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Abstract

Elevated iron concentrations have been observed in the groundwater downgradient of
the landfills in Northwest Florida. It is suspected that microbial mediated iron reduction
should be responsible for the iron release. The objective of this research is to investigate
whether, and to what extent, microbial mediated iron reduction is responsible for iron release
in the regions nearby landfills in Northwest Florida. It is also the goal of this research to
characterize the microbial species that exist in the soils nearby landfills. In addition, the iron
reduction rate is to be quantified to provide evidence that microbial mediated iron reduction is
dominating and responsible for iron release in Northwest Florida.

This project started on August 1, 2006 and ended on July 31, 2007. In this research,
we characterized soil samples collected from sixteen landfills (from fifteen Northwest Florida
counties) through sieve analysis and quantifed and identified the bacterial species in the soil
samples. In addition, we conducted laboratory iron reduction batch experiments using the
sampled soils by reacting them with corresponding landfill leachate under chemical and
biological conditions similar to the concerned site in the presence of identified bacteria. As a
control, we also reacted soil samples with simulated storm runoffs. We monitored ferrous
iron, ferric iron, dissolved oxygen, pH, and redox potential, etc. on a daily basis. Based on
the plate counts, we found that there were around 0.03 million to 2.0 million colony-forming
units (CFU) per gram of soils for the soil samples from Northwest Florida. Through
morphology analysis, we identified that typical rod and cocci bacteria were the dominating
species. In addition, we also identified potential iron reducing bacteria. According to the
sieve analysis of the soil samples, we found a correlation of increased bacterial population in
well-graded soils. The soils also showed an increase of water content with the increase of the
percentage of fine particles. From laboratory batch experiments, we found that iron release
was most pronounced for soil samples collected from Jackson County and Walton County
reacting with the corresponding landfill leachate. The iron release for these sites can be as
high as over 400 mg/L within 55 days. All the other samples produced less than 200 mg/L of
iron release. Based on the laboratory experiments of iron release when landfill leachate
reacted with iron rich soil under chemical and biological conditions of Northwest Florida
landfills, ferrous iron was found to be released when landfill leachate contacted with iron rich
Northwest Florida soil in the presence of cultured iron reducing bacteria. On the other hand,
minimal ferrous iron release was observed in the absence of the cultured iron reducing
bacteria. This indicated that iron release by landfill leachate reacting with iron rich soil was a
microbial mediated process.

Key words: Landfill, Iron, Microbial, Leachate, and Florida.



1. Introduction

Landfill leachate is being blamed for elevated levels of iron and arsenic, especially
iron observations in the groundwater from monitoring wells downgradient of landfills in
Northwest Florida. It is suspected that the geochemical and geomicrobial iron
reduction/oxidation processes are responsible for the iron release in the groundwater. In
Florida, soils are mainly covered by poorly drained sandy soils of Myakka. Myakka soils are
spodospl, acid soils characterized by a subsurface accumulation of humus and Al and Fe
oxides. Although Myakka soil series is widely extensive in Florida, they can hardly be seen
in any other states.

There is a possibility that iron-reducing bacteria reduce iron oxides to ferrous iron and
release it to the groundwater when hydrocarbon rich landfill leachate contacts the soil.
Researchers from Florida State University have demonstrated that a pure culture of
Shewanella oneidensis strain MR-1 as well as enrichment cultures of iron-reducing bacteria
are capable of conserving energy for growth with the structure Fe (111) bound in smectite clay
as the sole electron acceptor'™:

CH,O +2Fe,0, +3H,0 = CO, +4Fe*" +80H" (1)

This is a very important discovery since most of the iron on earth exists in the form of
silicate minerals or iron oxides. When conditions permit, microbial mediated iron reduction
and release may be the mechanism for elevated iron observations in groundwater.

In the regions near the landfills, there is also a possibility of iron release due to the
oxidation of metallic iron, especially near the C&D landfills**, which can occur under both
aerobic and anaerobic conditions. Usually, the iron oxidation is a chemical oxidation process,
which can be accelerated by anions in the leachate such as chloride, carbonate, and sulphate,
etc. As municipal landfill leachate can cause depletion of dissolved oxygen of the
contaminated groundwater owing to the high oxygen demand, chemical oxidation of metallic
iron is most likely to occur under anaerobic conditions®”.

Many studies have also investigated the interactions of bacteria with metallic iron
under both aerobic and anaerobic conditions. The oxidation or corrosion of zero-valent iron
might be greatly stimulated by microorganisms®®. Due to the limited solubility of oxygen in
groundwater (especially near landfills where landfill leachate can deplete dissolved oxygen)
and the rapid reduction of molecular oxygen by Fe® and Fe?*, the oxidation usually occurs
under anaerobic environments. Though under anaerobic conditions iron corrosion rates
driven by chemical reactions may be reduced, biologically mediated anaerobic corrosion may
occur at rates exceeding those seen under oxygenated conditions™®. Anaerobic iron oxidation
is frequently linked to the activity of sulphate-reducing bacteria**. There is evidence that
sulphate-reducing bacteria are responsible for pitting the iron'® *%. Two iron oxidation
mechanisms, indirect mechanism and direct mechanism, which may occur simultaneously at
different extents, are involved in sulphate-reducing bacteria mediated iron oxidation™*. The
indirect mechanism refer to the oxidation of iron by hydrogen sulfide (Fe + H,S = FeS + Hy).



Because sulphate-reducing bacteria use organic compounds (shown here as [CH,0]) and H,
for sulfate reduction, the net reaction is:

2[CH20]+§Fe+%SOi‘ +§H* =2HCO; +%Fe8+%HZO 2)

The direct mechanism is commonly attributed to sulphate-reducing bacteria such as
Desulfovibrio species (can grow with organic substrate or H,). These species can obtain
electrons from metallic iron in a more direct manner than via free hydrogen:

4Fe+S0O% +4H,0 = FeS+3Fe* +80H" (3)

This direct mechanism is also supported by a recent discovery of a newly isolated
Methanobacterium-like archaeon that have a more direct access to electrons from iron than
via hydrogen consumption®*. For iron oxidation by both mechanisms, Fe(OH), or FeCOs
may precipitate in addition to FeS.

At Leon County Landfill, we found elevated levels of iron concentrations in the
percolation from Lysimeters. With increased organic matter content, more obvious iron
release was observed (Figure 1). We suspect that microbial mediated iron reaction processes
compete with chemical processes, promoting and potentially dominating iron release near
landfills where landfill leachate interacts with the soil since organic matter contributed to iron
release (Figure 1). In Leon County landfills, we also found hydrogen sulfide during landfill
gas emission sampling (Figure 2), which was believed to be produced during the sulphate
reducing processes. Currently, we are not sure which microbial mediated iron release
processes, i.e., iron reducing versus sulphate reducing (iron oxidation) should be responsible
for elevated iron concentrations in the groundwater. It should also be noted that iron-reducing
bacteria and sulphate-reducing bacteria coexist in the subsurface and compete for growth in
most cases. In addition, we cannot eliminate the possible chemical iron oxidation without
solid evidence.

4

h ko i

Percolation from Lysimeter with Percolation from Lysimeter with Soil
Soil only and Organic Matter (Note: Darker
Color or More Concentrated Iron
Observation)

Figure 1. Microbial Mediated Iron Observation in Lysimeters



Figure 2. Landfill Gas Emission Sampling

This research explored the geochemical and geomicrobiological processes during
which iron reduction occurs. We elucidated the dominating mechanism that was responsible
for iron release in iron rich soils, especially in the iron rich soils that interact with landfill
leachate. Our long-term goal is to derive the relationship of iron reduction processes with the
hydrogeochemistry and geomicrobiology (e.g., pH, redox and microbial activity or
degradation processes) of the iron rich soils and to develop modeling tools to predict and
monitor the iron reduction and release processes. In regions near landfills, iron release from
iron rich soils may be caused by one or more mechanisms when landfill leachate reacts with
the soil, with certain mechanisms dominating upstream or downstream. Our goal for this
research was to investigate possible iron release mechanisms at different geographically,
hydrogeologically, geochemically and geomicrobiologically distinct sites using advanced
analytical techniques. We focused on the regions near landfills in Northwest Florida but our
discovery can be extended to cover any region with iron rich soils. Specific objectives of this
research project included (1) collect soil samples from sixteen counties in Northwest Florida,
(2) characterize the soil samples and identify the bacterial species existing in the soil samples,
(3) culture microbial species that are responsible for iron reduction reactions, i.e., iron-
reducing bacteria that mediate iron reduction reactions, and (4) elucidate iron release
mechanisms by reacting iron rich soils collected from Northwest Florida with landfill leachate
in the absence and presence of cultured iron-reducing bacteria to observe iron release.
Eventually, results from this study can be applied beyond local and landfill perspective to any
iron rich soils. In our future research, we will derive the relationship of iron reduction
processes with the hydrogeochemistry and geomicrobiology of iron rich soils and develop
modeling tools to predict and monitor the iron release processes.



2. Background

2.1 Soil Microbiology

Soils consist of many different components, mainly minerals, organic material, water,
gases, and the living soil population. The major microbial groups in soils are viruses,
bacteria, fungi, algae, and protozoa. Viruses are usually termed phages, in that they infect all
other organisms including those in soils. The fungi are eukaryotic organisms that consist of
molds, mildews, rusts, smuts, yeasts, mushrooms, and puffballs. The most common fungi are
the eukaryotic algae which are made up of water moss, pond scum, seaweed, and red tide.
The protozoa are unicellular organisms that are generally microscopic in size that in some
instances reach macroscopic size. Of all living components in soil, the bacteria are the most
numerous™. Termed prokaryotic due to a lack of nuclear membrane, bacteria are in fact the
most abundant of all living organisms on earth.

2.1.1 Soil Bacterial Biota

The bacterial population in soils is a very diverse grouping that is classified based on
several criteria. Bacteria can be classified based on the criteria of oxygen tolerance,
morphological cell structure, energy source, and carbon source, etc.

The ability/inability to grow in the presence of oxygen is an important biochemical
trait for bacteria. Bacteria are classified into three different categories based on this criterion.
Aerobes are bacteria which must have access to oxygen; anaerobes grow only in the absence
of oxygen; and facultative anaerobes can grow with or without an oxygen supply.

The morphological structure of the bacterial cell is characterized by three different
groups: bacilli, cocci, and spirilli. Bacilli are rod shaped, and are the most abundant group in
soil populations. Cocci are spherical-shaped and spirilli are spiral in shape. Spirilli are
typically not common in soil bacterial populations. The bacilli have the ability to persist in
unfavorable conditions, like those beneath a landfill with leaked hazardous chemicals. The
bacilli produce endospores to survive the unfavorable conditions and can germinate when
conditions improve for their growth. Also, they may have the ability to adapted to the
hazardous chemicals and use them as an energy source.

Bacterial classification based on the type of energy source is most important in the
field of remediation engineering in which the type and population of microbial species present
in the soil can determine the system design. In general, microorganisms are classified as
either heterotrophic or autotrophic based on how the microbes obtain the growth energy.
Autotrophs are further classified as photoautotrophs or chemoautotrophs, i.e., photoautotrophs
derive their energy through sunlight and chemoautotrophs through oxidation of inorganic
materials. Heterotroph organisms dominate the soil substrata in terms of energy
transformation, i.e., they require organic substrates to serve as an energy and carbon sources.
The availability of these organic substances and other nutrients within the soil matrices are
essential to the bacterial community. The bacteria use these substances to facilitate cell
development.



2.1.2 Soil Bacterial Diversity

Since one of the objectives of this research was to identify the dominant bacterial
species within the soil samples, it is important to understand the soil bacteria diversity. Due
to the high variability of bacterial species in the soil, it is very difficult to determine the
dominant species. However, the dominant bacterial species in the soil can be roughly
estimated in terms of percentage of the total population based on plate count methods (Table
1)*%. A more recent investigation into the dominant bacterial species in the soil was based on
libraries of 16S rRNA and 16S rRNA genes**. Members of the phylum that make up the
percentage of 16S rRNA libraries derived from soil communities were presented (Table 2)™.

Table 1. Dominant Genus in Soil Bacteria*?

Genus % of Population™
Arthrobacters 40
Streptomyces 5to 20
FPseudomonas 5 to 20

Bacillus 5 to 20

*Based on plate counts

Table 2. Dominant Phylum in Soil Bacteria™

% Contribution to

Phylum 165 rREMNA Libraries
FProtobacferia 33
Acidobacteria 20
Actinobactena 13
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2.1.3 Soil Properties

The nature, diversity, and activity of a soils bacterial community are determined by the
adaptability of the organisms to adapt to or modify the environmental properties of soils.
Temperature, pH, moisture, soil type, and redox potential are the most important
soil/environmental parameters for bacterial growth. By modifying or adapting to these
environmental parameters, a bacterial community can survive.



Temperature. Temperature within the soil matrix is important for the rate at which
the chemical and biochemical reactions occur within bacterial cells and the surrounding
environment. Typically, the optimal growth temperature for most bacteria is within the
25~30°C range™. A broader range where bacteria can grow is typically observed to be
between 0 and 70 degrees Celsius. Microorganisms can be characterized based on these
temperature tolerances or ranges. Psychrophiles can grow optimally below 20°C, mesophiles
between 20°C and 40°C, and thermophiles above 45°C. Psychrophiles are not common in
soil bacterial communities. Mesophiles, however, are the dominating type of bacterial species
found in the soil while thermophiles are less common.

pH. The measurement of pH in the soil is essential to understand the types of
microbial species within a specific soil. All microbial species have a pH range in which their
cell functions are possible. Thus, each species has its optimum pH value for growth.
Bacterial surface enzymes can also regulate the external pH so that internal cell functions are
optimized. These surface enzymes are among the over 1000 surface enzymes™ that are
associated with internal functions as well as external functions such as membranes. The
balance of the internal pH as affected by the external pH gradients within the soil is essential
for bacterial growth. Also, the soil particles themselves affect the pH within a specific
location. In particular, clay particles can greatly alter the soil pH owing to their negative
charges that produce the double layer, thus increasing cations within the soil matrices. Like
all soil properties, the soil pH is greatly dependent on other soil parameters such as water
content and mineral content.

Moisture. The moisture availability in the soil is another major factor that affects
microbial growth. Water serves as an essential component in cell processes, affects gas
exchange in soil, transports nutrient supply to microbes, regulates soil temperature, and works
as the growth medium for microbial colonies. The pores within soil matrices are filled with
water and air. For microbial growth the water to air ratio in the pore is essential. Too much
water content in the pores prohibits sufficient diffusion of oxygen, leading to an anoxic
environment.

In soil matrices, water content is closely related to the water potential, which is
determined by osmotic potentials. Consequently, water content in the soil matrices can be
quantified by measuring the soil water potential. The general optimal water potential for
microbial growth is approximately -0.05 MPa*3, Water content can be expressed in terms of
gravimetric and volumetric water content.

Soil Type and Structure. The soil habitat is comprised of many different
components including minerals, plant roots, living soil microbes, decomposing organic
matter, soil gases, and soil water, etc. All of these components come together to form suitable
habitats for microbial development. The most dominant structural feature in the soil matrices
is the clay-organic matter complexes. The clay particles are essential to the basic formation
of these aggregates. This aggregation of the clays and organic matter complexes is one of the
most important factors governing microbial activity in the soil. The forces within the soil



(freezing, thawing, and root growth, etc.) help mold these complexes into aggregates. These
complexes form macroaggregates and their subunits microaggregates (Figure 3). Most
microbial organisms do not exist in the pore spaces of the soil, rather they reside on the
surfaces of these aggregates due to their bacterial fibrils on their surface and polysaccharides
produced during metabolism. Furthermore, functional groups on microbial surfaces form
bonds with receiving bonding sites on mineral surfaces. The formation of these aggregates
further facilitates proper water infiltration and availability, oxygen tension, and nutrient
movement as needed by the microbial community. Also, clay particles associated with the
aggregates have been shown to assist in removing contaminants such as arsenic from
groundwater™.
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Figure 3. Soil Aggregates™

Redox Potential. The redox potential, an expression to describe the oxidizing or
reducing capability of the surrounding environment, is also a major factor controlling soil
biota. In the soil, oxygen is the major electron acceptor in these reactions. In scenarios when
oxygen is limited, NO5", Fe**, Mn?*, and SO, can serve as electron acceptors. For this



research, the occurrence of Fe®* serving as the electron acceptor, is of greater concern than the
other reactions. When ferric iron is reduced, the thus produced soluble ferrous iron should be
blamed for the elevated iron observations in the groundwater downgradient of the landfills.

2.2 Soil Microbial Structure Nearby Landfills

The structure of the soil microbial community nearby landfills has not been directly
well studied. Many studies have characterized bacterial species that are present in
groundwater downgradient of landfills as groundwater contamination is of concerns for
human health. In general, landfills have been characterized in terms of zones of bacterial
reactions (Figure 4). Beneath the aerobic region, the dominating anaerobic species are sulfate
and iron reducing bacteria. Once sulfate and iron sources are depleted, methane production is
the dominant reaction. Many studies have characterized the bacterial community that exists
within contaminant plumes of landfills. A contaminated aquifer in the Netherlands was
shown to have a high diversity of iron-reducing bacteria Geobacteraceae within the leachate
plume when compared to an unpolluted aquifer*’. In the same location, it was shown that
Protobacteria were the dominant upstream of the contaminant plume. Gram-positive bacteria
dominated the species beneath the landfill and downstream the Protobacteria reappeared,
however they were different species from the upstream Protobacteria'®. These differences in
microbial diversity adjacent to the landfill were observed in groundwater samples but not in
sediment samples. Also, a landfill in Denmark noted a shift in the bacterial community make-
up with an increase in horizontal distance from the landfill**?°. It was noted that an increase
of iron and sulfate reducing bacteria were more pronounced for locations close to the landfill.
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Figure 4. Oxidation and Reduction Zones Downstream of a Landfill*



Overall, most studies conclude that the iron and sulfate-reducing species existed
beneath the landfill. It is also noted that the landfill leachate does alter the chemistry of the
groundwater nearby the landfill, thus allowing favorable anoxic conditions for the iron and
sulfate-reducing bacteria?. An aquifer contaminated by an anoxic landfill leachate showed
distinct zones of sulfate reducing and iron reducing®.

2.3 Soil Microbial Characterization

The characterization of the microbial community within a soil sample is a very useful
tool in determining the overall health of the soil. Characterization is a very broad term that
can cover many aspects of the soil microbes. For this research, the characterization that is of
interest is the enumeration and identification of the bacterial species. The bacterial species of
interest are the iron-reducing bacteria. Additionally, the most common soil bacteria were
identified.

2.3.1 Microbial Enumeration

The most common and inexpensive methodology for the quantification or enumeration
of the bacterial population within a soil sample is the plate count method. This method uses a
general substrate or agar to propagate identifiable colony forming units (CFU) of growth.
This method is considerably reliable for quantifying bacterial growth in a soil sample. Plate
count methods favor faster growing bacteria thereby inhibiting slower growing bacteria.
Also, the media used as the carbon source can favor certain species. It is possible to achieve
lZJSp to approximately 50 to 60% of the bacteria present in soil samples through plate counts®*

Other methods to determine the bacterial population of soil samples include direct
microscopy, most-probable-number-procedures, and other microscopy methods. These
methods are an estimation of the viable bacterial populations and are dependent of the species
in question, media used for growth, and type of soil sample. Rather than estimating the
population of the bacterial community, they are also common practices to measure the
bacterial activity or biomass. By measuring activities such as respiration, it is possible to
characterize the bacterial community through measuring gas production that is released by the
bacteria.

2.3.2 Microbial Identification

There are several identification techniques for the determination of whether a bacterial
isolate should be placed within a group of organisms known to fit within some classification
scheme. Many different criteria are employed for bacterial identification. The techniques and
tests that are suitable for the identification, however, depend on the type of bacteria or
microorganisms that are being identified and how detailed of a classification is required. The
common techniques used to characterize soil bacteria of interest include morphological
identification, differential staining, differential media screening, serological methods, flow
cytometry, phage typing, protein analysis, and comparisons of nucleotide sequences, etc.
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Another technique that is commonly cited in current literature is PCR, or polymerase
chain reaction, a method of amplifying specific regions of DNA found in an organisms
genome by selectively catalyzing the replication of those regions. The replicated region is
then compared to a database of organisms whose DNA has already characterized. This
method was selected for this research due to the reliability of its results which has been
verified in the current literature.

2.4 Microbial Mediated Iron Release

The microbial mediated iron reaction processes compete with chemical processes,
promoting and potentially dominating iron release near landfills where landfill leachate
interacts with the soil since organic matter can serve as energy and carbon sources for
microbial activities. lron-reducing bacteria and sulphate-reducing bacteria coexist in the
subsurface and compete for growth in most cases. Some of the sulfate and iron
reducing/oxidizing bacteria are listed in Table 3'>. These bacteria exist under a specific range
of soil parameters. Typically, the bacteria exist at approximately 30°C under acidic
conditions. Most can exist in soil matrices as well as in water.

Table 3. Bacterial Species involved in Corrosion Processes*®

Oxygen Inorganic Metaholic Optimal Range
Organism Requirement Components End-Products Habhitat Temperature pH
Sulfate Reducing
Dasulfovibrio desulfuricans Anaerobic Sulfate. thiosulfate Hydrogzen sulfide Water, soil, mud 25-30 6-73

oil reservoir
Sulfer Ouidizing
Thiobacillus thiooxidans Aerobic Sulfur, thiozulfate Sulfunc acid Soil, water 28-30 24
Thiosulfate Oxidizing
Thivbacillus thioparus Aerobic Thiosulfate, sulfur Sulfur, sulfuric acid Soil, water, mud 28-30 7
sewage
Iron Bacteria
Crenothrix, Leptothrix, Aerobic Iron, manganese Ferric or manganese Water 25 §
Gallionella oxides
Iron Reducing
Shewanella oneidensis Facultative Ferric Iron Ferrous iron Soil, mud, water 28-30 47
Nitrate Reducing
Thiobacillus dentrificans Facultative Thiosulfate, sulfur, Sulfate Soil, water, mud 30 18
sulfide peat

Hydrogen Utilizing
Hydrogenomonas Microaerophilic Hydrogen Water Soil, water 28-30 7

The iron-reducing bacteria are also capable of causing the release of other
contaminants that may be attached to soil minerals?®®?’. The Savannah River Site in South
Carolina is well documented to contain many contaminants. It has been suggested that the
increase in soluble iron may cause the release of many toxic metals and radionuclides which
are frequently attached to Fe (111) oxides”®. Aside from the increase of iron in groundwater, it
is also important to characterize the microbial community to increase the knowledge of other
contaminants release triggered by iron reducing bacteria.
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3. Materials and Methods

3.1 Soil Sampling

The iron sources of the observed elevated iron observations are suspected to be from
the Northwest Florida iron rich soils. Samples for this research were collected from sixteen
different landfill sites in fifteen counties in Northwest Florida (Figure 5). The landfill
location, name, type of landfill and current status are listed in Table 4.

)ESC’WBI OKALOOSA MELWES
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L
Figure 5. Northwest Florida Counties
Table 4. Landfills in Northwest Florida Sampled in this Research
County Landfill Name Landfill Type” Current Status
Bay Steelfield I & I Active
Calhoun Calhoun County I Closed
Escambia Perdido i Active
Franklin Franklin County I & II Active
Gadsden Quincy-Byrd I & 11 Active -Class | closed
Gulf Five Points i Active — NL
Holmes Holmes County I Closed
Jackson Springhill I Active
Leon US 27 South I &Il Active
Liberty Liberty County &Il Active -Class Il closed
Okaloosa Baker I Closed
Santa Rosa Santa Rosa Central I Active
Santa Rosa Santa Rosa Holley I Closed
Wakulla Lower Bridge I & I Active -Class | closed
Walton Walton County Central I & 11 Active
Washington Mudhill I Closed
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“Class | & Il waste = solid waste which is not a hazardous waste that can be disposed in a lined landfill; Class
I11 wastes = yard trash, C&D debris, processed tires, ashestos, carpet, cardboard, paper, glass, plastic, furniture
other than appliances, or other materials approved by DEP and not expected to produce Leachate. NL = No
Leachate collection system.

In general, soil samples were collected 1 to 3 feet below the surface. The soil samples
were immediately placed in either a Ziploc bag or a Styrofoam cooler and sealed. All samples
were delivered to the laboratory on the day of collection and placed in refrigeration to
maintain bacterial vitality. During transportation, the soil samples were stored in
temperature-controlled containers. The soil classification based on soil surveys using the
three common techniques, AASHTO, USCS, and USDA Soil Name is listed in Table 5.

Table 5. Soil Classification and Soil Identification”

County Sample Depth | AASHTO| USCS | USDA Soil Name

Bay 1t b3 SP-3h Lakeland sand [11]

Calhoun 2ft L2485 |PT,5P-SM | Dorowan Piralico Bautlege [4]
Eacarnbia 1521t A A Lrents Utbanland [47]

Franklin 2ft L3 SP Fesota fine sand [34]

Tadsden 1521t L1506 CL Susgueharn Sawyer Complex [42]
Gulf’ 25f b3 SP-3hl Iiandarin fine sand [38]

Holres 21t bf-2 a3 Stilson loariy sand [40]

Jackson 1521t bop-3 SC Diothan loaray sand [10]

Leon 21t Lofr Bed SCCL Orangebrg fine sands loam [35]
Liberty 2ft & MA B

Olkaloosa 21t A Shl-3C Diothan loaray sand [30]

Santa Foza Central lit L-24 SP-3h Lakeland sand [46]

Sarta Hoza Holley 2ft &-2-4 SMI Troup loary zand [446]

Wakulla 2ft & & Udorthents & Cuartzipsaranents [3]1
Walton 25f b2d b3 SP-3hl Lakeland sand [29]

Washington 2ft L2 53 SP-SII | Lakeland coarse sand [14]

* AASHTO — American Association of State Highway and Transportation Officials
USCS - Unified Soil Classification System USDA — United States Department of Agriculture

3.1.1 Sieve Analysis

A sieve analysis was performed for all soil samples. The method employed for the
sieve was a typical methodology used for engineering applications. 600 to 700 gram in-situ
sample from each location was weighed for the sieve test. All samples were placed in an
oven for approximately 10 days at 30°C. After samples were determined to be thoroughly
dry, their dry weight was recorded. Soil samples were broken up with a pestle and mortar,
after which the dry weight of the samples was determined. A stack of sieves were arranged
from top to bottom in the respective order of decreasing sieve size openings, i.e. sieve number
4, 10, 20, 40, 60, 100, 140, 200, and Pan. The dry soil sample was placed on sieve number 4
and then closed and placed on a sieve shaker for 15 minutes. The total weight of soil retained
on each sieve and the pan was then weighed. If a considerable amount of soil was retained on
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the sieve number 200, a wash through was performed on that soil to determine if any
additional soil could pass through to the pan. The following calculations were performed on
the data obtained from the sieve test.

1. Percent mass soil retained on each sieve or n" sieve (R,)
mass retained ..
X 100 = Ry

total mass

2. Cumulative percent of soil retained on each sieve or n" sieve (Z R,)

1i=n
%
— Rﬂ
i=1
3. Percent fines for each sieve
i=n
-y
100 - >, Rn

i=1

From these calculations, a grain size distribution plot was developed for each soil
sample. Grain size was plotted on the log scale and percent fines was plotted on the natural
scale. These plots were used for comparison with plate count data to investigate any
correlation between grain size distribution and colony forming units.

3.1.2 Water Content

The water content for all sixteen soil samples was determined based on the sieve
analysis described above in section 3.1.1. The soil samples were weighed pre-drying and
post-drying. The difference in their weights divided by total dry weight yielded the water
content, w. The water content of the samples is considered to play a very important role in
quantifying the total plate counts or colony forming units that were observed from each soil
sample.

3.1.3 Soil Iron Content

Following the extraction and oxidation of iron from the soil, soil iron content was then
determined using spectrophotometric analysis techniques. In order for the substance to absorb
certain wavelengths it is necessary for the given species to be colored. Some metals, such as
iron, form highly colored complexes when react with the thiocyanate ion.

Fe* (aq) + 6SCN™ (aq) =[Fe(SCN),]* (aq) (4)
Because the thiocyanate complex is colored red, it will absorb at 447nm on the absorption
spectrum.

3.2 Plate Counts

For enumeration of aerobic bacterial growth present in the soil samples, the plate
count method was employed. A general nutrient agar was used as the growth medium.
Sterile techniques were used throughout the entire process. For each soil sample collected,
one gram of soil was diluted in sterilized tap water to obtain a concentration of bacteria that
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was countable on the plates (Figure 6). Samples were vigorously mixed during dilution to
assist in dislodging the bacteria from the soil particles. A total of 100 pl of diluted soil
suspension was plated on three plates per soil sample. Sterilized water was spread on an agar
plate to serve as the control.

/\/_\/_\

A "/ .'T' _"‘./ i s './
Figure 6. Plate Count Dilution

3.3 Aerobic Microbial Culture Cultivation and Identification

Aerobic microbial species were cultured using the following media and apparatus
(Figure 7). The growth bottles received constant air supply for approximately two weeks.
From these growth chambers, material was withdrew for identification both through
morphology and PCR analysis. For the morphology identification, both mixed cultures and
pure cultures were fixed on slides by heating and viewed under a bright field microscope. For
the mixed culture, a small amount of soil/water material was withdrawn from the chamber and
fixed onto the slide by heating.

Aerobic Species Culturing Media

Salt Solution

1. 10 grams MgSQ,-7H,0

2. 1.0 grams MnCl,-4H,0

3. 0.4 grams FeSO,4-7H,0

4. Add three components above to 1.0 liter distilled water.

Growth Medium
1. Add 5.44 grams KH,PO,4 and 6 ml salt solution/100 ml of growth medium.
2. Make medium to 1.0-liter total volume.

Aerobic Microbial Cultures
1. 10 grams of soil sample
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2. 2.0 grams glucose (carbon source)

3. 100 ml of growth medium

4. Place all components in bottles and supply a constant air supply as seen in Figure
7.

Figure 7. Aerobic Bacterial Culturing

3.4 Anaerobic Species Cultivation and Identifiaction

The same culturing preparation used in the aerobic culturing was also used in the
anaerobic culturing, with a few alterations. For anaerobic growth, the soil and media mixture
were placed in a 750 ml flask and sealed. Approximately 5 ml of potassium hydroxide was
placed in the arm tube to serve as the CO; entrapping device (Figure 7). This method helps to
alleviate pressure in the system and closely mimic real world conditions. The system was
allowed approximately one month of incubation before further analysis. For the
morphological identification, a small amount of water, soil mixture was removed from the
system. To avoid introduction of oxygen to the system, a needle was inserted through the
rubber stopper. The same steps were then followed as were done with the aerobic species.

3.5 Polymerase Chain Reaction (PCR) Analysis

One of the more reliable and most cost-effective methodologies for identification of
bacterial species is Polymerase Chain Reaction (PCR) analysis. The current literature regards
PCR analysis as one of the most reliable means of bacterial species identification. Also, Dr.
Reeves from Biology Department at Florida State University was consulted on this manner
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and he also suggested employing the PCR analysis for identification of bacterial species.
Brenda Bennison at Florida State University developed the methodology used in the PCR
analysis®®. The PCR analysis follows the following procedure:

Figure 8: Anaerobic Bacterial Culturing

1. Anisolated pure colony is grown on media. The isolated colony is swiped with an

applicator stick and inoculated in 50 pl of 10 mM EDTA in a 1.5 ml microfuge tube.

Boil for 5 minutes, vortex, and then centrifuge.

3. Prepared Master Mix that contained all ingredients for the reaction except the enzyme
(Taq DNA Polymerase) and the sample DNA. Refer to Table 6: Master Mix
Components for PCR Analysis.

N

Table 6: Master Mix Components for PCR Analysis

Component Quantity
10X Taq Buffer 100 pl
50 mM MgCl, 70 pl
5 mM dNTP mix 10 ul
1% primer 50 pl
2" primer 50 pl
H,O 705 pl

There were total of five samples tested, four soil samples and one known bacteria to
serve as a control. A total of 500 pl of the Master Mix was used for the five samples with 99
pl per sample. A volume of 2.5 pl of the Taqg polymerase was added to the 500 pl. From this,
a total of 99 ul was added to separate labeled PCR tubes. A volume of 1 pl of the DNA from
the samples prepared from step 2 mentioned above is added to each tube to bring the total
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volume to 100 pl. Samples were then placed in a thermocycler and the program REEVES50
was initiated and run.

For analysis of the PCR reaction, a 1% agarose gel was poured. For the gel, 2 ul of
the each DNA sample was mixed with 8 pl 2xTBE and 2 pul of gel loading buffer. Along with
the samples, a molecular weight standard and a mass ladder were pipette into the wells. The
gel was run at ~100 volts for one and a half hours, until the bromphenol blue band migrated at
least two-thirds of the total gel length. The gel was then stained with ethidium bromide
solution and agitated for 30 minutes. The gel was then rinsed and photographed in the
transilluminator.

Upon verification of the PCR reaction by viewing the gel bands, the PCR samples
were then purified for analysis by the sequencing laboratory. A QIAGEN QIlAquick-spin
PCR purification kit was used to purify the samples. After the purification, the samples were
then labeled and sent to the FSU sequencing laboratory for amplification of the samples.
Once the results were obtained, the sequences were entered into the National Center for
Biotechnology Information (NCBI) website and identified based on the strands that have been
previously identified.

3.6 Laboratory Iron Reduction Experiments

Laboratory iron reduction experiments were conducted using soil samples collected
from landfill sites reacting with the corresponding leachate under chemistry and biology
conditions similar to the concerned site in the presence of cultured iron-reducing bacteria
(Figure 9). All the experiments were conducted in a sealed glass reaction vessel in the
anaerobic chamber to mimic the situations in the subsurface where landfill leachate interacted
with the soils. As a control, sampled soils also reacted with simulated storm runoffs.
Throughout the course of the experiments, ferrous iron, ferric iron, and pH, etc. were
monitored on a daily basis.

Figure 9. Student Conducts Batch Experiments
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4. Results

4.1 Soil Characterization

The soil samples were characterized based on sieve analysis. The moisture content
and the percent fines were determined from the sieve analysis. For each county, detailed
sieve analysis is available in the Appendices. The sieve analysis is summarized in Table 7.
All values reported are in grams of sand retained per sieve. All sieve runs were maintained at
a low % lost after the test, with Washington County having the highest loss of 1.6%. The
total weight that was used for each county varied due to variance in soil water present. A total
of 500 grams of dry soil was required for an accurate sieve test. To assure this weight was
retained after drying each soil, a total weight well above 500 grams was weighed out.

Table 7. Sieve Analysis of All Soil Samples

Bay Calhoun | Fzeambia | Franklin | Gadzden Culf Holmesz Jackzon
Sieve No. Sand Fetained | Sand FRetained| Sand Fetained| Sand Fetained| Sand Fetained| Sand Fetained| Sand Fetained | Sand Retained
4 20 1.5 32 02 154 0.4 6.5 10.0
10 10.6 6.8 251 14 6.8 1.4 211 243
20 456 76 1947 238 836 1.7 01.1 862
40 165.5 2511 300.3 264 358.0 73 1849 1453
60 326.9 2078 1533 367.9 1153 4136 1421 140.0
100 6.4 834 30.8 2444 40.8 2171 672 973
140 52 234 9.7 104 13.3 i4 243 402
200 13 143 6.0 16 37 04 114 252
Pan 14 237 2.0 8.7 3. 1.3 15.6 271
Total 613.9 (88.80 754.30 G638 G42.3 633.70 371.20 3%6.20
Weight Wet 647.9 22720 240.70 7902 668.7 678.60 617.20 638.80
Weight Dy 614.1 692.30 163.00 664.1 G446 633.00 373.00 398.70
Water content 3.50 19 49 10.18 2034 374 3.60 771 6.70
U lost 0.03 031 1.14 0.03 0.36 0.20 031 042
Yo Fines 023 344 1.19 131 0.33 0.23 2.73 4.53

Leon Liberty Okalooza |SR Central| 5K Holley | Wakulla Walton |Waszhington
Sieve No. Sand Retained | Sand Retained| Sand Fetained| Sand Retained| Sand Retained| Sand Retained| Sand Retained | Sand Retained
4 0.1 13 9.7 0.3 0.0 0.2 0.1 20
10 T4 1.0 21 18.5 43 o4 0.9 103
20 382 9.0 101.7 55.0 21.0 28.0 66.8 33.6
40 893 2823 190.6 1301 2700 038 3289 3601
60 134.0 281.0 139.3 138.7 176.7 95.3 125.9 193.8
100 1413 322 005 116.7 60.3 2800 36.3 )2
140 0.0 6.3 240 31.8 26.8 88.8 10 120
200 412 21 17.0 237 274 17.8 26 43
Pan 287 3.6 26.8 335 42 8.7 P, 32
Total 3502 639.0 630.8 3573 632.70 634.20 37080 7113
Weight Wet 6123 674.0 7343 628.1 684.00 668.00 603.10 1609
Weight Diry 3503 643.1 651.0 359.6 64440 633.70 37240 7232
Water content 11.30 4.80 12.80 1224 6.13 3.08 3.36 521
Yo lost 0.02 .64 0.02 041 0.73 024 026 1.63
%% Fines 5322 0.56 412 6.01 6.01 1.53 0.39 0.43
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Franklin County and Calhoun County had the highest water content of 20%, and
19.5%, respectively. Gadsden and Gulf were determined to have the lowest water content,
both at approximately 3.5%. The two Santa Rosa County samples had the highest percent
fines, 6.9% for the Holley landfill, and 6% for the Central landfill. Gulf and Bay county were
determined to have the lowest percent fines, both at 0.23%. Water content and percent fines
were plotted for all the samples to derive any correlation (Figure 10). The plot shows a direct
correlation between percent fines and water content. The water content increased with the
increase of percentage of finer particles. This is due to the increase in surface area available
for the water molecules to interact with. The finer particles refer to clay particles which
interact with water molecules through surface charges and forces. It is well documented that
clay particles have a very large capacity to hold water.

Water Content vs. Percent Fines

% Fines

5 10 15 20 25
Water Content (%)

Figure 10. Water Content versus Percent Fines for all Soil Samples

The soil iron content for all the samples is listed in Table 8. Among the samples,
Okaloosa has the most iron content, while Jackson County has the least.

4.2 Plate Counts

Plate counts were performed for all sixteen landfill locations from the fifteen counties
in Northwest Florida (Table 9). Plates were allowed 48 hours of incubation before counting
the colonies. The morphology of the colonies that formed was in general consistent across all
samples. There were a few samples that developed a mold or fungus in addition to the
bacterial colonies. The morphology of the colonies was circular in shape with variations in
size, and color was typically a pale yellow to tan. Some plates would develop a light green
pigmentation, which after consulting Dr. Reeves from Biology Department at Florida State
University, was determined to be a reaction of pseudomonas bacterial species.
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Table 8. Iron Content of the Soil Samples

County Landfill Name e (S
(mg/g)
Bay Steelfield 49.6
Calhoun Calhoun County 84.1
Franklin Franklin County 39.4
Gadsden Quincy-Byrd 65.8
Gulf Five Points 46.4
Holmes Holmes County 91.2
Jackson Springhill 34.0
Leon US 27 South 43.8
Liberty Liberty County 68.8
Okaloosa Baker 119.9
Santa Rosa Santa Rosa Central 83.2
Santa Rosa Santa Rosa Holley 94.0
Wakulla Lower Bridge 67.3
Walton Walton County Central 90.0
Washington Mudhill 84.3

Table 9. Plate Count CFU Count Ranked Highest to Lowest

The plate counts show that Gadsden County had the highest CFU of 1.97 x 10°. Santa
Rosa Central showed the lowest bacterial CFU of 3.00 x 10*. The average CFU for all
samples was 4.96 x 10°. The CFU counts are an average of three replications for each soil
sample. The average CFU for the soils falls within the range suggested for a soil with a
healthy biological community

=anta Fosa Central

County ‘

Gadsden
Liberty
Leon
Santa Bosa Holley
Bay
Calhoun
We'akulla
Holmes
Wyashington
Jacksaon
YWalton
Dkaloosa
Escambia
=ulf
Franklin

30-31

21

CFU

1.97EHIG
9.50EHIS
9.20EHIS
7 A0EHIS
7 .DO0E+HIS
B.20E+HIS
4 BOEHIS
4 20EHIS
3.20E+HIS
3.10EHIS
1. 40E+HI5
1.20EHIS
1.00E+HIS
9.00E+H4
4 DOE+H4
3.00EH14




4.3 Aerobic Species Characterization

The aerobic bacterial species were characterized based on morphology. Only a select
representative soil samples were used in the identification using morphology. For the aerobic
species, Okaloosa County and Liberty County were selected based on visual appearance of
the soil. Okaloosa County (Figure 11) had a very dark red coloration indicating high iron
content. Although the red coloration does not definitively indicate high iron content, it is
usually indicative of a soil with a high iron and clay content. Liberty County was selected
based on its dark brown and rich organic appearance.

Figure 11. Okaloosa County Soil Sample

A small amount of soil/water from each growth chamber was smeared on a slide and
stained using Gram’s Stain. These slides show a mixed culture of bacterial growth.
Additionally, for Okaloosa, a pure culture was obtained from growth on an agar plate and also
smeared and stained. Images were collected from slides using the FSU imaging laboratory
(~500 x magnification). The species was further identified by PCR analysis and those results
are discussed in section 4.5 PCR Analysis Results.

From Okaloosa County, two aerobic strains of Bacillus were positively identified.
The gram positive bacteria Bacillus cereus (Figure 12) and Bacillus subtilis (Figure 13) were
identified from pure cultures. These two Bacillus bacteria are well documented soil bacteria
and are common in the depth zone where the samples were taken. Also, a culture from
Franklin County was identified as Bacillus thuringiensis.

The remainder of the bacteria that were identified cannot be 100% accurately
identified to genus and species name without DNA identification. Therefore, based on
morphology, bacteria can be categorized in terms of class of species. The mixed culture
bacteria were obtained from the growth chambers and placed on the slide and stained with
Gram’s stain. Two dominant bacteria observed in the Okaloosa sample are identified in
Figures in 15 and 16. Figure 15 was a dominant species throughout the sample and had a
head and tail morphology. Figure 16 showed a long rod-like bacteria that were also a
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Figure 12. Okaloosa Co. Aerobic Sample

Bacillus cereus

Figure 13. Okaloosa Co. Aerobic Sample

Bacillus subtilis

LY
-‘I ".’.

Figure 14. Liberty Co. Aerobic Sample

Unknown Cocci Bacteria
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Figure 15. Okaloosa Co. Mixed Culture
Unknown Pseudomonal-like Bacteria

Figure 16. Okaloosa Co. Mixed Culture
Unknown Bacilli Bacteria

dominant species within the Okaloosa samples. The sample from Liberty County (Figure 14)
contained a cocci-shaped bacteria that was the dominant species throughout the sample.
Samples from other locations, such as Franklin County, Gadsden County, and Walton County
were also viewed and the results showed a variation of the above mentioned bacteria. It was
therefore assumed that these bacteria would be a clear representative group from all other
samples. These bacteria listed in the figures are further analyzed in the Discussion section.

4.4 Anaerobic Species Characterization

The same methodology used for the aerobic identification was also used in the
anaerobic identification. One pure culture was obtained for the anaerobic identification.
From the Okaloosa sample, a strain of Pseudomonas aeruginosa (Figure 17) was identified
through the PCR reaction (refer to section 4.5 for further discussion).
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Figure 17. Okaloosa Co. Anaerobic
Pseudomonas aeruginosa

-

Figure 18. Liberty Co. Anaerobic Mixed Culture
Unknown Pseudomonal-like Bacteria

The remainder of the identification was obtained from other counties. In Figure 18
from Liberty County, a Pseudomonal-like bacteria similar to the one identified in the aerobic
sample from Okaloosa County, was the dominant strain in that sample. From Walton County,
a similar bacteria that had the head flagella morphology (Figure 19) was determined to be the
dominant species in that sample. Gadsden County mixed culture samples (Figure 20)
revealed a bacilli-like bacteria as the dominant species. For all samples, a total of three
replications were made of the slides per sample and from those slides the dominant bacteria
present was imaged. All images presented here followed this technique.
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Figure 19. Walton Co. Anaerobic Mixed Culture
Unknown Pseudomonal-like Bacteria

o -,

r ® I
'hx ’

o

Figure 20. Gadsden Co. Anaerobic Mixed
Culture-Unknown Bacilli Bacteria

4.5 Polymerase Chain Reaction (PCR) Analysis

PCR analysis provided more accurate and reliable results. After going through the
initial process as described in the Materials and Methods section, a 1% agarose gel was
poured and the DNA samples were pipette into the wells within the gel. Voltage was then
applied to the gel and allowed to run for approximately one hour and fifteen minutes. The
resulting bands from the samples (Figure 21) were determined to be at the 1400 mark as
indicated by the stepped band on the left side of the gel. This process was performed in Dr.
Robert H. Reeves’ laboratory in the Biology Department at Florida State University.
Following the confirmation of the gel, the DNA samples were sent to the FSU DNA

Sequencing Laboratory. The samples sent for identification were labeled and their subsequent
identification are as follows:
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Gel Electrophoresis

Injection Wells

Gel verifies
that DNA was
in fact isolated
due to the
signature seen
here at the
~1400 mark.

Figure 21. Gel Electrophoresis of DNA Samples

DNA Samples Analyzed by PCR Species Identified

A. Okaloosa County Aerobic Sample Bacillus subtilis

B. Okaloosa County Anaerobic Sample Pseudomonas aeruginosa

C. Okaloosa County Aerobic Sample Bacillus cereus, Bacillus thuringiensis
D. Franklin County Aerobic Sample Bacillus thuringiensis, Bacillus cereus

Only four samples were chosen for the PCR analysis due to inability to culture a pure
strain from other samples and also due to scheduling conflicts with the DNA Sequencing
Laboratory. The DNA code obtained from the DNA laboratory were Blasted in the NCBI
database (http://www.ncbi.nlm.nih.gov/) and the results present the top strain whose DNA
code matches the samples code with the highest certainty. Samples C and D list the top strain
match first, followed by the second closest match. The other samples results are a 100%
match with the strain listed above.

4.6 Iron Reducing Batch Experiments

These experiments were performed in the presence of iron-reducing bacteria that was
pre-cultured using the iron rich soils as base consortia (same setup as described in the
Methods and Materials section). These results confirmed that iron reducing bacteria were
present in the growth chambers that were used to isolate bacteria for identification in the PCR
analysis and the morphology identification. lron reduction results from the soil samples
collected from different counties in Northwest Florida are shown in Figure 22.
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600 — @ ———  Santa Rose Central Landfill

-------- Q- -oeee Santa Rose Leachate Pond
—_————— Baker Landfill, Okaloosa County
—-—\/-— - Walton County Central landfill
500 1 — — — Holmes County Landfill
— 00— — Holmes County AAA
— e — Franklin County Central Landfill AAAAA Va4
—————  steelfield Landfill, Bay County A%VWWV
400 4 ke Springhill High South Landfill , Jackson County

— ——/———  SantaRosa Holley Landfill we
— e —- Quincy Byrd Landfill, Gadsden County
—_ - — Lower Ridge Landfill, Wakulla CountK ! ee
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Iron Release (mg/L)

100 A

Time (days)

Figure 22. Laboratory Batch Experiments Using Soil Samples Collected from
Landfill Sites Reacting with Corresponding Landfill Leachate

Iron release was most pronounced for soil samples collected from Jackson County
(Spring Hill South Landfill) reacting with the corresponding landfill leachate. The iron
release for this site can be as high as 450 mg/L within 55 days. Following Jackson County is
the soil sample collected from Walton County, which produced iron release at a concentration
of 420 mg/L within 55 days of reaction. All the other samples produced less than 200 mg/L
of iron release. It should be noted that these reactions all occurred in the presence of iron-
reducing bacteria pre-cultured using the iron-rich soil as base consortia.
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5. Discussion

5.1 Soil Parameters versus CFU Plate Counts

Plate counts, PCR analysis, and morphological identification of the bacterial
community provided a meaningful characterization of the soil adjacent to landfills in
Northwest Florida. Common bacteria and possible iron-reducing bacteria were identified.
The plate counts of the bacteria also provided meaningful data in evaluating the soil bacterial
communities. The relationship that exists between the bacterial population and soil
parameters of water content, percent fines, and the sieve analysis is further discussed in this
section.

The results from the plate counts and the soil analysis were compared to determine
any correlation between soil parameters of water content and percent fines and the bacterial
counts. It is expected that the increase of water content and increase of percentage of fine
particles would favor bacterial growth. Both soil parameters are essential for a healthy
bacterial population within the soil matrices. Soil parameters, water content and percent fines
are listed in Table 10. The correlation between the three parameters is illustrated in Figure
23.

Table 10. Water Content, Percent Fines, CFU, and Classification of all Soil Samples

Water Content % Fines CFEU Counts
1  Franklin 20.34 |1 SR Holley 6.91 |1 Gadsden 1.97E+06
2  Calhoun 1949 |2 SRCentral 6.01 |2 Liberty 9.50E+05
3  Okaloosa 1280 |3  Leon 522 |3 Leon 9.20E+05
4 SantaRosa 1224 |4  Jackson 455 |4 SR Holley 7.50E+05
5 Leon 11.30 | 5 Okaloosa 412 |5 Bay 7.00E+05
6 Escambia 10.18 | 6  Calhoun 344 16 Calhoun 6.20E+05
7 Holmes 7.71 |7 Holmes 273 |7  Wakulla 4.60E+05
8  Jackson 6.70 |8 Wakulla 1.53 | 8 Holmes 4.20E+05
9 SantaRosa 6.15 |9  Franklin 131 |9 Washington  3.20E+05
10 Bay 5,50 | 10 Escambia 1.19 | 10 Jackson 3.10E+05
11 Walton 536 |11 Liberty 0.56 | 11 Walton 1.40E+05
12 Washington  5.21 |12 Gadsden 0.53 | 12 Okaloosa 1.20E+05
13  Wakulla 5.08 | 13 Washington 0.45 | 13 Escambia 1.00E+05
14  Liberty 480 | 14 Walton 0.39 |14 Gulf 9.00E+04
15 Gadsden 3.74 |15 Bay 0.23 | 15 Franklin 4.00E+04
16 Gulf 3.60 | 16 Gulf 0.23 | 16 SR Central 3.00E+04
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Figure 23. Water Content and Percent Fines versus CFU for all Soil Samples
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The majority of the soils were identified as being loamy or fine sands. The sieve
analysis of the soils revealed that the majority of the soils did exhibit a poor grading,
meaning the soil particles were in general the same size (refer to the Appendices for
individual soils sieve analysis). The comparison of the sieve analysis of the three
parameters, water content, percent fines, and CFU counts is shown in Figure 24-27.
These figures are similar, combining all sixteen soils sieve tests. The difference is the
colors given to each soils sieve analysis is based on where that particular soil falls in a
ranking of one of the three parameters, i.e., water content, percent fines, and CFU counts.
Each figure represents only one of the three parameters. The color scheme indicates
ranking of the parameter: yellow indicates a high ranking, blue indicates an average
ranking, and red indicates a low ranking.

5.2 Aerobic Species Characterization

The characterization of the aerobic species was limited to a few soil samples,
mainly Okaloosa County. This county was chosen due to the red appearance of the soil
which suggests a high iron content. The bacteria that were identified, Bacillus subtilis,
Bacillus cereus, and Bacillus thuringiensis, are all common bacteria that are found at the
depth level where all of the soil samples were taken. For the aerobic species, the above
mentioned species were identified from pure cultures through PCR analysis. For the
morphology identification, the mixed cultures were used for identification. In Figure 28,
the two mixed culture bacteria that were the dominant species present were an unknown
rod bacterium and an unknown bacterium that resembles a thiobacillus as described in
Figure 29. This classification is based solely on morphology and the fact that the bacteria
were grown in the media conducive to iron reducing conditions. Both of the unknown
rod bacteria are gram negative strains which are another strong characteristic for their
classification for iron reducing bacteria. For proper identification of these two unknown
bacteria, a DNA analysis would have to be performed from a pure culture. The difficulty
of obtaining a pure culture of these bacteria lies in the nutrient agar used for culturing.
The agar may only provide growth for the faster growing bacteria but not for the slower
growing bacteria such as iron reducing bacteria. The selection of a different growth
consortium would allow for the desired bacteria’s growth.

5.3 Anaerobic Species Characterization

The anaerobic characterization provided additional problems of maintaining
bacterial growth under anoxic conditions. While the growth chambers used in this
research did provide anoxic conditions, the growth of the bacteria in the agar plated were
more difficult to achieve. The one anaerobic species identified through PCR was the
Pseudomonas aeruginosa, which is a facultative bacterium. A pure culture of the
pseudomonas was achieved using the plate count method, however again it may have
allowed the faster metabolic organisms to produce colonies first, thus out-competing the
slower iron reducing bacteria. The PCR analysis bacteria was again obtained from
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Figure 24. Comparison of Grain Size Distribution and CFU Plate Counts
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Figure 25.Comparison of Grain Size Distribution and Water Content
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AEROBIC SPECIES
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Unknown bacterium - thiobacillus

Figure 28. Aerobic Bacterial Species Identification

Representative iron-precipitating and -oxidizing bacteria.

Thiohacillus 0_/"\_,4-\_,» Pseudomonal-like

flagella

Leptothrix E f E Z S Encrusted sheath
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Gallionella W Encrusted ribhon
Suifolobus Gj QQ Multishaped

Crenothrix E E E E ] Fe{OH)3 sheath

A

Figure 29. Morphology of Some Iron-Precipitation/Oxidizing Bacteria™®
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Soil Sample

e —— | ANAERCBIC SPECIES | Unknown bacterium — thiobacilus

Okaloosa Co. - pure culture Liberty County — mixed culture

==
Unknown hacterium —thiobacillus
Walton County — mixed culture

Unknawn bacterium — hacilus
Gadsden County — mixed culture

Figure 30. Anaerobic Bacterial Species Identification

Okaloosa County as was the aerobic species. The mixed culture species were obtained
from Gadsden, Liberty, and Walton Counties (Figure 30). Liberty and Walton Counties
both have similar bacteria that resemble a thiobacillus, an iron reducing strain. Gadsden
county samples contained a bacillus-like bacterium that was also gram positive. The
Walton County bacteria were a gram-negative strain and the Liberty County bacteria
were gram-positive strains. The bacteria morphology closely resembles the thiobacillus
mentioned earlier (Figure 29) but again this is based solely on morphology and the
conducive conditions within the anaerobic growth chambers for iron reducing bacteria
proliferation.

5.4 Iron Reducing Processes

It is suspected that microbial mediated iron reduction should follow the following
reaction:

CH,O0 + 2Fe,0, +3H,0=CO, + 4Fe*" +80H" (5)
Consequently, pH of the solutions in the reactors should increase with the proceeding of
the reactions. Monitored results were consistent with above prediction except for
reactions using the soil samples collected from Holmes County. Instead of increase, pH
decreased with the proceeding of the reactions. By monitoring the pH variation, we
found that the pH of the leachate was very low for Jackson County and Walton County.
The low pH favored the iron reduction process as described above. Consequently, higher
iron release was observed for these samples.
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6. Conclusions

The characterization of the aerobic and anaerobic bacterial species present in
sixteen different landfills throughout fifteen counties in Northwest Florida identified
common soil bacteria present in the soil. A total of four bacteria were identified based on
DNA analysis using PCR. Potentially iron reducing bacteria were identified based on
morphology.

The sieve analysis of the soil samples showed a tendency for well graded soils to
favor bacterial growth. However the higher water content and higher percent fines
present in the soil showed a decreased bacterial population. The average bacterial
population from the plate count method was 5.0 x 10° CFU, which falls within the
normal range of bacterial populations in soil samples.

Based on the laboratory experiments of iron release when landfill leachate reacted
with iron rich soil under chemistry and biology conditions of Northwest Florida landfills,
ferrous iron was found to be released when landfill leachate contacted with iron rich
Norwest Florida soil in the presence of cultured iron reducing bacteria. On the other
hand, minimal ferrous iron release was observed in the absence of the cultured iron
reducing bacteria. This indicated that iron release by landfill leachate reacting with iron
rich soil was a microbial mediated process.

The ultimate goal of this research is to help understand the possible mechanisms
for elevated iron in the groundwater near landfills of concern. This research is broadly
applicable since landfills are present throughout the world and the monitoring of their
effects on groundwater supply is essential for our increased water demands.
Characterization of the microbial community as well as the geochemistry, and the soil is
an important step in evaluating possible groundwater contamination related to landfills
and possible other waste disposal sites.
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7. Future Work

We suspect that the iron release also is associated with the microbial sulphate
(gypsum) reduction processes within the landfills. The current research is focused on the
iron release when landfill leachate contacts with iron rich Northwest Florida soils. On
the other hand, the existing zero-valent metallic iron in the landfills can be oxidized by
dissolved oxygen or other oxidative substances to ferrous ion and ferric iron. The
oxidation or corrosion of zero-valent iron might also be greatly stimulated by
microorganisms. The aerobic iron oxidation may not lead to iron release to the
groundwater owing to the possible precipitation of ferric iron in the subsurface.

Once oxygen is depleted, sulphate-reducing bacteria become active, which are

also responsible for H,S production:
SO% +2[CH,0]+H" - H,S+H,0+HCO; +CO,

The sulphate reduction process is frequently linked to the anaerobic iron oxidation
process, which should be directly responsible for groundwater iron contamination. Two
iron oxidation mechanisms, indirect mechanism and direct mechanism, which may occur
simultaneously at different extents, are involved in the sulphate reduction process. The
indirect mechanism refers to the oxidation of iron by hydrogen sulfide (Fe + H,S = FeS
+ H,), while the direct mechanism is commonly attributed to sulphate-reducing bacteria
of Desulfovibrio species that can grow on organic substrate or H,. Desulfovibrio species
can obtain electrons from metallic iron in a more direct manner than via free hydrogen.
This direct mechanism is also supported by a recent discovery of a newly isolated
Methanobacterium-like archaeon that have a more direct access to electrons from iron
than via hydrogen consumption. Once sulphate concentration is low, anaerobic
methanogenic bacteria begin to dominate and CH, emission becomes obvious.

We plan to conduct further experiments to provide the possible iron release
mechanisms that are responsible for the water quality deterioration. Specifically, based
on the available iron and sulphate data, we can predict whether the iron release is
associated with the microbial mediated sulphate (gypsum) reduction within the landfills.
By further analyzing the water chemistry data such as pH, we can advance our
knowledge of iron release by screening out the direct or indirect iron release mechanisms.
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Sieve # | Grain Size (mm) | Mass of Soil Retained {g) | % of mass retained | Curmulative % Retained | % Finer
4 4.750 2.0 0.326 0.326 H99.67
10 2.000 10.6 1.727 2.052 97.9458
20 0.850 24.6 4.007 H.0G0O H3.940
40 0.425 165.5 26959 33018 GE.982
|a3] 0.250 326.9 53.250 86.268 13.732
100 0150 76.4 12,4445 98713 1.287
140 0106 5.2 0.847 H9.560 0.440
200 0.075 1.3 0.212 99.772 0.228
Fan [ fa 1.4 0.228 100.000 0.000

H13.9 100.000
120

110
100

% Finer Than

10

'
-1

Particle size {(mm)

Bay County Sieve Analysis

Sieve # | Grain Size (mm) | M of Soil Retained {g) | % of mass retained | Cumulative % Retained | % Finer
4 4.750 1.5 0.218 0.218 100
10 2.000 5.8 0.987 1.205 H5.795
20 0.850 7.6 10.395 11.600 88.400
40 0.425 2511 36.455 48.055 51.9445
GO 0.250 207.8 30168 T8.223 21.777

100 0150 855.4 12.834 91.057 85.043

140 0106 23.4 3.397 04.454 5.546

200 0.075 14.5 2104 06.559 3.441

Fan A 23.7 3.441 100.000 0.000
H58.8 100.000

% Finer Than

Particle size {mmj}

Calhoun County Sieve Analysis
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Sieve # | Grain Size {(mm) | Mass of Soil Retained (g} | % of mass retained | Cumulative % Retained | % Finer
4 4.750 15.4 2,398 2.398 98
10 2.000 5.8 1.0549 3456 HE 544
20 0.850 856 13.327 16.783 893217
40 0.425 358.0 549.737 72521 274749
50 0.250 115.3 17.951 90.472 9.528
100 0.150 40.8 H.352 96.524 3176
140 0.106 133 2.071 98.58495 1.108
200 0.075 3.7 0576 99.471 0.528
Pan A 3.4 0529 100.000 0.000
H42.3 100.000
120
F 110
F 100
- 90
- 80
r 70 =]
r B0 &
ol 5
- 40
F 30 s2
- 20
10
0
o-10
" =20
Particle size {mm)
Gadsden County Sieve Analysis
Sieve # | Grain Size (mm) | Mass of Soil Retained {g) | % of mass retained | Cumulative % Retained | % Finer
4 4.750 0.4 0.061 0.061 100
10 2.000 1.4 0214 0275 98,725
20 0.850 1.7 0.260 0535 98 465
40 0.425 7.2 1.101 1.637 98 363
[]1] 0.250 418.6 54.035 BA B2 34 328
100 0150 2171 33.211 98 883 1.117
140 0106 5.4 0.826 98 7049 0,291
200 00745 0.4 0.061 98 771 0.2249
FPan A 1.5 0.229 100.000 0.000
B53.7 100.000
120
! F 110
4--:1 Gulf County --| 100
: - S0
- 80
705
- B0 =
a0 E
F 404
30 s=
F 20
F 10
0
o-10
=20

Particle

size (mm)

Gulf County Sieve Analysis
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Sieve #| Grain Size (mm)| Mass of Soil Retained (g) | % of mass retained | Cumulative % Retained | % Finer
4 4750 6.5 1.138 1.138 a9
10 2.000 21.1 3.694 4 832 95 168
20 0.850 91.1 15.949 20781 79.219
40 0425 184.9 32370 53.151 46 849
G0 0.250 149.1 26.103 79.254 20.746
100 0.150 67.2 11.765 91.019 5.981
140 0.106 24.3 4.254 95.273 4727
200 0.075 11.4 1.995 a7 259 2731
Pan MA 15.6 273 100.000 0.000

571.2 100.000
120
F 110
F 100
- 90
F 80 g
-]
| o
H i =
J L =
: 50 =
1 - 40 =
4 F 30
1 F 20
T 10
: 0
i 0-10
S . - -20
Particle size (mm)
Holmes County Sieve Analysis

Sieve #| Grain Size (mm) | Mass of Soil Retained (g) | % of mass retained | Cumulative % Retained | % Finer
4 4.750 10.0 1.677 1.677 as
10 2.000 24.5 4109 B.787 94.213
20 0.850 86.2 14 458 20.245 79.755
40 0.425 1455 24 405 44 549 55.351
60 0.250 140.0 23482 G8.131 31.869
100 0.150 a7.5 16.354 84 485 15.515
140 0.106 40.2 6.743 91.228 5772
200 0.075 25.2 4227 95.455 4.545
Fan A 271 4.545 100.000 0.000

586.2 100.000
120
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- 100
r 90
r 80 =
r 70 =
- EU [
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Particle size (mm)
Walton County Sieve Analysis
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