology

Description of Methods

Fieldwork Data collection:

All lake fieldwork data collection was done from an aluminum boat. Nodule fields were located
through the use of existing maps and publications, tips from talking to local individuals and by use of an

underwater video camera. Once a nodule field was found, transect lines were established and followed
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by use of points of reference on the shoreline, or with floating jugs attached to cement blocks dropped
at the start and finish of each transect. The length and width between transect lines was determined by
the size of the field. To keep the boat on the transect line as data was being obtained, up to three
cement blocks were used as anchors depending on the strength of the wind. Each data point was given
a name and Universal Transverse Mercator (UTM) coordinate using the reference datum WGS 84. Lake
Charlotte values are found in UTM zone 20N and Shebandowan and Sowden Lake are found in UTM

zone 15N. All transect data points for each study site can be found in Figures 10-13.

Water analysis data:

The pH, reduction potential (Eh), temperature, and dissolved oxygen (DO) data were collected
using a Hanna multi-parameter water quality meter, model HI9828. The instrument was lowered off the
side of the boat until the probe reached the lake bottom. The probe was then lifted off the lake bottom
approximately 0.5m and was held at this location for approximately 1 minute so any disturbed sediment
could settle. Data was then read off the instrument and recorded in a field notebook. Sediment
temperature data recorded at My Cove, 7 Cove and Bud’s Cove was collected with a waterproof
thermometer pushed by hand into the sediment. All temperature values were recorded into a field

notebook.

Water sample collection:

Water samples were collected using a submersible water collector. The instrument was
attached to a rope and lowered from the side of the boat until it hit the lake bottom. Once on the
bottom the rope was swiftly pulled on to close the instrument and then pulled to the surface. The water
was then poured until overflowing into a sample bottle containing 2-3 drops of a 5% nitric acid solution
to keep all elements in solution. The samples were kept in a cooler or refrigerated until brought to the
laboratory. Water analysis of total metals was conducted by a professional technician by digesting the
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sample with nitric acid using HTV (open) vessels and a CEM Mars Xpress microwave oven. Here, the
samples were concentrated 5 to 10 fold depending on anticipated analyte levels and interferants to a
final acid concentration of 4%. Total metals are measured using inductively coupled plasma atomic
emission spectroscopy (ICP-AES), a Varian Vista Pro Radial analyzer which is equipped with a cyclonic

spray chamber and a Seaspray nebulizer.
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Figure 10: Water chemistry collection points at the 5 Lake Charlotte study sites. (a) 7 Cove (b) Bud’s Cove (c) My Cove (d)
Granite Islands (e) Mine Site. GPS co-ordinates for each point are displayed in the appendix.
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Figure 11: Water Chemistry data points from the Lake Charlotte and Shebandowan Lake Study Sites. (a) Sowden 41 site (b)
Shebandowan Small Site (c) Sowden 46 study Site (d) Shebandowan Island Site. GPS co-ordinates for each point are
displayed in the appendix.
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Figure 12: Nodule sample collection points from the 5 Lake Charlotte study sites. (a) 7 Cove (b) Bud’s Cove (c) My Cove (d)
Mine Site (e) Granite Islands. GPS co-ordinates for each point are displayed in the appendix.
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Figure 13: Nodule sample collection points from Shebandowan and Sowden Lakes. (a) Sowden 46 Site (b) Shebandowan
Small Site (c) Sowden 46 Site (d) Shebandowan Island Site

Nodule sample collection and analysis:

Nodule samples were collected either by hand by an individual snorkeling, or, in deeper water
were obtained from the bottom using an 11.34 kg Ponar Grab sampler with a 63.5cm® sample storage

area. The precipitates were then labeled and placed into sample bags.
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Samples were crushed into a fine powder using a mortar and pestle. Each sample was then
weighed to exactly 0.5000g and transferred into a Teflon beaker. The beakers were then placed on a
hotplate set at 90°C, filled with 10ml double distilled water (DDW) and 5ml nitric acid and left overnight
to dry. The next day the beakers were filled with 10ml nitric acid and 5ml hydrofluoric acid and heated
to dryness. This step was repeated for the next three days to ensure all material was in solution. On the
fifth day 5ml of hydrochloric acid was added to each beaker and allowed to boil for 20min. The beakers
were then filled with 10ml of DDW and were allowed to boil for another 10min. The solution in each
beaker was transferred into 100ml flasks and filled with DDW to create a 200x dilution. The flasks were
allowed to boil on the hotplate (still at 90°C) for 3 hours. Five milliliters were removed and diluted
2000x. Both the 200x and 2000x dilutions were poured into laboratory sample containers and brought
to the Lakehead University Instrumentation Laboratory in Thunder Bay, Ontario for analysis by a

technician. Blanks and standards were run with each batch of samples.

The Varian Vista Pro Radical inductively coupled plasma atomic spectrometer (ICP-AES) was
used to determine the major and selected minor elements found in each sample. Accuracy and precision
percentages for each element can be found in Appendix A. The elements barium, cerium, cobalt,
lithium, molybdenum, sodium, yttrium and zircon all have accuracy and/or precision values above 10%
and therefore should be used semi-quantitatively. Accuracy values for boron, sulfur and scandium could

not be determined due to no available standards of these elements.

A Carbon Hydrogen Nitrogen Sulfur [Cl] Elementar Vario (CHNS) analyzer was used to determine
the concentration of carbon present in the sample. Samples were crushed to a fine powder using a
mortar and pestle. The powder was then brought to the Lakehead University Instrumentation

Laboratory for analysis.
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An X-Ray Diffractor Meter Pananalytical Xpert Pro Diffractometer (XRD), was used to determine
the detectable crystalline phases that occurred within selected samples. The precipitates were crushed
to a fine powder using a mortar and pestle. The powder was then used for analysis at the Lakehead
University Instrumentation Laboratory. Data obtained was then compared with the mineral standards
from the ICDD PDF2 2008 Database using Bruker Topax Rietveld software. Five samples from each lake

(15 total samples) were analyzed.

An ELAN 9000 inductively-coupled plasma mass spectrometer (ICP-MS) was used for analysis of
rare earth elements. Precipitates were separated using a rotary tool into top and bottom components
and crushed with a mortar and pestle into a fine powder. The powder from 5 precipitates (10 samples

total) was then shipped to GEOlabs at the Ontario Geological Survey in Sudbury, Ontario for analysis.

Results from the ICP-AES analysis were then analyzed using maps created by ArcGIS, Arcmap 10
software. Contours were determined by use of the program’s Radial Basis Function. This method uses a
series of exact interpolation techniques in which the contour line must pass through a known sample
value. Each contour is dependent on the distance from a know value resulting in a smooth interpolation

of the lines between known values (ESRI, 2012).

Microscopy:

Thin sections were created from nodules at each study site. The slides were then examined with
an Olympus BX51 Petrographic microscope using normal and polarized light to detect similarities or

differences in structure when compared to one another.

A Hitachi Su-70 Schotty Field Emission Scanning Electron Microscope (SEM) was used to examine
the specimens with both secondary electron (SE) and backscatter electron (BSE) applications for

enhancing imagery. SEM discs and thin sections were created and coated with carbon for use in the
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instrument. Elemental chemistry analysis of each image was achieved using the Oxford Instruments
Aztec software by means of mapping, linescan and point analysis techniques. Precipitate pieces were
also observed and analyzed with the SEM in their pure state using SE and BSE imagery and Aztec
mapping techniques. Preparation for these samples included breaking a small piece of the precipitate off
with a screwdriver, gluing the sample onto a one inch SEM sample holder, coating the sample with

carbon and heating the sample to 75°C to omit vapours prior to use.

Grainsize analysis and distribution of My Cove Pit:

A pit was dug using a shovel on the shoreline of the My Cove site approximately 60-80cm in
depth to observe changes in sedimentary layering. Samples from each obvious layer were collected and
dried to be used for grainsize analysis. This location was used due to its easy accessability and received

permission from the land owner.

Grainsize analysis procedure:

Each sample was rinsed with distilled water and filtered through a sieve to separate out any
organic or non-sedimentary debris. A 4@ sieve was then used to separate the clay and silt from the sand.
The sand remaining on the sieve was then dried on an electric heater. Once dry, the sediment was
poured into sieves stacked on a sieve shaker to obtain the weight of individual size fractions. The clay silt

fraction from each grainsize analysis procedure underwent standard pipette analysis.
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Results

1. Nodule Description:

Lake Charlotte, 7 Cove:

Nodules present in 7 Cove have a flat surface with a rough stromatolitic texture (Figure 14a, b)
covering a ring structured underside. On both the underside and top portion of some nodules a micro-
stromatolitic structure appears. The stromatolies on the underside appear to be growing upside down
towards the lake bottom (Figure 14c). Of all Lake Charlotte nodules, those found in 7 Cove were the
most difficult to break apart with one’s hands. The interior of the nodule can be described as having a
thick outer crust on the nodule surface followed by hard, dark laminae, and a loosely compacted sandy
grained center (Figure 14d). The bottom of the nodules consists, again, of hard, dark laminae towards
the center, and hard, orange coloured laminae that are found on the outer portion of the nodule. Some

of the hard areas of the nodules were observed to have a silver-coloured sheen.

A pavement of fused nodules can be found in 7 Cove. However, this appears in isolated clusters
on the lake bottom as opposed to the more continuous clusters at My Cove (Figure 14e). The sizes of the
nodules, like with My Cove, changes with depth so the smallest are found closest to the shoreline at the
beginning of the field and the largest are found furthest away from the shoreline. The largest nodules of
Lake Charlotte were present at 7 Cove, some approaching 30cm in diameter (Figure 14f). All nodules

were located under a bacterial mat 2-3cm thick.
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CENTIMETRE

Figure 14: Lake Charlotte, 7 Cove nodules (a) Top portion of a nodule displaying small stromatolites. This was present
covered by a bacterial mat (b) Underside of (a) displaying a ringed structure around a cobble (c) Stromatolitic structure
present on the underside of some nodules, (d) Cross section of a nodule displaying a hard outer coating and dark coloured
center (e) Two nodules fused together to form a pavement (f) The largest nodule collected in Lake Charlotte found on the

outer edge of the 7 cove field.
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Lake Charlotte, Bud’s Cove:

The nodules found at Bud’s Cove are unusual due to their extremely flat, smooth surface (Figure
15a). The center stone of each nodule is larger then those found at My Cove and 7 Cove ranging to
boulder size (Figure 15b). The underside of the nodules present at Bud’s Cove display smaller nodules
fused underneath larger nodules creating a sort of nodule “family” (Figure 15c, d). The surface of the
largest, topmost nodules of this family is seen to fuse together with other nodules found in close lateral
proximity. This creates a thick, hard pavement which can at times only be broken apart with use of a
tool such as flathead screwdriver (Figure 15e, f). Bud’s Cove has the thickest and largest area of
pavement of all study areas taking up approximately 70% of the entire nodule field. This makes it
difficult to determine if the size and structure of the nodules is similar to those of My Cove and 7 Cove.
The edge of the nodule field at Bud’s Cove closest to the shoreline has smaller nodules present.
However, the outer edge seems to abruptly end at approximately 2m depth with no further differences

in nodule size.
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Figure 15: Lake Charlotte, Bud’s Cove nodules (a) Surface of a nodule from Bud’s cove depicting the sites unique flat
pavement (b) underside of (a) displaying ring structure around a cobble. (c) Precipitate growth over smaller nodules of
different sizes (d) Precipitate growth over smaller precipitate structures, all displaying circular rings around the center
cobble (e) Underside of two nodules fused together to form a pavement (f) Surface view of the precipitate pavement
structure unique to Bud’s Cove
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Lake Charlotte, My Cove:

Nodules formed in My Cove have a flat, smooth surface which appears as a small lump on the
lake bottom (Figure 16a). On the lake bottom, the precipitates are often covered with a thick bacterial
mat, commonly approximately 3cm thick, making it difficult to identify them. The underside of the
nodules display ringed structures, which can be seen surrounding a pebble or cobble (Figures 16, b and

c). These ringed structures appear more evident in larger nodule specimens.

The nodules at My Cove are easily broken apart with one’s hands. Observation of the interior of
the nodules (Figure 16d) shows a smooth top portion, and a powdery textured bottom, which appears
black with small interior lineations that are red in colour. The entire nodule is covered with a dark,
eggshell -like crust. Nodules found close together on the lake bottom can be seen growing large enough
to fuse together and create a pavement-like structure (Figure 16e). Some of the nodules display micro
stromatolites on the bottom of the nodule (Figure 16f). It is interesting to note that the stromatolitic

structures appear to be usually growing downwards towards the sandy lake bottom.

The size of the nodule growth is correlated to the distance it was found from shore. In shallow
waters less then 1.5m in depth, only a thin coating of the precipitate can be found on pebbles and
cobbles of the lake bottom. The smallest nodules, approximately 5cm in diameter, are found at the
edge of the nodule field closest to the cove shoreline at a depth of 1.5-2m. As the depth of the water
increases, the nodules become larger. Often, the top portions of the nodules fuse together with other
precipitate nodules to create a pavement. The edge of the field furthest from the shoreline had the
largest nodules found in the field being approximately 20cm in diameter. These nodules are more
dispersed then those in the center of the field and become scarce on the lake bottom as the water

increases in depth.
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Figure 16: Lake Charlotte, My Cove nodules (a) The top portion of a nodule depicting the flat surface, which, when on the
lake bottom, is covered by a bacterial mat. (b) The underside of nodule (a) displaying the ringed structure surrounding a
cobble c) A closer view of the ringed structure of (b). (d) A cross section of a nodule displaying a granular portion and a hard
dark portion. (e) Pavement that can develop when two nodules found close to each other fuse together f) Stromatolite
structures found on the underside of some nodules (they appear as round balls in this image). These stomatolites grow

upside down towards the lake bottom.
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Lake Charlotte: Granite Islands:

Nodules present at the Granite Island site are comparatively very lightweight and higher in
organic matter than those found at the other sites in Lake Charlotte. They do not always have a stone in
the center of the ring structure, and are easy to break, often crumbling in ones hands. The top portion of
the nodule (Figure 17a) displays a similar ring structure appearance to that of its bottom (Figure 17b).
Unlike the rest of the precipitates in Lake Charlotte, those found at Granite Islands have no exterior

coating present.

The distance from the shoreline and the depth at which the precipitates were found was
correlated with the size and appearance of the nodule’s structure. In shallow waters of approximately
1m, coatings of the precipitate are found on large boulders, which are common on the shoreline and
shallow waters. There is then an abrupt change in depth as the lake bottom slopes towards deeper
waters with precipitates beginning to develop on the shallow portion of this slope. The difference
between those nodules found in the shallows (approximately 2m) and those found at a greater depth
(approximately, 3.5m+) is their shape and proximity to one another on the lake bottom. Those found
closer to the shoreline are oddly shaped, appear randomly distributed on the lake bottom, and have
ringed structures surrounding a pebble or cobble (Figure 17c, d, e). A transition stage then occurs where

the nodules become more uniform and a center stone was not always present (Figure 17f).

The further away from the shoreline and in greater depth the nodules began to form as almost
perfect circles with more apparent ring structures and no stone in the center (Figure 17a, b). The
nodules also became distinctly uniform in their distribution, appearing approximately 40cm apart from

one another and basically covering almost the entire lake bottom. The edge of this field furthest from
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the shoreline was never found as the video camera being used could not display a usable image deeper

then 20m. At this depth, however, the field still dominated the lake bottom.

CENTIMETRE

S0

CENTIMETRE

Figure 17: Lake Charlotte, Granite Islands nodules (a) Surface of a nodule from the Granite Island site. Its perfect circular
appearance suggests that this sample was taken at a greater depth then sample s c-f (b) Underside of nodule in (a), (c)
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Surface structure of a nodule found closer to the shoreline. (d) Underside of nodule (c), (e) Unusually shaped nodule found
close to shore. (f) Transitional precipitate found between the depths of (c) and (a).

Lake Charlotte: Mine Site

The precipitates from the Mine Site are the least developed of all the Lake Charlotte study areas.
The nodules found on the rocks of the lake bottom are thin with a rough texture and minimal ringed
structure in the underside of the overgrowth (Figure 18a, b). The precipitate can be described as two
visually unique forms. Precipitates in Figure 18, c and d are found close to the shoreline at a depth of
approximately 2m. They appear brown and/or orange in colour with a fine-grained texture. These
nodules were often found near and on iron or steel debris left from past mining in the area. The second
type of nodules (Figure 18e, f) are dark grey in colour, have a rough, sharp texture, and only consists of
very thin coating over the rocks found on the lake bottom. Both nodule types have the ability to grow on

multiple rocks present in close proximity, fusing them together.

Due to the lack of precipitate growth on the lake bottom rocks in this area, no definite
precipitate field is present. Like the Granite Islands site, Mine site has a drop off in water depth very
close to the shoreline making it difficult to determine how far the precipitates continue away from the
shoreline. At a depth of almost 5m the rocky drop-off ends in a flat, silt-rich lake bottom with no

nodules.
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Figure 18: Lake Charlotte, Mine Site nodules. (a) Surface of a nodule found at the mine site. (b) Underside of nodule (a). Note
the lack of dominant circular rings around the cobble. ( c) and (d) Nodule unique to the mine site in Lake Charlotte. Note the
orange brown colour and muddy texture. (e )and (f) Thin coating unique to mine site. It has a very rough, sharp texture.
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Sowden Lake, Area 41

The precipitates found in Sowden Lake are comparatively different to those found at the Lake
Charlotte sites. The Area 41 study site, like the majority of Sowden Lake, has precipitates forming on its
entire lake bottom. In areas the amount of nodules found was so great that the actual lake bottom could
not be acquired when collecting samples with the Ponar grab sampler. Nodules are found at depths of 5-
9m. As the precipitates were found closer to a depth of 9m, they became smaller in size and were not
only on the surface of the lake bottom, but also embedded in its reddish coloured clay. All precipitates

found at the Area 41 did not contain a stone at their center.

Figure 19, (a,b), depict typical nodules found in the area. Larger nodules are generally 2-3cm in
thickness and have a similar appearance on the top and bottom. They may or may not display a ringed
structure circuling the center, which, if observed, is present on both the surface and underside. Nodules
are dark brown or black in colour, oval or semi-circular shaped and appear uniform throughout the
sample. The nodules are hard and can be difficult to break apart by hand. The smaller, rounder samples

are the most difficult to break requiring a tool such as a flathead screw driver.

The center of the nodule field at Area 41 had the shallowest depth of 5m. As samples were
collected farther away from the center of the field in deeper water the nodules became smaller and
more abundant. Figrue Figure 19c and 19d were both taken from an area of the lake bottom
approximately 60cm x 60cm where the precipitates were found in greatest abundance. At the edge of
the field, nodules were found embedded in clay or silty mud (Figure 19e, f). Size and structure of these
nodules was similar to other nodules from the area, but the lake bottom here became a pink/red
coloured clay. Nodules embedded in this clay were approximately the size of a quarter, had an oval
shape and were difficult to break apart by hand (Figure 19d). The nodules in deeper waters were

commonly broken or fragmented when brought into the boat for observation.
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Figure 19: Sowden Lake, Area 41 nodules. (a) Surface of nodules found in Sowden Lake, Area 41 near the center of the field.

(b) Underside of the nodules (a). Notice the similarity of the top and bottom of the samples. (c) Small nodules found in

abundance on the lake bottom (d) Small nodules present imbedded in a pink/red clay on the outer edge of the nodule field.

(e,f) Nodules found on top or imbedded in silty mud and clay.
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Sowden Lake, Area 46:

Area 46 had similar types of precipitates as Area 41 and also contains a similar nodule
distribution. Area 46 is located between a marsh covered lake shoreline and a rocky island shoreline.
The field is found almost directly off the island on the rocks that form is shore. Here the precipitates of
this field are the largest and are in depths of 1-2 meters. These nodules display ringed structures, which
surround a center with a large pebble or cobble (Figure 20a,b). Moving away from the island, the
nodules remain similar in size and shape, however, they no longer have a central stone resulting in a
solid oval structure with rings circulating around the center (Figure 20c,d). The majority of the solid, oval
nodules are found at a depth of approximately 7m. They appear with ringed structures on both the top

and bottom areas of the nodule.

As the depth of the field increases to approximately 8-9m, a type of pavement is found where
oval shaped nodules are fused together in red/brown clay of the lake bottom (Figure 20e). This
pavement appears to cover the entire lake bottom at similar depths. It is a hard material and therefore
difficult to recover from the lake even with the force of a dredge attempting to break it into fragments.
Due to the inability to always collect a pavement sample it is difficult to determine exactly where the

pavement ends in the nodule field.

At a depth of approximately 9m, small, smooth, oval shaped nodules can be found on the
surface of the lake bottom and in the clay below (Figure 20f). These nodules commonly do not have any
type of structural appearance, are dark coloured, brown or black, and have a hard texture making it
difficult to break them by hand. These small nodules are found at the edge of the precipitate field. As
the water depth increases, the red/brown clay lake bottom continues with tiny precipitates, generally

no greater then 1cm in diameter, found embedded in the clay.
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Figure 20: Sowden Lake, Area 46 nodules (a) Nodule growth around a pebble at Area 46, Sowden Lake. (b) Nodules recovered
off the point of the Area 46 island near the edge of the nodule field. (c) Top portion of nodule displaying a circular ringed
structure around its center. There is no stone in the center of this nodule. (d) Underside of ( c) displaying a more pronounced
ringed structure (e) Smaller precipitates fused together in a clay pavement. (f) Small nodules with no structural, ringed
appearance recovered from the surface of red/brown lake bottom clay, or embedded in the clay.

62



Shebandowan, Small Site:

The Small Site study area encompasses a variety of different nodules in an area no greater then
20m’. The nodules here form a variety of circular shapes and sizes. Morphology of the precipitates of
Shebandowan have been described previously by Sozanski and Cronan (1976), therefore their

terminology will be used to describe the precipitates found for this study.

The field begins out from the shoreline at a depth of approximately 6 meters where nodules
begin to form around the pebbles or cobbles that make up the lake bottom. Figure 21 (a, b) is
considered a saturnine (Sozanski and Cronan, 1976) shaped nodule where the precipitate appears as a
thin, flat, circular ringed structure which surrounds a pebble or cobble. Also close to the shallow edge of
the nodule field mushroom shaped (Sozanski and Cronan, 1976) nodules appear where the precipitate

encircles the top portion of the pebble (Figure Figure2ic).

Towards the center of the nodule field, the lake bottom begins to become sandy and nodules
begin forming as an equatorial skirt (Sozanski and Cronan, 1976) around the central pebble (Figure 21d).
Here the nodules display obvious ringed structures around the central stone. The rings are similar on
both the top and underside of the structure. The equatorial skirt nodules are found in abundance on
the lake bottom and are typically uniform in size, approximately 5-7cm in diameter. At times small
precipitates appeared to be growing below the surface of the lake bottom in the sandy material (Figure

21e)

On the outer edge of the nodule field the lake bottom appears as red/brown clay and the
nodules are embedded in the clay, as opposed to being present on the surface of the lake bottom
(Figure 21f). The nodules here appear as small, quarter sized, brown coloured nodules. The precipitates
in the clay can be structurally different either displaying no significant rings, or the typical ringed
structures surrounding the center of a nodule with no pebble in the center.
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Figure 21: Shebandowan Lake, Island Site (a). A saturnine nodule structure surrounding a cobble found close to the shoreline
at Small Site, Shebandowan. (b) Underside of nodule (a). (c) A mushroom shaped nodule structure found near the shoreline.
(d) Equatorial skirt nodules found in great numbers on a sandy lake bottom in the center of a nodule field. (e) Sandy lake
bottom material embedded with precipitates (f) Clay lake bottom forms the edge of the field embedded with precipitates.
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Shebandowan, Island Site:

The Island Site is similar to the Small Site in terms of precipitate distribution, but differs in
nodule morphology. The nodules of the Island Site begin close to shore at a depth of approximately 5
meters. They appear as a disc with a down curl (Sozanski and Cronan, 1976) where the top of the
nodules is smooth with only a small protion of the ring structure visible. A central pebble is commonly
present (Figure 22a). As the nodule grows outward from the stone it begins to grow downwards creating
a domal structure (Figure 22c). The underside of the nodule displays prevalent ringed structures around

the stone (Figure 22b). These precipitates are found on a rocky or sandy lake bottom.

As the water depth increases the precipitates become smaller and more prevalent (Figure 22d).
They have a similar structure to the larger nodules found in this area. However, not all of the smaller
nodules have a stone in their center. The nodules present in this area are on a silt or clay bottom, which
is surrounded by a red/brown clay. In this clay small quarter sized precipitates can be found imbedded
below the surface. The layout of the precipitates on the lake bottom in the Island Site appears more

uniform then those present in the Small site of Shebandowan.

65



Figure 22: Shebandowan, Island Site nodules (a) The topside of a disc with a down curl nodule (b) the bottom side of a disc
with a down curl nodule displaying a pebble in its center (c) a disc with a down curl nodule displaying a prevalent dome
structure (d) smaller nodules found at greater water depth towards the edge of the field.

2. Water Chemistry

Depth and Temperature

Maps of depth for each study site can be found in the Appendix E. The study areas My Cove, 7
Cove and Bud'’s Cove were analyzed for differences between the water temperature of the lake bottom
and the water temperature of the substrate 5cm into the lake bottom sediment. Results from Bud'’s

Cove did not show any correlation between lake bottom temperature and water temperature, possibly
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due to a malfunction with the thermometer used to collect data. Results from Bud’s Cove are not

included in this section.

Lake Charlotte, 7 Cove:

The average difference in water temperature to sediment temperature is 1.35°C with the colder

water coming from within the sediment. There appears to be a positive trend between the temperature

of the lake water and the difference of the sediment temperature to the lake water temperature (Figure

23). In the shallower areas where lake bottom temperatures are highest, the greatest difference exists

between lake bottom temperature and sediment temperature. In deeper areas where the lake bottom

temperatures are less, the difference is less. Numerical results from each data point can be found in the

Appendix B.
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Figure 23: A positive trend is present between the temperatures of the lake bottom and the difference between the lake

bottom and sediment bottom at 7 Cove, Lake Charlotte.

Lake Charlotte, My Cove:

The average difference between the lake bottom water temperature and sediment

temperature at the My Cove site is 1.64°C. There appears, as with 7Cove, to be a positive trend between
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the temperature of the lake water and the difference between the sediment temperature and the lake

water temperature (Figure 24). Numerical results from each data point can be found in the Appendix.
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Figure 24: A positive trend can be found between the lake bottom temperature and the difference between lake bottom and
sediment temperatures at My Cove, Lake Charlotte.

Analysis of lake bottom water temperature and sediment temperature was conducted to
determine if a groundwater spring or diffuse flow was present in any of the study areas. Such a flow
could create unique physical and chemical conditions at the lake bottom sediment interface. Two of the
three study areas analyzed for sediment temperature showed a decrease in the difference between the
sediment water and the lake bottom water as the lake water decreased in temperature (as the lake
became deeper) suggesting a groundwater spring below the lake bottom. Due to temperature changes
of the shallow lake bottom areas throughout the course of a day it can be difficult to use this
comparison method as the only means of determining whether groundwater flow is present below each

site.
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Dissolved Oxygen (DO)

Table 1 gives the average of all values collected for dissolved oxygen at all nine study areas. It
can be assumed that in deeper water there is more potential for the existence of plantkton biomass.
This allows for a greater amount of carbon to be to be deposited and therefore a greater amount of
oxygen to become consumed. A decrease in the amount of oxygen by depth can be observed by
comparing the average DO from deeper study sites (Granite Islands, Mine Site) to more shallow study

areas from the same lake (My Cove, 7 Cove and Bud’s Cove). Changes in the amount of DO present

between June and July at Shebandowan Lake forms a seasonal pattern with a greater amount of oxygen

found in the spring opposed to summer. Complete data and maps of DO from each study site can be

found in Appendix B and E.

Table 1: Average DO% values from each study site

Site Average DO (%)
Bud’s Cove 83.32
Granite Islands 69.91
Mine Site 68.41
My Cove 92.83
7 Cove 89.32
Sowden 41 78.46
Sowden 46 82.57
Shebandowan 76.95
Small Site (June)

Shebandowan 38.24
Small Site (July)

Shebandowan 79.00
Island (June)

Shebandowan 51.12
Island (July)
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pH and Redox potential (Eh) Water Chemistry

pH and Eh data were collected from the study sites on the lake bottoms of all three lakes.
Results are useful for comparison with one another and understanding of precipitate formation and
growth. The Eh values are used to measure the tendency for a chemical species to aquire elections and
therefore become reduced. A visual representation of the pH and Eh of each site is present in Appendix

E. The average of all stat values collected of Eh and pH readings from all sites are in Table 2.

Table 2: Average pH and Eh readings from all sites

Site pH Eh (mV)
Bud’s Cove 5.85 138.33
Granite Islands 5.81 111.22
Mine Site 5.79 93.28
My Cove 5.91 145.58
7 Cove 5.88 130.81
Sowden 41 7.3 190.68
Sowden 46 6.96 172.42
Shebandowan 7.49 97.55
Small Site (June)

Shebandowan 7.43 -61.4
Small Site (July)

Shebandowan 7.62 90.53
Island (June)

Shebandowan 7.54 -52.87
Island (July)
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Water elemental analysis:

Water samples were analyzed and compared with the environmental protection agency (EPA)

standards for drinking water. Any results in which the element was above the EPA drinking standard, or

considered high compared with all other results, are given in Table 3. The full elemental water analyses

are in Appendix E.

Table 3: Water analysis compared to the drinking water standard

Element

EPA standard (mg/L)

Site above standard (mg/L). Recorded
values shown in brackets

Aluminum 0.05-2 My Cove Pit at water table(2.683)
Arsenic 0.01 Mine Site at 1.5m depth (0.257)
Iron 0.3 7 cove at 9m depth (1.261)
Dug well at Bud’s Cove (0.5392)
My Cove pit at water table (0.7579)
All Sowden Lake samples (0.4445-
0.7555)
Manganese 0.05 7Cove at 9m depth (0.5707)
7 Cove at 12m depth (0.0514)
TDP 0.02 Dug well at Bud’s Cove (0.035)
(total dissolved My Cove pit at water table (0.061)
phosphorus) Sowden 46 (DD) at 11.5m (0.024)
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3. Environmental Distribution of Major and Minor elements:

Geochemistry results from ICP-AES analysis of precipitate samples from nodules collected at
each site were mapped using the ArcGIS, ARcMAp10 Radial Basis Function for each study area. These
maps allow a visual representation of how each elemental component of the precipitate concentreates
in the entirety of a nodule field. Each elemental map was then compared with maps of the same area
for elements known to be highly concentrated in precipitates, including iron, manganese, aluminum and
carbon. An example of how this mapping technique was used as a means of comparibilty as a between
iron and three minor elements can be observed in Figure 25. Comparible distributions between maps of
a highly concentrated element and a minor element suggest a chemical correlation on a large-scale. A
visual presentation of the three most obvious comparable elements, to each major element, at each site

can be found in Appendix F. All other elemental maps are also present in Appendix F.
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Figure 25: An example of an elemental distribution map comparison. Image’s a to d are all created by the data analysis from percipiates collected from the My Cove Site. Areas of red show
where an element is at its highest concentration in a precipitate field. Comparison data collectd from these maps can be used to determine if any similarities exist at a large scale. This example
displays the chemical similarities to Iron at 7 cove a) Fe distribution, b) As distribution, c) P distribution, d) Na distribution



Tables 4 -7 display all elements that are behaving similarly to each major element at the study
sites. Iron was found to have the largest amount of similarly behaving elements, especially at both
Sowden Lake sites. Manganese has the same elements with comparable distributions at most sites.
These include barium, lanthanum, cobalt and sulfur. Carbon has the least amount of elements with

comparable distribution of the four major elements.

Table 4: Elements with comparable distributions to iron on the contour maps located in Appendix F. Elements in blue
represent a trend with iron that is independent to each lake site. Elements in red represent a trend with iron present at the
majority of sites.

Site Similarities to Fe

7 Cove, Lake Charlotte As, Mo, Na,P, Zr

Bud’s Cove, Lake Charlotte As, P, W

Granite Islands, Lake Charlotte Ti

Mine Site, Lake Charlotte none

My Cove, Lake Charlotte As, Cu, Na

Area 46, Sowden Lake As, Cr, Cu, La, Mo, Nb, Ni, P, V, Y, Zr
Area 41, Sowden Lake As, Co, Ni, Li, P

Island Site, Shebandowan As, La, P

Small Site, Shebandowan none

Table 5: Elements with comparable distributions to manganese on the contour maps located in Appendix F1. Elements in
blue represent a trend with mangnaese that is independent to each lake site. Elements in red represent a trend with
manganese present at the majority of sites.

Site Similarities to Mn

7 Cove, Lake Charlotte Ba, La, S, Sr

Bud’s Cove, Lake Charlotte Ba, Co, La, Ni, S
Granite Islands, Lake Charlotte Ba, Ca, Co, La

Mine Site, Lake Charlotte Ba, Y

My Cove, Lake Charlotte Ba, Co, La, V, Y
Area 46, Sowden Lake Ba, S

Area 41, Sowden Lake Ba, Co, La, V, Y
Island Site, Shebandowan Ba, Cd, Mo, Ni, S, Zn
Small Site, Shebandowan Ba, La, S,




Table 6: Elements with comparable distributions to aluminum on the contour maps located in appendix F1. Elements in blue
represent a trend with aluminum that is independent to each lake site. Elements in red represent a trend with alumninum

present at the majority of sites.

Site Similarities to Al

7 Cove, Lake Charlotte

Ce, Cu, Sc, Zn

Bud’s Cove, Lake Charlotte

K, Mg, Nb

Granite Islands, Lake Charlotte

none

Mine Site, Lake Charlotte

K, Li, Mg, Nb, Sc, Ti, Zr

My Cove, Lake Charlotte

K, Zn

Area 46, Sowden Lake

K, Mg, Sc, Sr

Area 41, Sowden Lake

Mo, Ti, Zr

Island Site, Shebandowan

Cr, K, Mg, Sr, Ti

Small Site, Shebandowan

Cr, Li, Mg, Na

Table 7: Elements with comparable distributions to Carbon on the contour maps located in Appendix F1.

Site Similarities to C

7 Cove, Lake Charlotte

No similarities

Bud’s Cove, Lake Charlotte

No similarities

Granite Islands, Lake Charlotte

Co

Mine Site, Lake Charlotte

No similarities

My Cove, Lake Charlotte

No similarities

Area 46, Sowden Lake

No similarities

Island Site, Shebandowan

Ba, Mn, Mo, Ni, S

Small Site, Shebandowan

Mn, La, S

4. Correlation of Geochemical Results

Elements found concentrating together on the macro-scale in elemental maps were plotted
against each other on XY plots to determine the strength of correlation between the two elements. All
graphs showing reasonable correlations between two elements are displayed in this section. Any
elements which show a positive correlation at a macro-scale in elemental maps, but do not show a

correlation graphically can be found in Appendix G. The legend for all correlation plots is:



# 7 Cove B Bud's Cove Granite Islands
# Mine Site i ly Cove Shebandowan I=land

Shebandowan small site Sowden 41 Sowden 46

Positive correlations with iron are observed with the elements arsenic and phosphorous for all
sites on lakes studied except those on Shebandowan and the Mine Site of Lake Charlotte. The slopes of
the correlation lines for the Lake Charlotte samples are higher than the Sowden Lake samples (Figure
26). Manganese is positively correlated with the elements barium, sulfur and cobalt (Figure 27). A
positive correlation between aluminum, potassium, magnesium, and titanium was also present in the
data (Figure 28). A positive correlation between aluminum and chromium was present in the data from
all sites except Shebandowan Lake. Negative correlations were observed between iron and aluminum
(Figure 29).lIron and manganese when plotted against each other displayed both a positive correlation
and negative correlation in the Lake Charlotte samples and a negative correlation in both the
Shebandowan and Sowden Lake samples (Figure 30). Arsenic and phosphorus, when plotted against one
another create an “L” shape suggesting Lake Charlotte is behaving differently then Sowden and

Shebandowan Lakes (Figure 31).
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Figure 26: Arsenic vs. iron (a) and phosphorous vs. iron (b) displaying a positive trend
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Figure 27: Barium vs. manganese from Lake Charlotte sites (a), and suphur vs. manganese (b), and cobalt vs. manganese (c)
displaying a positive trend towards one another.
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Figure 28: A positive correlation exists between potassium vs. aluminum (a), magnesium vs. aluminum (b), and titanium vs. aluminum (c). There is a positive correlation between aluminum and
cr with the exception of the Shebandowan Lake Sites (d).
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Figure 29: A negative trend exists between iron and aluminum
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Figure 30: Graph displaying a negative trend between manganese and iron with the exception of the My Cove and Bud’s
Cove sites showing a positive trend.
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Figure 31: Graph displaying the relationship between As and P

5. Nodule Anatomy, Sediment Geochemistry and Rare Earth Elements

Nodule Anatomy

Three nodules from the Lake Charlotte Sites (7 Cove, My Cove, and Granite Islands) were
analyzed for differences in geochemistry between the inner area close to the pebble center and outer
portion of the structure. The only minor elements (not including iron and manganese) to show any
drastic differences in all three samples were arsenic, boron and barium. The only element which displays
a trend is barium which concentrates in a greater amount on the outer portion of the sample. Further
analysis is required to conclude that this behaviour is generally appeicable. Geochemical data for these

samples can be found in Appendix C.

Three nodules from Lake Charlotte’s My Cove, and Sowden Lake, Area 46 were analyzed for any

differences between the top and bottom of a sample. Geochemical results revealed the only elements
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to have differences in all five samples are barium which concentrated on the bottom portion of the
precipitate. A conclusion as to whether barium behaves in this manner on a large scale requires further

analysis. Full analysis of these samples can be found in Appendix C.

Sediment Geochemistry

The sediment collected from the substrate under nodules at 7 Cove, My Cove, Bud’s Cove and
Sowden Lake was analyzed. When the precipiates were compared to data from sediment collected
below the precipitate, it was found that iron, manganese, arsenic, barium, cerium, nickel and zinc were
considerably enriched in the precipitate (Table 8). Results from comparing sediment collected under
precipiates, and beach sand from the My Cove shoreline (which can be assumed to have never been
affected by a precipitate) are presented in Table 9. Data analysis of the sediment substrate from all five

areas can be found in Appendix D.

Table 8: Percent difference between the precipitate vs. the underlying sediment of a study site showing depletion and
enrichment in elements. For example, at site 7 Cove, the average precipitate is enriched 50-100% in Fe, Mo and Zn when
compared to the underlying sediment of the precipitate field.

50-100% 100-200% 50-100% 100-200 %
depletion depletion enrichment enrichment
7 Cove Al, Na, P, Cr, Sc Ca, K, Mg, Ti Fe, Mo, Zn Mn, As, Ba, Ce, La,
Ni
My Cove Al K, Na, Sc Ca, La, Zn Fe, Mg, Mn, Ti, As,
Ba, Ce, Mo, Ni
Buds Al K, Na, Mg Fe, Mn, As, Ba, Ce,
La, Mo, Ni, S, Zn
Sowden 41 Ca, Na Al, K, Mg, Ti, Cr, Mn, As, Li, Mo, Ba
La, Y
Sowden 46 Li, Al Ca, K, Mg, Na, P, Ba, Zn Mn, Fe
Ti, Y
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Table 9: Percent difference between the lake sediment found in precipitate fields when compared to the beach sand from
My Cove which does not contain any precipitates. For example, at Site 7 Cove, the average sediment found below a
precipitate is 150-200% enriched in Fe, Mn, P, As, Ce, Mo and Zn when compared to nearby sand that does not contain
precipitate material.

50-100% 100-150 % 150-200 % 200+ %
enrichment enrichment enrichment enrichment
7 Cove Al, Zr, Sr, Li Ca, Mg, La, Sc, Y Fe, Mn, P, As, Ce, Ba, Ni, S
Mo, Zn
My Cove Ca, Na, Ce, Cr, La, Fe, Mn, P, As, Mo Zn Ba, Ni, S
Li, Sc, Sr, Y
Buds Cove Al,Ca, Cr,La,Sr,Y Fe, Mg Mn, P, Ce, As, Mo Ba, Ni, S
Zn
Spider Diagrams

ICP-MS analysis of samples from the study areas at Lake Charlotte, Sowden Lake, and
Shebandowan Lake, along with material from the top and bottom of nodules, was conducted and the
rare earth concentrations normalized to Post Achaean Australian Shale (PAAS). A complete list of
geochemical results from each study area can be found in Appendix C. Rare earth data from Bud'’s cove,

7 Cove and Shebandowan Lake were taken from Dasti (2008).

Spider graphs of rare earth elements in samples from My Cove, 7 Cove, Buds Cove, Sowden 46
and Shebandowan Lake are normalized to Taylor and McClennan’s PAAS (1985) and displayed in Figure
32. The three study areas found in Lake Charlotte display a positive cerium anomaly. My Cove displays
small negative europium, and positive gadolinium anomalies. Positive europium annomalies are
observed in 7 Cove data (Figure 32c). Compared to the rare earth data of the Lake Charlotte study areas,
Sowden Lake does not display such an extreme positive cerium peak, the negative europium anomaly is
more evident, and the positive gadolinium anomaly is present (Figure 32b). Samples from
Shebandowan Lake are dissimilar to both Lake Charlotte and Sowden Lake samples, having both positive

and small negative cerium anomalies (Figure 32d). A negative europium anomaly is present in the
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Shebandowan data; however, it is not as exaggerated as what was observed with Sowden Lake and
areas of Lake Charlotte. The top of each of the five samples was compared to the bottom of each nodule
to investigate similarities or differences in rare earth chemical concentrations (Figure 33). Although one
of the Sowden Lake samples (Figure 33d) displays a greater concentration of cerium and a depleted
concentration of europium in the top of the nodule vs. the bottom, this is not seen in both nodule
samples from this lake. The top compared to the bottom portion of most samples yields insignifigant

differences.
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6. Micro Analysis with a Scanning Electron Microscope (SEM)

Samples from all three study lakes were observed with the SEM. The samples most typical of
each site have been used to give an overall representation of findings at the micro scale. Each presented
sample has analysis of both its top and bottom portions of each precipitate. It is important to note that
the mapping application of Aztec* assigns the the brightness of an element in the mapping image is

proportional to the elements abundance.

Results using mapping and linescan analysis cannot be used to accurately estimate the amount
of an element in a particular area of a sample. For greater accuracy, results from the mapping and
linescan application are compared with point analyse on the sample. The total elemental amounts from
the point analysis application do not include the amount of carbon present in the sample and therefore

will never equal 100%.
Lake Charlotte SEM Results (My Cove Data):

When a sample of a precipitate from Lake Charlotte was placed under a petrographic
microscope, bands of similar size and structure appear concentrically arranged outward from its center
(Figure 34, and 35). An FE- SEM-EDS mapping application shows the bands to be dominantly composed
of manganese, iron and aluminum (Figure 36 and 37). Iron displays the most evident banding within the
structure, with the iron - rich bands separated by high concentrations of manganese. The concentrations
of these elements are inversely proportional to one another. If iron is highly concentrated in one area of
the precipitate, manganese will appear only as a minor element in that area. If manganese is highly
concentrated, iron will appear in a low concentration. Aluminum, although concentrated in both the

manganese and iron bands has a greater concentration associated with the manganese. Silica is high in



areas of the sample where sand grains are present. All other elements do not occur in a great enough

concentration to properly be mapped in detail.

Similar to the mapping application, a line scan by means of Aztec * was used to observe where
the dominate elements which make up precipitates are found. Linescan data present in Figure 38 shows
iron to have its highest concentration in areas of low manganese content. A lack of iron allows for a high
concentration of manganese and visa versa. Aluminum, although found throughout sample, appears at
its greatest concentrations when there is a high amount on manganese present. Silica is again only

highly concentrated where sand grains are present in the sample.

Figure 39 is an SEM image depicting areas of a sample that were analyzed using the point
analysis application. The point analysis results displayed in Table 10 show the trends observed in all
samples analyzed by SEM from 7 Cove. There does not appear to be any trends that differentiate the top
vs. the bottom of the precipitate nodules. There appears to be a positive correlation between barium
and manganese with the amount of barium increasing as the amount of manganese increases. Higher
concentrations of arsenic were present closer to the surface of the precipitate and were rarely above

detection near the center of the sample.
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Figure 34: Lake Charlotte, My Cove images of the bottom portion of the nodule. a) photograph of the original nodule before
being cut and made into a slide. b) SEM, SE image of a slide created from the nodule in photograph (a). c) A reflected light
petrographic image of the bottom portion of nodule (a). d) A cross-polarized petrographic image of the same nodule.

Figure 35: Lake Charlotte, My Cove images of the top portion of the nodule. (a) Photograph of the original nodule before
being cut and made into a slide. b) SEM, SE image of a slide created from the nodule in photograph (a). c) A reflected light
petrographic image of the bottom portion of nodule (a). d) A cross-polarized petrographic image of the same nodule.
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Figure 36: Element distribution images from the bottom portion of a Lake Charlotte sample. This is a visual display of how
elements are distributed within a sample.
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Figure 37: Element distribution images from the top portion of a Lake Charlotte sample. This is a visual display of how
elements are distributed within a sample.
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Figure 38: a) A line Scan analysis from the nodule in Figure 33. A linescan offers visual representation of the distribution of
elements present within a sample. b) A line Scan analysis from the nodule in Figure 34. A linescan offers visual
representation of the distribution of elements present within a sample.
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Figure 39: SEM image map of the top of the nodule (a), middle of the nodule (b), and bottom of the nodule (c) of a sample
from 7 Cove Lake Charlotte. Analysis of each number is presented on Table 10.
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Table 10: Lake Charlotte SEM Point analysis data from Figures 38 (a-c)

Image Oxide | Oxide % | Image Oxide | Oxide % | Image Oxide Oxide %
Top: 1 AlOs 2.4 Middle: 1 | Al.Os 2.52 Bottom: 1 | Al.Os 244
SiO: 0.44 SiO2 1.42 SiO2 1.84
MnO 31.65 MnO 26.03 MnO 13.46
FeO 9.54 FeO 50.88 FeO 44.24
BaO 1.26 BaOo 0.72
K20 0.19
Total oxides for Top (1) Total oxides for Middle (1) Total oxides for bottom (1)
=45.52 =81.88% =61.98%
Top: 2 AlOs 5.83 Middle: 2 | Al.Os 3.43 Bottom: 2 | Al:Os 14.03
SiO: 0.86 SiO: 0.87 SiO2 0.62
MnO 34.03 MnO 33.83 SOs 0.26
FeO 26.24 FeO 28.36 MnO 48.03
AsO: 0.2 BaO 0.78 FeO 6.56
BaO 1.5 Zn0O 0.32
AsO: 0.33
BaO 0.92
Total oxides for Top (2) Total oxides for Middle (2) Total oxides bottom for(2)
=69.01% =67.43% =71.57%
Top 3: Al20s 3.5 Middle: 3 | Al20s 4.37 Bottom: 3 | Al20s 1.94
Si02 0.64 SiO2 1.93 SiO2 1.88
MnO 34.26 SOs 0.18 SOs3 0.52
FeO 10.52 MnO 0.68 MnO 3.13
BaO 1.34 FeO 64.22 FeO 49.47
AsO:2 0.2

Total oxides for Top (2)

=50.26%

Total oxides for middle (3)

=71.38%

Total oxides for bottom(3)

=57.44 %

Sowden Lake SEM Results:

When samples of precipitates collected from Sowden Lake were observed under a petrographic

microscope and SEM, as with those from Lake Charlotte, a banded structure was evident (Figure 40 and

41). However, the grains that make up this banding are more closely compacted together creating a
more solid appearance when compared with samples from Lake Charlotte. In polarized light the bright

red iron oxides predominantly found in Lake Charlotte samples were rarely seen in any samples from

Sowden Lake.
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A negative correlation between iron and manganese was observed when samples from Sowden
Lake were analyzed using a mapping application (Figure 42 and 43). Calcium has a positive correlation to
manganese in the precipitates found in Sowden Lake. Silica was found concentrated in sand grains
present in the sample. All other elements mapped had abundances too low to display a meaningful

pattern.

Linescan data relays similar results to those concluded by use of the mapping application (Figure
44). A negative correlation appears to exist between the elements iron and manganese. Two positive
correlations within the sample occur between manganese, barium and calcium, and aluminum and

silica. All other elements analyzed are present in too small a concentration to provide a useful pattern.

Point analysis of the Sowden Lake samples analyzed generally provides the following
conclusions (Figure 45, Table 11). When there is an increase in the amount of manganese present, an
increase in the amount of barium also occurs. A positive trend is found between phosphorus and iron.
As the amount of iron in a sample increases, so to does the amount of phosphorus. The trend between
manganese and calcium, as evident in the mapping and linescan methods conducted on Sowden Lake
samples, does not appear a good correlation with point analysis. No other correlations with minor and
major elements were evident in the Sowden Lake samples. Aluminum, though always present, does not
seem to favour iron or manganese concentrations within the sample and is mostly associated with

silisioclasitc material.
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Figure 40: Sowden Lake, Area 46; images of the top portion of the nodule. a) photo of the original nodule before being cut
and made into a slide. b) SEM, SE image of a slide created from the nodule found in photo (a). c) A reflected light
petrographic image of the bottom portion of a nodule (a). d) A cross-polarized petrographic image of the same nodule.

Figure 41: Sowden Lake, Area 46; images of the bottom portion of the nodule. a) photo of the original nodule before being
cut and made into a slide. b) SEM, SE image of a slide created from the nodule found in photo (a). c) A reflected light
petrographic image of the bottom portion of a nodule (a). d) A cross-polarized petrographic image of the same nodule.
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Figure 42: Element distribution images of Figure 39 (top section of Sowden Lake nodule) providing for a visual display of how
elements are distributed within a sample.
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Figure 43: Element distribution images of Figure 39 (bottom section of Sowden Lake nodule) providing for a visual display of
how elements are distributed within a sample.
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Figure 44: A line Scan analysis from a nodule found in Sowden Lake. A linescan offers visual representation of the distribution of elements
present within a sample. a) Represents data from the top of the sample. b) Represents data from the bottom of the sample.



Figure 45: a) SEM image of the top of a sample from Sowden Lake data provided in Table 4 b) Bottom image of a sample
from Sowden Lake data provided in Table11.

Table 11: Sowden Lake SEM Point analysis data from Figures 44 (a and b)

Image Oxide | Oxide % | Image Oxide | Oxide %

Top: 1 AlLOs 0.92 Bottom: 1 | Al2Os 2.01
SiO2 2.96 SiO2 2.54
P20s 2.16 P20s 0.65
SOs 0.26 Cao 0.94
Cao 1.61 MnO 37.47
MnO 0.57 FeO 28.63
FeO 60.31 BaO 3.49

Total oxides for Top (1) Total oxides for bottom (1)

=68.97% =75.85%

Top: 2 AlOs 1.63 Bottom: 2 | Al.Os 0.53
SiO2 54 SiO2 5.14
P20s 5.4 P20s 1.03
Cao 1.07 Cao 1.2
MnO 11.66 MnO 24.28
FeO 53.98 FeO 47.61
BaO 0.81 BaO 2.68

Total oxides for Top (2) Total oxides for bottom (2)

=75.85% =82.47%

Top: 3 AlOs | 0.84 Bottom: 3 | MgO 0.67
SiO2 7.9 Al:Os 0.47
P20s 0.88 SiO2 0.25
Cao 0.86 P20s 0.42
MnO 17.81 Cao 4.02
FeO 40.27 MnO 63.05
BaO 0.77 FeO 0.87

BaO 11.07

=69.32%

Total oxides for top (3)

Total oxides for bottom (2)

= 81.06%




Shebandowan Lake SEM results:

Examination of Shebandowan samples under a petrographic microscope revealed differences in
the amount of banding between the upper and lower portion of the nodule (Figure 46, 47). The top
portion of the nodule is observed to have the greatest amount of banding compared to the rest of the
nodule. The red portion found on the image represents iron oxide. The appearance of the nodule under

a microscope reveals a very porous structure throughout the specimen.

Mapping analysis reveals the precipitates are iron-rich throughout the entire sample with little
manganese present (Figure 48, 49). The small amount of manganese continues to display a negative
correlation to that of iron as observed in the previously described research sites. In nodules from
Shebandowan, aluminum appears to be concentrating as a silicate and is found with the sand grains
present in the sample. Sodium and possibly magnesium are also observed to concentrate with silica. No

other elements inspected with the mapping application revealed a trend.

Linescan analysis of the top and bottom potion of a Shebandowan nodule leads to similar
conclusions as the mapping analysis. In Figure 50(a), silica, aluminum, sodium and potassium all appear
to be concentrated together in the form of sand grains. Iron dominates the majority of the sample.
However, manganese is not behaving in an inverse relationship to iron. Cobalt also occurs with the iron

and manganese.

Point analysis of the Shebandowan precipitates reveals a greater amount of elements present
above detection levels in the sample compared to the previously described sites (Figure 51, Table 12).
Iron dominates the sample percentages present in this example with values as high as 64%. The
remainder of elements in the sample has similar trends to those found by mapping and linescan
analysis. The amount of silica present appears to correlate with the amounts of calcium, magnesium,
aluminum and potassium. Unlike the previous sites, correlations between barium and manganese
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cannot be identified due to the low abundance of manganese within the sample. Phosphorous is found
to concentrate in greater quantities at the outer portions of the sample, just as arsenic did in the Lake
Charlotte samples. Unlike the point analysis results of Lake Charlotte and Sowden Lake, cobalt is present

in minor amounts throughout the sample.
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Figure 46: Shebandowan Lake, Island Site images of the top of the nodule. a) Photograph of the original nodule before being
cut and made into a slide. b) SEM, SE image of a slide created from the nodule in photograph (a). c) A reflected light
petrographic image of the bottom portion of a nodule (a). d) A cross-polarized petrographic image of the same nodule.
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Figure 47: Shebandowan Lake, Island Site images of the bottom portion of the nodule. a) Photograph of the original nodule
before being cut and made into a slide b) SEM, SE image of a slide created from the nodule (a) c) A reflected light
petrographic image of the bottom portion of a nodule (a) d) A cross-polarized petrographic image of the same nodule
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Figure 48: Element distribution images of Figure 45 providing for a visual display of how elements are distibuted within a
sample
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Figure 49: Element distribution images of Figure 46 providing a visual display of how elements are distributed within a
sample.
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Figure 50: A line Scan analysis from a nodule collected from Shebandoawn Lake. A linescan offers visual representation of the distribution of elements present within a sample. a) Represents

data from the top of the sample. b) Represents data from the bottom of the sampl
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Figure 51: a) SEM image of the top of a sample from Shebandowan Lake. b) SEM bottom image of a sample from Shebandowan Lake. Analyses
of labeled areas are presented in Table 12.

Table 12: Shebandowan Lake SEM Point analysis data from Figures 50 (a and b)

Image Oxide | Oxide % | Image Oxide | Oxide %

Top: 1 SiO2 6.41 Bottom: 1 | SiO2 9.05
P20s 2.08 P20s 0.48
Cao 0.5 MnO 1.2
MnO 1.85 FeO 63.92
FeO 62.48 CoO 0.67
CoO 0.23
BaO 0.56

Total oxides for Top (1) Total oxides for bottom (1)

=74.33% =75.54%

Top: 2 Al20s 0.32 Bottom: 2 | SiO2 4.37
SiO2 8.37 P20s 1.79
P20s 0.94 MnO 0.89
Cao 0.57 FeO 61.7
MnO 1.53 CoO 0.32
FeO 48.37
CoO 0.25

Total oxides for Top (2) Total oxides for bottom (2)

=60.36% =69.18%

Top: 3 AlOs | 0.19 Bottom: 3 | MgO 0.41
SiO2 6.09 Al:Os 4.05
P20s 0.68 SiO2 3.57
Cao 0.33 P20s 2.75
MnO 1.67 Cao 0.76
FeO 54.35 MnO 0.92
CoO 0.37 FeO 46.98

CoO 0.27
Total oxides for top (3) Total oxides for bottom (2)
=63.67% =81.06%




The following table (Table 13) represents the chemical SEM results concluded from all three study areas:

Table 13: Results from SEM data

Precipitate Site Positive Negative No correlation, Element is unique
Correlations Correlations but element is to a certain area
always present of precipitate
Lake Charlotte Mn, Ba and Al Mn and Fe As (outer potion)
Si (sand grains)
Sowden Lake Mn, Ba and Ca Mn and Fe Si (sand grains)
Fe and P
Al and Si
Shebandowan Si, Ca, Mg, Aland K none present P P (greater
Lake Fe, Mn and Co concentration on
outer portion of
sample)




Physical Surface Structure, Lake Charlotte

The physical surfaces of Lake Charlotte samples appear unique when observed with the SEM.
Figure 52 displays an image of a raw sample from My Cove where arrays of diatoms are present on the
surface. When analyzed with a mapping application (Figure 53), it is interesting to note that the arsenic
on the surface of the sample appears to not only be concentrating on the iron- and manganese- rich

precipitate, but also on some of the silica- rich diatoms.

SU70 20.0kV 15.1mm x250

Figure 52: SEM images of the surface of a raw sample from Lake Charlotte. The surface of the sample is covered with various
shapes and sizes of diatoms. Organic material can be seen in the right upper portion of the image.
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Figure 53: A raw sample SEM image and maps from a Lake Charlotte nodule. Notice the arsenic appears to be concentrating
on the diatoms on the center left of the image. The high arsenic in the middle of the image is associated with a silicioclastic
grain.

Nanostuctures observed with SEM, Lake Charlotte

Close examination of a Lake Charlotte, My Cove sample at high magnification revealed the
presence of nanospherical structures (Figure 54). Extracellular polymetric substances (EPS) may be
present around the spheres, however, further examination of precipitates at the nano-structural scale is

needed to conclude that EPS is indeed present.
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Figure 54: SEM image of potential nanospheres surrounded by possible extracellular polymetric substances (EPS) on the
surface of a nodule from Lake Charlotte.

7. My Cove Shoreline Analysis, Lake Charlotte

On the shoreline of site area My Cove, a soil pit 60cm in depth was dug to analyze for grainsize
distribution and geochemistry in the sand underlying the bay (Figure 55). The pit was separated into six
layers for a detailed analysis. The calculations used to determine the mean grainsize and sorting values

as described by Folk and Ward (1957).
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Figure 55: Image of the My Cove shoreline pit

Layer A: surface of shoreline

Layer A is composed of a white, dry, rounded sand, which becomes coarser with increasing
depth (Figure 56). The coarser material changes its colour slightly due to an increase in the amount of
black, white and dark orange sand grains present. In the center of Layer A there is an organic-rich layer,
approximately 1cm in width which, is composed largely of decomposing leaves. The total depth of Layer

Ais 8cm.
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Figure 56: Image of layer A

Layer B:

Layer B is composed of rounded sediment grains with a reddish colour and a purple hew (Figure
57). The contact between Layers A and B is wavy and curved. The total thickness of Layer B is

approximately 8cm.

Figure 57: Image of layer B
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Layer C

Layer C is composed of rounded reddish- orange coloured sediment grains (Figure 58). There is a
gradual contact between layer B and C, and again with layer D and C. Layer C is approximately 10cm in

thickness.

Figure 58: Image of layer C

Layer C-D

Layer C - D appears as a transition layer and is described as highly compacted reddish yellow
sediment (Figure 59a). There is a gradual contact with Layer C and a distinct contact with underlying
Layer E. Layer C-D is approximately 9 cm in thickness. The grainsize distribution graph for Layer C-D
(Figure 59b) shows a long gradual traction tail, a steep saltation line and a small, shallow suspension tail.
The average grainsize is 1.08@ or medium grained sand. Sorting for Layer C-D is 1.65@ meaning poorly

sorted sediment.
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Figure 59: Image of of layer C-D (b) Layer C-D sediment distribution graph

Layer E

Layer E is comprised of brown sediment with pebble sized grains randomly distributed
throughout (Figure 60a). There is a distinct contact between the above Layer C-D and a gradual contact
with Layer F below. It is approximately 14cm in thickness. The grainsize distribution graph for Layer E
reveals a long, steep, traction tail, a short, steep saltation line and a long flat suspension tail (Figure
60b). The mean grainsize is -0.27@ or very coarse grained sand. The sorting value for layer E is 3.10

meaning very poorly sorted sediment.

-2.5-1.5-0.50.5 1.5¢2.5 3545 6 8

Figure 60: (a) Image of layer E (b) Layer E sediment distribution graph
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Layer E-F

Layer E-F appears as a transition zone with both its top and bottom contacts gradually changing
to a different layer (Figure 61a). It is composed of brown and grey coloured sediment imbedded with
rounded pebbles. The thickness of this layer is approximately 7cm. The grainsize distribution graph
reveals a steep traction tail, a long gradual saltation line and a short, flat suspension tail (Figure 61b).

The average sediment size of this layer is -1.1@ or granule size. The sorting value for Layer E-F is 2.46

indicating very poorly sorted sediment.
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Figure 61: (a) Image of layer E-F (b) Layer E-F sediment distribution graph

Layer F

Layer F consists largely of rounded pebble sized grains with a grey matrix (Figure 62a) and has a
thickness of approximately 12 cm. There is a gradual contact between Layer E -F but an obvious contact
between layers F and G due to an abrupt change in colour. The grainsize graph for Layer F contains a
long gradual saltation line with a long flat suspension line (Figure 62b). There is no traction tail present.
The average size of the sediment in Layer F is -0.5@ or very coarse sand. The sorting size is 2.19, which is
very poorly sorted sediment.
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Figure 62: (a) Image of layer F (b) Layer F sediment distribution graph

Layer G

Layer G is found at the bottom of the pit and consists of dark brown coloured sediment with
shiny sparkling sediment specs throughout the layer (Figure 63a). The thickness of the layer G is
unknown due to the top of the water table making further observation of layering inaccessible. The
grainsize distribution graph reveals a long gradual traction tail, a steep saltation line and a long flat
suspension tail (Figure 63b). The mean grainsize of layer G is 0.8@ or coarse sand and its sorting value is

2.56@ indicating very poorly sorted sediment.
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Figure 63: (a) Visual representation of layer G (b) Layer G sediment distribution graph

Geochemical analysis using ICP-AES was completed on all units of the My Cove pit. Elements
considered important to this study are displayed as a graph in Figure 64. All other geochemical data is
located in Appendix D. Elements showing a downward trend of enrichment include iron, manganese,

calcium and magnesium. There are no other obvious trends in the geochemistry.
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Figure 64: Geochemical data from each layer of the My Cove pit including oxides aluminum, iron, phosphorous and arsenic.

X-Ray Diffraction (XRD) Analysis

Precipitate Analysis

Five samples from each study lake were analyzed by XRD to determine if the precipiates
crystalline structures. Example XRD spectrums from each lake are located in Appendix G. Of the three
study sites, Sowden Lake had the greatest number of XRD count peaks graphically present suggesting
more crystalline structures present then any other site. The minerals identified in Sowden Lake samples
included the following: aluminum phosphate (Berlinite, AIPO,), quartz (SiO;), iron dialuminum oxide

(FeAl,0,), hematite (Fe,03), pyrochroite (Mn(OH),) and iron (lll) hydroxide (FeO(OH)). Of the minerals
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identified in the Sowden Lake samples, quartz and aluminum phosphate were the only minerals present

in all five samples.

The XRD results for the Lake Charlotte samples revealed the following minerals: quartz (SiO,),
aluminum phosphate (Berlinite, AIPO,), arsenopyrite (FeAsS) and in one instance arsenolite (AsO,). The
majority of Lake Charlotte samples displayed a very small number of peaks when graphed. One sample

had only one peak present.

Lake Shebandowan samples displayed the least amount of peaks recorded by XRD. Of the five
samples analyzed, two displayed only one peak and one had only noise present on the graph. The
minerals determined in the two remaining Lake Shebandowan samples included quartz (SIO,), and

aluminum phosphate (AIPO,).

My Cove Pit Analysis:

XRD analyses of layers A, F and G from the My Cove shoreline pit were conducted. Sample A, the
surface material from the pit, was composed of predomiantley quartz (SiO,). Layer F, taken at a depth of
approximately 40cm, was determined to have a composition of quartz (SiO,), birnessite (KMnQO, (H,0)),
muscovite (KAl,(Si, Al),010(OH),) and albite ((Na, Ca) Al, SiOg). Layer G, taken at a depth of approximately

60cm, is mostly composed of quartz (SiO,) and albite ((Na, Ca) Al, SiOs).
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Disscusion

1. Chemical Correlations

Correlations with iron:

Using elemental mapping data, chemical trends were found to exist on a macro scale between
the elements iron, arsenic and phosphorous. These trends were further supported using linear
relationship models and SEM-EDX analysis. The chemical similarity between arsenic and phosphorous, as
they exist in the environment, as well as their behavior in the presence of iron, explains why these
trends exist. Arsenic and phosphorous are very similar in chemical structure. Arsenic is found below
phosphorus in the 15% group of the periodic table and can exist in an oxidized electron configuration in
a +5 state. Both elements are affected by oxidation and reduction in the environment allowing their
valance states to be subject to change (Figure 65 and 66). In a naturally slightly reduced environment
such as groundwater (pH between 4 and 6), both elements can be found in the aqueous states of either
hydrogen or dihydrogen phosphate (HPO, or H,PO,), or dihydrogen arsenate and arsenous acid
(H,AsO, and H3AsOs) (Lu and Zhu, 2011). Once the reduced environment encounters an oxygenated
environment, arsenic and phosphorous prefer to precipitate out of solution (Moore and Reddy, 1994; Lu
and Zhu, 2011). Due to the positive trend between iron and these elements, iron hydroxides and

oxyhydroxides have the ability to precipitate arsenic and phosphorous.
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Figure 65: Eh-pH diagram of phosphorous displaying how the element changes valance states depending on the pH and
redox potential of the environment (taken from Pasek, 2008).

Eh(volts)

Figure 66: Eh-pH diagram of arsenic displaying how the element changes valance states depending on the pH and redox
potential of the environment (taken from Lu and Zhu, 2011)
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Iron is greatly influenced by both oxidation and reduction agents found in the environment. If
arsenic and iron are found together at a redox boundary the following oxidation reaction can occur
(Takamatsu, 1985; Rott et al., 2006): When reduced ferrous iron and dihydrogen arsenate and/or
arsenous acid are found in the same aqueous environment, upon oxidation of iron, both iron and

arsenic precipitate out of solution, as described in the following equation:

2Fe” + 2H,As0, + 0, <> (FeAsO,), +H,0

When phosphorous is found in the same reduced, aqueous state with iron, phosphorous can also be
precipitated out of solution once an oxygenated boundary is encountered. A chemical equation

describing the oxidation of iron in the presence of hydrogen phosphate is as follows:

2Fe®* + 2H,P0, + 0, <> (FeP0O,), +H,0

In the results of this study L shaped trend lines were found between arsenic and phosphorous
when plotted together on an XY plot (Figure 67). This graph has been interpreted as follows: If a
precipitate contains a high amount of arsenic (e.g. Lake Charlotte), the precipitate will not contain high
amounts of phosphorous. This can also work in an inverse manner where precipitates are present with
high amounts of phosphorous (e.g. Sowden and Shebandowan Lakes) will not contain high amounts of
arsenic. Due to the elemental similarities between arsenic and phosphorous, the ability for arsenic and
phosphorous to precipitate out of solution with iron can be interchangeable. Therefore the amounts
found in a precipitate are determined by which is in the greatest abundance within the environment and

which has the greatest affinity for the iron hydroxide or reduced Fe?" in solution.
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Figure 67: The relationship between phosphorous and arsenic.

Why is it that arsenic and phosphorous prefer to correlate with iron and not with manganese?
The tendency for arsenic and phosphorous to co-precipitate with iron over manganese can be verified
by comparing the electrostatic force of each element. The oxidized state of arsenic (As®*) and
phosphorous (P**) have a higher repulsive electrostatic force for oxidized manganese (Mn**) when
compared to ferric iron (Fe*") (Manceau et al., 2007). This can be proven by use of Coulomb’s law which
states that the magnitude (F) of electrostatic force that is exerted from one point charge (in this case
As>* or P>*) onto another point charge (in this case Mn** or Fe**) is directly proportional to the
magnitude of the charges, and inversely proportional to the square of the distance between (r) the two

ions. This as described in the following equation (Cutnell and Johnson, 2004):

(As®* or P>*)(Mn** or Fe3*")

r2

F=k

where k is a proportionality (electrostatic) constant
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It follows from Columb’s law that if two charges have the same sign, the force between them is
repulsive. If the charges are opposite, the force between the two elements is attractive. Therefore ferric
iron (Fe**) will have a greater attraction to the oxidized arsenic and phosphorous over Mn** because

there is a stronger attraction to the 5+ valance state.

The work of Rott et al. (2006) confirms this relationship by describing how arsenic and iron are
found in the natural environment. Reduced ferrous iron (Fe**) becomes oxidized to ferric iron (Fe**) and
precipitates out of solution by coating a sediment particle. If arsenate (AsO,)? is found in the same
reduced conditions as ferrous iron (Fe®*), oxidation allows a gain of electrons (As®*). This makes the two

elements electrostaticly favourable to one another and they combine to create iron arsenate (AsFeQ,).

Correlations with Manganese:

Positive correlations were present between manganese, barium, sulfur and cobalt in results
from elemental mapping analysis, linear relationship models, and the use of SEM-EDX analysis. By
understanding why manganese is attracted to certain elements, an explanation as to how the growth of
the manganese-rich layers present in precipitates at Lake Charlotte, Shebandowan Lake and Sowden

Lake can be determined.

Precipitate geochemistry of barium showed a greater correlation to manganese then any other
element, being as they almost always appear together at both the macro-and micro - scale. Barium, the
fifth element in group 2 of the periodic table, is a highly reactive lithophile and is therefore rarely found
as a free element in nature (Cox, 1995). Barium is often found in the mineral barite (BaSO,) where it
combines with sulfur, which, coincidently, is an element that also has a positive correlation with
manganese in the precipitates of this study. Sulfur is a redox sensitive element that can occur in its

reduced form as a sulfide (S,) and in many positive states of oxidation including sulfate (50,>) (Cox,
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1995). Cobalt occurs mainly with sulfide minerals which have an association with nickel (Cox, 1995).

Cobalt is also a redox sensitive element, with common oxidation valance states of 2+ and 3+.

Murray (1975a) describes interactions between metal ions and the adsorption onto hydrous
manganese dioxide (Mn(OH),), which has been shown in experiments to have a slightly positive surface
charge. Transition metals were found to adsorb more strongly to the hydrous manganese dioxide

surface than alkaline metals in the order as follows (Murray, 1975a):

Co>Mn>Zn>Ni>Ba>Sr>Ca>Mg

The amount of metal ions adsorbed onto the hydrous manganese oxide was found to increase with an

increase in the pH of the environment.

Murray (1975a) explains that metal ions are able to attach to the surface of hydrous manganese
oxide by penetrating the compacted part of the compounds double layer structure. This reaction is able
to occur by means of protonation, whereby a proton on the surface of the hydrous manganese oxide is
replaced by a divalent ion, thus releasing a proton into solution. This chemical reaction is given in the

following equation (Murray 1975a):

This idea was again described by Takamatsu et al. (1985) who states that the protons (H") released into
solution are able to change the surface charge of the hydrous manganese oxide to become more
positive. The positive surface allows for greater amounts of divalent cations to become adsorbed onto
the surface of the structure or for the possibility of connecting additional hydrous manganese oxides to

form a larger structure. 01211
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Cobalt would be more susceptible to protonation in its reduced 2+ state; however, in a redox
environment cobalt oxidizes. Murray (1975b) states both hydrous manganese dioxide and ferric
oxyhydroxide (FeOOH) have the ability to catalyze the oxidation of cobalt to Co**. According to Burns
and Burns (1977) the ionic radius of Co*" is close to the radius of Mn*" suggesting that both ions may be
interchangeable in the octahedral shape of a manganese oxide. Murray (1975b) suggests that both
cobalt states can be found on hydrous manganese oxide at an oxidation interface. Cobalt could be so
strongly attracted to the surface of the hydrous manganese oxide that it will attach to its surface by

protonation in the form of Co**:

An alternative to protonation is oxidization of cobalt to Co*" which allows the element to become

interchangeable with Mn*" in the octahedral structure of a manganese oxide.

Manceau (2007) describes adsorption of divalent cations onto an octahedral shaped manganese
oxide in the form of the minerals birnessite (Na, Ca, K)(Mn**, Mn*"),0,-1.5H,0 and hollandite (Ba(Mn**
Mn?*)s0¢ (Figure 68). Barium and calcium cations had been found attracted to the structural bonding of
the eight oxygen bonds of manganese at both the center and side of the compounds structure (Figure
68). Manceau (2007) relates the attraction between the elements barium and manganese as a means of

understanding reactions between radium and manganese oxide in the environment.
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Figure 68: A visual representation of how barium is able to attach to a manganese oxide taken from Manceau (2007). Oxygen
is represented as a grey hexagonal shape, manganese a black dot and barium a white dot. Figure (a) displays binding of
barium at the hollow center of hollandite by its attraction to the oxygen found on the inside of the tunnel. Figures (b) and (c)
represent the binding of barium to the interlayer of the mineral birnessite. In figure (c) barium 1 describes the adsorption of
barium onto a tetrahedral cavity. Barium 2, 3 and 4 are hypothetical interlayer sites in which barium may become attracted
onto a birnessite.

The manganese layers in the lacustrine precipitates of Lake Charlotte, Sowden Lake and
Shebandowan Lake appear to follow the laboratory concepts of Murray (1975a) and Takamatsu et al.
(1985) during the attraction of barium and cobalt (Il) to hydrous manganese dioxide. Murray (1975a)
suggests that cobalt has the greatest attraction of all transition metals tested, and barium the strongest
attraction of all the alkaline metals tested. Barium and cobalt are able to penetrate manganese
hydroxide by means of protonation. Cobalt may either oxidize and become interchangeable with Mn** in
the octahedral structure of a manganese oxide (Burns and Burns, 1977), or be attracted to the oxygen

atoms found in the center structure of a manganese oxide (Manceau, 2007).
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Correlations with Aluminum

Using mapping comparisons from GIS software and graphical analysis of geochemistry,
correlations between aluminum, potassium and magnesium in nodule samples. A correspondence was
also found between aluminum, titanium and chromium (with the exception of Shebandowan Lake).
Aluminum was considered in this study to be dominant in the silicate-rich areas of the precipitates
collected due to its low correspondence with manganese, iron or carbon. Aluminum is a strong
lithophile and a highly electropositive element found in feldspars (plagioclase: (Na,Ca)[(Al,Si),0g]) and
(KAISi;0g4]), clay minerals (kaolinilte: Al4[Sis010](OH)s) and other silicates (Cox, 1995). The correlation
between potassium, magnesium and aluminum may be due to their occurrence in the metavolcanics
and granitic rocks of the underlying geology of Shebandowan and Sowden Lake. The meta-sandstone
and granite bedrock present at Lake Charlotte is also rich in these elements and is most probably the
source of elements typically found in silicate minerals (Aubut and Campbell, 2012, Proctor and Redfern,
1981, Patrie, 1995). Titanium and chromium are also prevalent in silicate minerals, therefore the trend
between these elements and aluminum in the precipitates in Lake Charlotte, Lake Shebandowan and

Sowden Lake is not surprising (Cox, 1995).

Although a correlation between aluminum and silicate minerals has been observed, analysis of
precipitates using SEM-EDX and XRD also suggest an aluminum presence in the precipitated material
suggesting aluminum to be abundant in both materials. Results from the SEM-EDX proved aluminum to
be present in the majority of precipitates analyzed. XRD confirmed the presence of the mineral
aluminum phosphate in precipitates collected at all lakes studied. SEM-EDX line scans of Lake Charlotte

samples also showed a correlation between higher values of manganese and aluminum.
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2. Geochemistry

Precipitate Anatomy:

Geochemistry results comparing the inner section of precipitates in a nodule to the outer
section reveals that arsenic and boron concentrate to higher levels in the center of the precipitate and
barium concentrates in the outer section. However, these findings do not agree with results from SEM
data, which reveal a greater concentration of arsenic in the outer portion of the nodules analyzed. This
is due to the limited data sets that consisted of different nodules for the whole rock geochemistry

compared to the SEM analysis.

Rare Earth Elements:

Rare earth element data was normalized to Post Achaean Australian Shale and graphed. Data
collected from this study has large positive cerium and small gadolinium anomolies present in samples
collected from all study lakes with the exception of Sowden Lake. Europium was slightly enriched at the
Lake Charlotte and Shebandowan Lake study sites, but was slightly depleted in Sowden Lake. To explain
these results, freshwater precipitates described in this study can be compared to deep sea manganese
nodules due to there similarities in structure and geochemistry (Figure 69). By comparing rare earth
element data from deep sea manganese nodules, ocean water and fresh water precipitates, a general

understanding of why cerium anomalies are present can be determined.
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Figure 69: Average rare earth concentrations normalized to PAAS. Data from Lake Charlotte and Sowden Lake taken from
this study, Shebandowan Lake data from Dasti (2008), Pacific Ocean Water from Klinkhammer et al., (1983), and deep sea
manganese nodule data from Takahashi et al., (2000). All data normalized as ppm units with the exception of Pacific Ocean
water which was normalized as ppt units to allow for the data to be more comparible on a graph.

Deep sea manganese nodules are consistently observed on the ocean floors of the Atlantic,
Pacific and Indian Oceans. These nodules can be located at any depth from 3m in the shallow ocean to
the abyssal plains, which reach kilometers below the water’s surface (Crerar and Barnes, 1974). Mn
nodules generally appear with a surface structure of closely spaced spherical protrusions called
botryoids which give the nodules a ‘grapelike’ appearance. Some nodules show a complex system of

layered rings within the structure (Margolis and Burns, 1976).

Mn deposits are found unattached to the sediment of the ocean floor. They are created by a
variety of factors which all contribute to the precipitation of heavy metals from ocean water. Nodules
that are found in pelagic (open sea water) away from shallow waters and shorelines are considered to
be of hydrogenous origin as they are precipitated from the seawater in contact with the ocean bottom
(Reyss et al., 1982). Nodules found along coastlines are considered to be of diagenetic origin, in which
heavy metals are precipitated from the sediment pore space on the ocean bottom due to a redox
boundary between the sediment and the seawater (Reyss et al., 1982).
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When rare earth analysis from deep sea manganese nodules (Takahashi et al., 2000) are
compared with Pacific Ocean water (Kinkhammer et al., 1983) cerium is found to be enriched in the
nodule and depleted in the ocean water. An enrichment of cerium in a nodule will occur when the
oxidation of the element changes its valance state from Ce(lll) to Ce(IV) (Takahashi et al., 2000). The
oxidation of a deep sea nodule can be affected by bacteria such as benthic epifauna (Crerar and Barnes,
1974) or the presence of reduced water found in sediment pores coming into contact with the oxidized
ocean water (Yoshikawa 1991, Ostwald and Frazer, 1973, Burns and Burns, 1977, Reyss et al., 1982). The
enrichment of cerium in deep sea nodules compared to the depletion of Pacific Ocean water, as is
observed in Figure 69, suggests that the origin of the cerium found in the nodules comes from the

surrounding ocean water (Takahashi et al., 2000).

Rare earth analysis of precipitates from Lake Charlotte and Shebandowan Lake appear to follow
the same cerium enrichment trend as was described with deep sea manganese nodules (Figure 69). An
environment which allows growth of freshwater precipitates must be associated with a redox boundary,
this will enable redox sensitive elements (such as cerium) to precipitate out of the somewhat reduced

groundwaters.

The slight enrichment of europium in the precipitates of Lake Charlotte and Shebandowan Lake may
reflect the source enrichment of the element in the host rock of the area. Obviously the rocks in the
Shebandowan and Lake Charlotte watersheds contain more units formed early in the crystallization
history of parent melts. They may also have the erosive products of these rocks, and thus contain more

plagioclase producing positive europium anomalies compared to rocks in the Sowden Lake watershed.
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3. Microbiology

Micro-stromatolitic structures

Although the presence of microorganisms was not investigated during this study, evidence to
support microorganisms playing a role in the growth of iron- and- manganese-rich precipitates is
evident. The presence of stromatolitic structures was found to occur on both the top and bottom of
most nodule structures. The presence of stromatolites growing towards the lake bottom suggests there
are microorganisms present during precipitate growth which do not rely on photosynthesis for energy. It
is suggested that microbial growth of a precipitate- rich nodule could be due to iron/manganese
reducing bacteria. Further research with focus on microbiology is needed to accurately suggest which
iron/manganese reducing microorganisms assist in the growth of precipitates found in Lake Charlotte,
Lake Shebandowan and Sowden Lake. Further research with a focus on cyanobacteria is also needed to
determine if any of these microorganisms have an affect on the formation of precipitates in the three

study lakes.

Arsenic precipitation related to photosynthesis:

SEM-EDX analysis of Lake Charlotte specimens have concluded arsenic concentrates on not only
on the surface of iron hydroxides and oxyhydroxides (the majority) and manganese oxides (minimal
concentration) but also in places on diatoms that are found on the outer sections of the nodule. The
ability for arsenic to concentrate on biogenic silica (a diatom) has been recently described in the
freshwater system of the Gangetic Delta of West Begal where high incidences of arsenic and iron have
become a public health concern due to water contamination (De and Bhattacharyya, 2010). The ability
of arsenic and iron to adsorb onto diatoms has become a means of precipitation for water sources in

this area.
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De and Bhattacharyya (2010) have described the ability for the EPS surrounding biogenic silica
(diatoms) to precipitate iron and arsenic from a groundwater source onto the diatom as a precipitate
coating. The chemical process of this precipitation is as follows: Polysaccharides and proteins found as
EPS form as alge over diatoms which are found in biomats on the surface of the sediment. The EPS,
which was excreted from microorganisms, can carry a negative charge allowing for the formation of a
highly reactive diffusion barrier between water found on the top of the biofilm, and water found on the
bottom (De and Bhattacharyya, 2010, Czaczyk and Myszka, 2007). As water passes through the bioflim,
cations such as ferrous iron are attracted to the negative charge of the EPS. If sunlight is available the
bioflim is able to photosynthesize, creating an oxidizing condition for cations such as ferrous iron to
precipitate as a coating onto the diatom (De and Bhattacharyya, 2010). Due to the attraction of arsenic
to iron in an aqueous environment, arsenic will precipitate onto the surface of the diatom (Figure 70).
The chemical process described by De and Bhattacharyya (2010), explains why arsenic appears on

diatoms in SEM imagery from the surface of a Lake Charlotte nodule.
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Figure 70: A visual representation of how EPS and diatoms found in a biofilm are able to naturally remove iron and arsenic
from contaminated water. Groundwater containing reduced iron and oxidized arsenic passes through a biofilm created from
EPS that has been discharged from microorganisms such as diatoms. EPS has a negative charge which attracts iron and
arsenic to the biofilm. Photosynthesis from diatoms creates an oxidized environment allowing for precipitation of iron and
arsenic onto the surface of the diatom. The water that has moved through the biofilm will now be without the oxidized iron
and arsenic (De and Bhattacharyya, 2010).

4. Water Chemistry

Water Depth and Sediment Temperature:

The temperature of the pore water 5cm below the lake bottom was measured from Lake
Charlotte at My Cove, Bud’s Cove and 7 Cove. Findings revealed the average lake water temperature to

be warmer by 0.94-1.35°C when compared to the sediment temperature. The difference between the
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two temperatures becomes greater for samples taken further from the shoreline. The difference is also
depth dependent, showing similar temperature values at the end of a precipitate field where there is a
sudden increase in the depth of the lake. Thus, the temperature differential only exists in the sandy

substrate below the precipitate fields.

The idea of precipitate growth by means of a redox boundary occurring between lake water and
groundwater has been previously proposed (Sozanski and Cornan, 1976, Dean et al., 1981, Sommers et
al., 2002, Stevens, 2007). At the Lake Charlotte site, the following model, representing nodule growth by
means of a redox boundary created by diffuse groundwater flow into the lake, can be put forward using

data collected in this study.

When groundwater comes into contact with the lake water it is colder, and therefore has a
greater density then the lake water, causing it to remain near the lake bottom. This creates a boundary
between the more reduced groundwater and the more oxidized lake water allowing for redox sensitive
elements such as iron, manganese and arsenic to precipitate out of the groundwater creating a nodule.
In the shallow water where the lake bottom is sandy and therefore porous and permeable due to the
presence of a reworked esker, a redox boundary exists. Further offshore in deeper waters the bottom is
more clay-rich and impermeable so groundwater does not have a means to infiltrate through the lake
bottom and create a redox boundary. In deeper waters precipitate growth cannot exist via this

mechanism, and, in fact, no precipitates were found.

The lack of nodules near the shoreline of most study sites (with the exception of Sowden Lake
where nodules were collected next to a sheltered island shoreline) could be due to the presence of wave
activity. As an area with nodules becomes shallow, waves have an ability to disturb the lake bottom

hindering the ability for a redox boundary between the lake bottom water and groundwater to exist.
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With continual disturbance from waves iron —manganese precipitates are not able to grow in the

shallow waters.

Dissolved Oxygen and pH Water Chemistry:

When the average Eh and pH from each lake was plotted on an Eh/pH diagram for iron, all data
points were found to sit along the Fe**/Fe(OH); boundary (Figure 71a). This suggests that any change in
the Eh of each lake studied has the potential to favour either iron precipitation, resulting from a high Eh,
or, with a lower Eh, the iron remaining in solution. On an Eh/pH diagram for manganese, data from all
three study lakes plotted in the Mn*" area (Figure 71b). This suggests that either the pH or Eh at all three
study lakes must rise for a significant amount of Mn** in solution to precipitate. An alternative method
for precipitation of manganese out of solution is if its cation (Mn*") attaches to another element which is
able to precipitate out of solution (such as iron). Data plotted on the aluminum Eh/pH diagram suggests
that aluminum is able to precipitate from solution at all of the environmental conditions where data was

collected (Figure 71c).

Lake Charlotte, Lake Shebandowan and Sowden Lake were all analyzed, in this study, for pH and
Eh of the lake water that could be related to the growth of nodules by precipitation. The average pH and
Eh at each study area was used to examine the ability of elements of interest to precipitate. Lake
Charlotte was found to have the lowest average pH, at approximately 5.85, whereas the average pH at
Shabandowan and Sowden Lake was approximately 7.0-7.5. Eh values, as with dissolved oxygen values,
declined in Shabandowan Lake over a monthly period from early June to late July from approximately
90mV to 55mV. Lake Charlotte Eh values from all five site areas ranged from an average of 93mV at

Mine Site to 145mV at My Cove.
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Figure 71: Eh/pH diagrams displaying averages from each lake (Hitchon et al., 1999) (a) Iron Eh/pH diagram (b) manganese
Eh/pH diagram, (Hem, 1963) (c) aluminum Eh/pH diagram (Hitchon et al., 1999). All averages from each lake were collected

from lake water temperatures between 18.5-23°C
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The amount of oxygen found in the lake water around the precipitate fields of Lake Charlotte,
Lake Shebandowan, and Sowden Lake was highly concentrated in the months of June and early July
when the majority of water sampling was completed. Data collected from Shebandowan Lake in late
July, when compared with the earlier readings from June, displayed a decrease in the amount of oxygen
in the lake water by approximately 30%. The difference in the amount of dissolved oxygen found in the
lake between spring and summer suggest seasonal variations of the amount of dissolved oxygen in the

lake throughout the year.

The amount of oxygen present, and therefore redox potential, in a mesotrophic, dimictic lake
such as Shebandowan is a factor of thermal stratification and biological activity within the lake. In the
spring and summer months the lake will be stratified below the thermocline. An increase in solar
radiation will cause a decrease in the amount of oxygen found in a lake. However, plants and
microorganisms found in the water will continue to be a means of creating oxygen (Wetzel, 1983). In
the winter the presence of ice over the lake also creates thermal stratification with the warmest water

being below the thermocline.

Seasonal variation in the amount of oxygen found in a lake is dependent on the water turnovers
of a dimictic lake throughout the year (Figure 72). During summer months, most lakes in the mid
latitudes become stratified with an epilimnion (the upper wind mixed portion of the lake above the
lakes thermocline), and hypolimnion (the bottom, cold, dense portion of a lake remaining below the
thermocline). This allows for very little dispersion in oxygenated water throughout the winter and
summer months. In fall, as the surface water cools a mixing created by the change in the water
temperature and surface wind causes the epilimnion and the hypolimnion to shift and mingle with one

another. Water overturn happens again in the spring when the warmer water cycles to the surface of
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the lake creating an isothermal environment where oxygen is dispersed throughout the water column

(Wetzel, 1983).

The amount of oxygen present in the lake water surrounding a nodule field could be a factor in
the time and rate a precipitate can grow throughout the year. In the spring and fall when oxygen is
prevalent throughout the lake, the increase in dissolved oxygen may increase the Eh of the lake water
allowing for a preferred environment for iron and manganese precipitation. In the winter and summer
when the lake remains stratified, the amount of oxygen surrounding the precipitate field will decline,

altering the Eh of the environment and potentially inhibiting precipitate growth or causing dissolution.

Figure 72: An illustration of overturn in a dimictic lake adapted from Wetzel (1983). In the summer months surface wind
allows for the warm lake water of the epilimnion to cycle above the thermocline. The remainder of the lake becomes
stratified and is not affected by water cycling, minimizing the amount of oxygen found in the hypolimnion. In the fall and
spring dimictic lakes overturn their epilimnion and the hypolimnion due to the warming and cooling of surface water
allowing for oxygen to become dispersed throughout the lake. In the winter when the lake becomes covered with ice, wind is
not able to affect water circulation and the warmer water is found below the thermocline. With no water movement, there
is little addition of new oxygen into the lake.

Seasonal variation effecting iron precipitation will also affect the amount of arsenic and
phosphorous that is precipitated from solution. Penn et al. (2000) describes seasonal change with
respect to iron and phosphorous precipitation in a dimictic lake and finds the precipitation of iron
hydroxides that contain adsorbed phosphorous are prevalent during the spring turnover between the
months of March and June. During the winter months of lake stratification, phosphorus no longer

adsorbs onto the iron but instead is found in solution (Penn et al., 2000). In the case of arsenic and
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phosphorus adsorption onto iron- and manganese- rich precipitates, seasonal variation within a dimictic

lake must be considered a factor.

5. The growth of a nodule: A review of past theories

Iron- and manganese - rich precipitates found in near neutral pH, dimictic lakes in mid —
latitudinal climates have been previously described and their growth speculated upon. Microbiology
(Dean et al., 1981, Sommers et al., 2002, Konhouser, 2007) and the existence of a redox boundary
(Sosanski and Coran, 1978, Kepkay, 1985, Boudreau, 1988, Stevens, 2007) are both considered factors
for precipitate growth. Previous literature suggests there is some dispute whether the existence of
microorganisms at an oxidation-reduction boundary is the primary mechanism for the growth of an iron-

manganese precipitate.

Emphasizing the importance of microbiology, Sommers et al. (2002) described a theory of
biogenesis as the primary mechanism of precipitate growth, with bacterial catalysts such as EPS and
cyanobacteria as a means of initiating deposition. Sommers et al. (2002) suggested limiting factors for
the growth of a precipitate to be: lack of a suitable substrate such as sand, competition between

microorganisms, and the amount of sunlight able to penetrate to the lake bottom.

Dean et al. (1981) and Konhouser (2007) also described the importance of cyanobacteria,
suggesting a manganese cycle initiated by cyanobacteria within lakes. They propose bacteria initiate a
cycle where metals such as iron and manganese are oxidized from the lake water and precipitated in a
nodule on the lake bottom. As the nodules become eroded and moved offshore, the metals will reduce
back into solution with a change in their environment from oxygenated shallow waters to the more

reduced deeper lake waters.

139



Kepkay (1985) and Boudreau (1988) suggested that a nodule plays the role of a strong sink for
heavy metals when compared to its underlying lake bottom sediment. As the lake water passes over the
nodules, gradients in metal concentrations develop in the water adjacent to its surface. This allows the
lake water coming into contact with the nodule to diffuse elements onto the nodule surface. Therefore,
the concentration of iron and manganese in the precipitate would be dependent on the concentration if
these elements within the lake water. Kepkay (1985) investigated the amounts of iron and manganese
present in the pore waters of sediment underlying the nodules of Lake Charlotte, Nova Scotia. It is
suggested that the oxidation of heavy metals onto the sediment had a strong affiliation with the

existence of microorganisms in the environment.

The importance of a redox boundary outlook has been previously theorized for both Lake
Shebandowan and Lake Charlotte. Sozanski and Cornan (1978) described a theory for Lake
Shebandowan where diagenesis below the nodule-rich substrate allows for an upward remobilization of
iron and manganese into the lake bottom substrate. Sozanski and Cornan (1978) suggested that initial
precipitation of Fe(OH); results in the adsorption of Mn**, which oxidizes to MnO, as the Eh-pH of the
lake water changes with the seasons. Stevens (2007) using the Lake Charlotte site as an example,
suggested that a reduced groundwater environment coming into contact with oxidized lake water can
cause a redox boundary, which can effect redox elements such as iron and manganese. Groundwater
also has the ability to leach ions into solution form a large area and transport them for long distances.
This can create a precipitate highly concentrated in elements such as arsenic, which are not normally
found in high concentrations. Stevens (2007) also noted the presence of iron oxidizing bacteria and

suggested the possible ability of these organisms to scavenge arsenic from solution.
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6. Nodule Growth Models

Nodule Growth at Lake Charlotte’s 7 Cove, Bud’s Cove, My Cove

Site areas 7 Cove, Bud’s Cove and My Cove, all have similar characteristics in their geography
and precipitate descriptions. Their nodule fields were approximately the same size (50m?) and found at
depths of 1-2m after which a sudden increase in depth and a related transition to a clay rich bottom
marked the non-existence of nodules. The lake bottom of the precipitate field consisted of a sandy
substrate. However, an increase in depth and termination of nodule development coincided with a
change in the substrate, which became finer grained and organic- rich. The nodules at all three sites
were similar in appearance and followed the trend of nodules increasing in size with an increase in

depth.

The results from this study regarding precipitate geochemistry, chemical correlations, and water
chemistry, indicated the following method for precipitate growth at these three sites can be proposed.
Firstly, a redox gradient must be established. The existence of diffuse groundwater flow has been
confirmed to exist in 7 Cove, Bud’s Cove and My Cove due to the temperature decrease from the
bottom lake water to the pore-water underlying the nodule fields. Springs are also common on the land
near the My Cove bay (Stevens, 2007). As the groundwater comes into contact with the lake water, a
redox sensitive boundary is produced. Since the groundwater is colder and denser than the lake water,
the groundwater will have negative buoyancy and increased residing time in the near bottom waters.
Once the lake bottom sediment becomes less porous and permeable in deeper waters, groundwater is
no longer able to infiltrate upward into the lake and the redox boundary becomes non-existent (Figure

73).

141



Figure 73: A diagram of how a potential redox boundary can be created when ground water comes into contact with lake
water. When groundwater infiltrates into a lake an oxidation-reduction boundary is created. When the lake bottom becomes
less porous in deeper waters, groundwater is no longer able to flow through the lake sediment and the redox environment is
terminated.

The deposition of precipitates near the redox boundary would be sensitive to fluctuations in the
Eh and pH of lake water, and therefore the rate at which the precipitate grows is affected seasonally. In
the spring and fall seasons of a dimictic lake such as Lake Charlotte, the mixing of the lake causes an
increase in the Eh and pH of the lake water, allowing for the potential of iron and manganese to
precipitate in a redox environment. As suggested by Sozanski and Cornan (1978) the initial growth of the
precipitate should begin with an oxidized iron banding due to the ability of iron to precipitate at an Eh
that is less than that of manganese. The ability for iron to precipitate at a lower Eh suggests a longer
duration of precipitation during a year then manganese, possibly the spring, early summer, fall and early
winter. Once the iron precipitates, Mn*" is able to adsorb onto the iron oxide. If the Eh of the lake water

becomes high enough to allow the oxidation of manganese (over approximately 0.8V at a pH of 7 (Hem,
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1963)) then the manganese ions adsorbed onto the iron oxide can also oxidize as MnQ,, thus creating a

manganese rich layer.

As either iron or manganese continues to oxidize the elements found to correspond with either
element will also come out of solution. Iron is more electrostatically favourable to arsenic and
phosphourus as opposed to manganese in its oxidized state (Manceau et al., 2007). Therefore, arsenic
and phosphorous will concentrate with iron in the precipitate. Manganese adsorbs barium, cobalt and
sulfur, and will therefore take these elements out of solution during oxidation. For elements such as
arsenic and barium to be so highly concentrated in precipitates at these three sites lends credence to
the theory proposed by Stevens (2007) regarding the ability for groundwater to collect elements over a

large area and deposit them at the redox boundary.

Lake Charlotte samples from My Cove, 7 Cove, and Bud’s Cove appear to be influenced by two
types of microorganisms during growth. Diatoms were found on the surface of the precipitates
examined with SEM imagery suggesting assistance in growth from photosynthetic bacteria. However,
there is no evidence to suggest the diatoms on the surface were effecting nodule growth and could have
been simply been living on the lake bottom. The stromatolitic structures found growing downward into
the lake substrate suggest iron and manganese - oxidizing bacteria as a means of microbiological

growth.

The size of the nodules increasing with depth may be due to wave activity of the cove. As wind
and waves come into the cove, the shallow lake bottom found towards the shoreline will become
disturbed and therefore inhibit precipitate growth. As the lake increases in depth, less disturbance from
wind and waves will allow the nodules to increase in size throughout time. Some nodules found in Bud’s
cove appear as smaller nodules covered by larger nodules until a pavement-like structure is created on

the tops of pebbles and cobbles. A possible reason for this growth could again be due to wave or storm
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disturbance. As waves come into the cove during a storm event they deposit a layer of sand and/or
pebbles. This may cover the existing nodules on the lake bottom creating a new surface for nodule

growth.

Nodule Growth at Mine Site and Granite Islands

Lake Charlotte’s Mine Site is different in appearance to 7 Cove, Bud’s Cove and My Cove due to
its drop in depth close to the shoreline, and its rocky vegetated beach with minimal protection from
wind and waves. The nodules from this site were not well developed and were only found on the lake
bottom at the top of the slope before the drop off to deep water. Although differences in appearance
exist, the same principles of precipitate growth in My Cove, Bud’s Cove and 7 Cove may still be used at
the Mine Site. The high arsenic values at this site indicate local groundwater from the arsenopyrite —
bearing rocks of the mine site was important in formation of the nodule. The only difference at the Mine
Site is the lack of a gradual decline in water depth making the area with a redox boundary at this site
narrower, present only along the top of the drop off slope. The area is also more susceptible to wave
action and storms then the other Lake Charlotte sites so the growth of precipitates could often have

been disturbed.

The Granite Island site is anomalous compared to the other sites investigated on Lake Charlotte.
Why are there so many nodules at a site where the granite bedrock found underneath the nodule field
should have a much lower permeability then the sand and cobbles present at other sites? Why are the
nodules found so evenly distributed on the lake bottom? Why are there nodules at the Granite Islands
at depths as great as 18m? Perhaps in the instance of this site the proposal form Kepkay (1985) and
Boudreau (1988) where nodules act as a sink for heavy metals during mass transport of lake water over
the structure may be considered. In this instance nodules would be able to grow due to lake water

diffusing elements onto the surface of a pebble or cobble (Kepkay (1985), Boudreau (1988)). Another
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possibility could be that there are fractures within the granite lake bottom which allow for groundwater

seepage into the lake.

Nodule Growth at Shebandowan Areas Island Site and Small Site

The growth of precipitates at the Shebadowan Lake sites can be explained in a similar manner as
Lake Charlotte’s 7 Cove, Bud’s Cove and My Cove sites due to the similarities of the lake environments.
All nodule fields were found slightly off the shoreline and were underlain by a sandy substrate. The
nodules of both lakes were morphologically similar, however, the nodules at Shebandowan Lake were
often smaller. Differences between the sites include the depths of the nodule fields at Shebandowan
Lake being greater (up to approx. 6m) than those of the Lake Charlotte sites. Rational for this difference
could be due the depth at which groundwater infiltrates into the lake possibly controlled by where

appropriate diffusive substrates are found in the lake.

The substrate on the deeper side of the Shebandowan Lake nodule site areas consisted of
reddish coloured clay with precipitates embedded within the clay and on the surface of the clay bottom.
It is not fully understood why nodules would grow on an impermeable clay layer or beneath the surface
of a clay layer. A possible explanation as to why precipitates exist in this environment could be the
deposition of clay sediment burying existing nodules on the former surface layers (Figure 74). The

reddish colour of the clay indicates that iron is oxidized in this environment.
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Figure 74: A possible explanation as to why precipitates were found embedded in clay at Shebandowan and Sowden Lakes.
The lake bottom at these areas may be so undisturbed that overtime clay from the lake water is able to settle on top of
existing precipitates burying and entombing them.

Initial growth of the nodules on the surface of the clay could have been due to microbial activity.
Iron and manganese —oxidizing bacteria require ferrous iron and/or reduced manganese to create
energy and therefore cannot thrive in a highly oxygenated environment where they must compete with
instantaneous abiotic oxidation of metals (Emerson and Moyer, 1997). Hedrich et al. (2011) suggested
that at an oxic/anoxic interface, which in Shebandowan Lake could be considered as the reddish
coloured clay, could be an environment where microaerophiles would thrive. These bacteria require an
environment of little present oxygen and some concentration of carbon dioxide to survive. Some iron
and manganese —oxidizing bacteria such as the Gallionella ferruginea sp. are microaerophiles and could

thrive in the clay allowing for microbrial oxidation of the iron and manganese into a nodule.

Nodule Growth at Sowden Lake Areas Sowden 41 and Sowden 46

The nodule-rich areas at Sowden Lake remain difficult to interpret. The nodules found in this

lake are different then those found at all other sites:

Sowden lake samples are more oval in shape.

There is a lack of iron —-manganese-rich banding in most of the precipitates.

Very few precipitates are found with a pebble or any material at their center.

Sowden Lake nodules are stronger and difficult to break without the use of a tool.
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e The precipitates lack a positive cerium anomaly when compared to PAAS.

The nodule size vs. water depth is also different then what was found in Lake Charlotte. Sowden Lake
precipitates are larger when formed closer to the water’s surface and become smaller with an increase
in depth. Sowden Lake, as with Lake Shebandowan was observed to have reddish clay below the deeper
portions of the nodule field where small precipitates were found on top of and embedded within the

clay.

Broken fragments of nodules were found along the slope of the nodule field; however it is
difficult to determine if these were all naturally fragmented or were broken during collection. If these
fragments were indeed naturally fragmented along a slope, there is potential for the theory of Dean et
al. (1981) to be used. The theory of Dean et al. (1981) can be related to the study site in Sowden Lake if
the majority of oxidation of redox sensitive elements in this lake is affected more importantly by algae
and photosynthetic bacteria then a reducing groundwater source (Figure 75). In this case, manganese
and iron found in the lake water are oxidized by algae and precipitated onto the lake bottom forming a
nodule. Movement by animals or wind and waves then carry the nodules down slope where they
become fragmented. The nodules then travel to deeper waters are reduced compared to those present
inthe water found closer to the surface of the lake. This causes the reduction of iron and manganese
back into the lake water, which can be used to continue the cycle of oxidation and reduction within the
lake. Konhouser (2007) expanded on this theory suggesting that the alge on the lake bottom were

buried in the sediment allowing for elements to become remobilized in this reducing environment.

147



Figure 75: Visual representation, adapted from Dean et al (1981), of a potential redox cycle within a lake. Mixing of water by
wind allows for oxygen created by algae and other photosynthetic bacteria in the lake waters (1) to circulate throughout the
lake. The Mn** and/or Fe” ions found in the lake waters become oxidized by the algae and precipitate out of the water.
Death of the algae concentrates the metals and forms nodules on the shallow lake bottom (2). Movement by animals or
storm events cause the precipitates to travel down slope where they become broken into fragments (3). In deeper waters
where less oxygen is present, the iron and manganese are reduced and released back into the lake water (4) allowing for the
cycle to continue.

7. Potential Environmental Implications of Iron-Manganese Precipitate

Research:

Research regarding the growth of iron-and manganese-rich nodules holds environmental
significance in a number of study areas involving water contamination. In this study arsenic
concentrations as high as 11 000ppm (7 Cove site) were observed in the iron- rich banding of the
precipitates of Lake Charlotte. Water sampling of the lake indicated no significant amounts of arsenic
are present, suggesting the precipitates have created a natural arsenic adsorption system by means of a
redox boundary. Results from this study may aid in design of natural arsenic adsorption systems that
could potentially be used for clean up of contaminated drinking water, waste water, agricultural runoff

(phosphorous), and mine waste disposal sites.

Another conclusion of this study involves the interaction between arsenic and phosphorous.

Results suggest that if a large amount of arsenic is present in a nodule, there will be low amounts of
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phosphorous and vice-versa. This implies competition between these two elements over precipitation
onto iron during oxidation. An understating of this relationship can be of value in cases such as water
contamination clean up in agricultural areas. Farmland may produce an excess amount of phosphorous
in the water runoff. If the area is also being treated for arsenic contamination, the existence of both
elements could cause competition during adsorption onto iron hydroxides allowing high concentrations
of phosphorous to pass through an oxidation barrier. Arsenic and phosphorous contents must be taken
into account when assessing the areas ability for water remediation using an oxidative barrier. In an
agricultural environment with a high amount of phosphorous present, arsenic may not be effectively

removed from solution.

Results acquired from this study have the possibility of contributing to potential research
involving the removal of radium from contaminated water bodies. Manceau (2007) suggested that
research involving the removal of barium from solution can be extended to radium due to their
behavioural similarities in nature. Radium, a radioactive product of uranium or thorium, can be an
environmental factor in water surrounding and/or leaching from uranium mining areas. Past research by
Herczeg et al. (1988) and Qureshi and Nelson (2003) found the oxidation of manganese to be an efficient
means of extracting barium (and potentially radium) out of solution. Research with iron-manganese -
rich precipitates could be used to further understand the relationship between manganese and barium,

while comparing these findings with those for radium found in uranium mining waste.
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Conclusions

Iron-and-manganese- rich precipitates were collected from the lake bottoms of Lake Charlotte,
(Nova Scotia), Lake Shebandowan (Ontario) and Sowden Lake (Ontario). Lake Charlotte precipitates
were highly enriched in arsenic and the Lake Shebadowan and Sowden Lake samples to be highly
enriched in phosphorous. Research of redox sensitive elements in lacustrine environments was used to
postulate how precipitates are able to grow, and concentrate elements such as arsenic and
phosphorous, which are not normally found in abundance in the environment. Analysis of study areas at
the macro-, meso -and micro- scale was conducted to attempt to understand growth of the iron-

manganese rich precipitates in their natural environment.

Positive correlations between iron, arsenic and phosphorous were determined. This suggests
that as iron is oxidized arsenic and phosphorous will adsorb from solution into the iron hydroxides.
Positive correlations between manganese, barium and cobolt were also present suggesting the ability of

barium and cobalt to adsorb onto manganese during oxidation and precipitation.

The existence of a redox boundary at the sediment/lake water interface was indicated by the
following results and observations: An enrichment of cerium in the nodules (with the exception of
Sowden Lake) gives evidence that the element has been oxidized to its 4" state, suggesting the presence
of a redox boundary. The redox potential data results suggest that nodule growth is dependent on
seasonality, the greatest precipitate growth being during the spring and fall when the amount of oxygen
dispersed throughout the lake increases. Finally, the difference in temperature between the lake water
and sediment water revealed a groundwater source below the lake botto