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ABSTRACT

Past studies have shown similar manganese oxidation rates in Pinal Creek

for both aquatic plants and sediments. We hypothesized that biofilms are

integral in manganese oxidation processes at Pinal Creek. In this study we

characterized Mn-oxide formation on various mineral substrates and microscope

slides designed to collect biofilms in Pinal Creek, monitored biofilm formation,

and performed laboratory studies to characterize biofilm formation. Disordered

Mn-oxides similar to a natural birnessite of low symmetry was found on all

substrates studied, based on SEM/EDS analysis and EXAFS spectroscopy.

Chemical analysis of biofilm material showed concentrations of Mn, Fe, Ni and

Zn were from 15-900 times higher than in sediments. Preliminary laboratory

studies revealed changes in bacterial cell macromolecular composition including

the presence of Mn-0 stretch JR bands with Mn(II) present in solution. Poorly

crystalline Mn-oxides form due to biofilms on both biotic and abiotic substrates

and results in metal sequestering in Pinal Creek.
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1.0 INTRODUCTION

Acid-mine drainage due to mining activities has resulted in contamination

of nearby surface and ground waters in many areas. Often, metal contaminants

are released due to various ore processes providing highly acidic mine wastes.

Newly formed and existing oxides such as those containing iron (Fe) and

manganese (Mn) can play very significant roles in these systems as they

frequently control the fate and transport of metal contaminants. At Final Creek,

located north of Globe, Arizona (Figure 1-1), Mn remains the primary metal

contaminant in the perennial reach with maximum concentrations during the

1990's of 66 milligrams per liter (mg/L) (Koniecski, 1997). During the current

study period which was after remediation began, Mn(II) surface water

concentrations ranged from 1 mg/L to 5 mg/L. Four sites were studied for this

research, shown in Figure 1-1 along with typical pH values and surface water Mn

concentrations.

Although Mn is not typically the most toxic metal at mining sites, it is

important because the fate of Mn in the environment affects the movement of

other trace metals. Mn(IILIV)-(hydr)oxides (referred to hereafter as Mn-oxides)

are often active in systems where oxidation-reduction (redox) reactions control

the ground water, surface water, and sediment compositions (Bilinski et al.,

2002). The oxides provide efficient adsorption surfaces for trace metals and often

incorporate metals into the oxide mineral structures.
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J-5: pH 6.55 to 6.65; Mn 1.25 to 3.0 mg/L
LR-1: pH 6.60 to 6.85; Mn 0.75 to 1.5 mg/L
Z5.7: pH 6.75 to 7.10; Mn 1.0 to 4.0 mg/L

HFB: pH 6.95 to 7.10; Mn < 0.10 mg/L
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Figure 1-1: Location Map of Pinal Creek showing locations of the four study
sites, along with typical pH values and surface water Mn concentrations.
Perennial Pinal Creek flows north towards the Salt River.

Pinal Creek is an example where Mn-oxides readily form on surfaces

within the creek. The creek flows north to the Salt River and Roosevelt Lake, a

major water source for the Phoenix metropolitan area. Copper (Cu) mining

activities have been continuous for over the past 100 years in this area, with

open-pit mining beginning in 1948 (Best, 2002). These extensive mining activities

have caused contamination of the creek, resulting in elevated dissolved metal
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concentrations of the creek. Mine-waste, such as sulfuric acid and sulfide

minerals, was disposed of onto tailings piles and into an unlined liquid-waste

holding area, Webster Lake, from about 1940 to 1986 (Neaville and Brown, 1994).

The low pH subsurface plume from the lake seeped downward and reacted with

the underlying alluvial aquifer materials. Acid neutralization and mineral

dissolution processes released metals into solution, causing elevated levels of

dissolved Mn, Fe, Cu, cobalt (Co), nickel (Ni), and zinc (Zn) in Pinal Creek as the

wastes migrated through the aquifer down gradient from the mining area. Metal

concentrations in the perennial reach have been measured up to 80 mg/L Mn, 1.5

mg/L Ni, and 1.5 mg/L Zn, (Kay, 2000; O'Day et al., 1994), although they are

currently about 1 to 5 mg/L Mn, <90 micrograms per liter (pg/L) Ni, and <20

pg/L Zn (Corley, personal communication, 2003).

As the partially neutralized groundwater enters Pinal Creek, Mn(II) is

oxidized to produce Mn-oxides via microbial and chemical pathways (Marble,

1998; Harvey and Fuller, 1998). The typically black oxides precipitate out onto

the stream sediments, within the hyporheic zone, or the zone of mixing between

groundwater and surface water (2-20 centimeters (cm) typical thickness), as well

as onto fine material within the water column. The oxide textures vary from fine,

flocculent materials to asphalt-like concretions within the stream sediments

(Harvey and Fuller, 1998). The oxides also form among mosses, root structures
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of aquatic plants, and beneath algal mats located on sandbars and sediments

(Robbins et al., 1999).

The Mn-oxides can control the overall fate and mobility of other

potentially harmful metals by incorporation into their crystal structure either via

direct adsorption, specifically surface complexation, or co-precipitation with

oxide formation through biotic and abiotic processes. These mechanisms can

reduce the overall dissolved metal load in the creek (Fuller and Harvey, 2000;

Harvey and Fuller, 1998).

Although not generally considered a health risk, at high concentrations

Mn(II) can be toxic, even to microbes (Nealson et al., 1988). Recent studies have

suggested that exposure to high levels of Mn may lead to Parkinson disease-like

symptoms and that consumption of infant formulas with high levels of Mn may

cause learning disabilities (Keen and Zidenberg-Cherr, 1994). Therefore, it is

important to research Mn oxidation processes such as controlling factors, rates,

and microorganisms involved, and Mn availability in aquatic systems. Pinal

Creek poses an ideal site to investigate this due to its active microbial community

and mining-impacted waters.

This study is based on the premise that consortia of microbes and the

natural biofilms they form on surfaces in the creek are playing a vital role in Mn-

oxidizing processes and subsequent dissolved metal removal. These microbial

biofilms may provide microenvironments in the aquatic environment at Pinal
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Creek that allow Mn oxidation reactions to occur up to five orders of magnitude

faster than those that proceed abiotically. As biologically produced, or biogenic,

Mn-oxides are strong metal binding agents, a small-scale remediation process

may be occurring naturally within Pinal Creek.

This research combined both field and laboratory methods that focused on

three inter-related items. The first topic investigated natural biofilm formation in

Final Creek and how this affects Mn, Fe, Ni, and Zn concentrations found in

stream sediments, surface water and on glass microscope slides. The second

topic examined various mineral substrates placed in the creek that eventually

had coatings assumed to be microbially produced. The third topic involved

laboratory experiments with an aerobic, gram-negative bacterium (Pseudomonas

putida GB1) capable of biologically oxidizing Mn(II) in order to understand

growth characteristics, Mn oxidation processes, macromolecular composition

and surface adhesion behavior.

Previous studies at Final Creek have shown that rapid oxidation of Mn(II)

occurs in the presence of Mn-oxidizing bacteria (Corley, unpublished data), and

that a submerged aquatic plant, water speedwell (Veronica angallis aquatica),

appears to provide surfaces for microorganisms to colonize and cause oxidation

and metal precipitation (Robbins, 2003). It has also been shown that Mn-oxide

precipitation controls trace metal uptake and mobility at Final Creek (Hem et al.,

1989). Because toxic metals and nutrients can sorb to Mn-oxides, which are
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prevalent in Pinal Creek, processes controlling the precipitation and dissolution

of Mn could be important. Mn removal in Final Creek has a strong biotic

component, and Mn-oxidizing microbes thus have a key role in oxidation

processes. It is hypothesized that Mn oxidation occurs primarily in the biofilms

that exist on mineral and plant surfaces throughout Final Creek.

With biofilm formation, Mn oxidation, and Mn-oxide formation as the

overall theme of this research, the specific questions that will be addressed in this

study are:

1. What are the dominant microorganisms in Final Creek?

2. Is Mn oxidation occurring on biofilms?

3. What is the dominant mineral form/mineralogy of the
Mn-oxides produced on different substrates placed in Final
Creek?

4. Does the mineralogy vary with surface type, exposure length, or
time period in Final Creek?

5. Do macromolecular changes to biofilms occur as a result of Mn
oxidation in batch experiment conditions?

Monthly field sampling at Final Creek was conducted to aid in answering

the first two questions. Biofilm samples formed on glass microscope slides,

stream sediment samples, and surface water samples were collected and

analyzed to study metal concentrations and trends throughout the study period,

and to determine if Mn oxidation was occurring on biofilms. Scanning Electron
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Microscopy (SEM), Environmental Scanning Electron Microscopy (ESEM), and

Confocal Scanning Laser Microscopy (CSLM) were used to gain insight into the

microbial community at Pinal Creek. The third and fourth questions were

addressed by examining coatings formed on various crushed grains of clean

mineral substrates placed in Pinal Creek. A sonification technique was used to

remove coatings, and SEM was utilized to investigate surface structures of these

samples. Extended X-ray Absorption Fine Structure Spectroscopy (EXAFS) was

used to determine the primary mineralogy of the Mn-oxides in the coatings, as

well as material on a glass microscope slide that was placed in Pinal Creek.

Comparisons of SEM and EXAFS information was made to determine if different

Mn-oxides developed due to variances in surface type, exposure length, or time

period in the creek. The last research question was addressed by developing

batch experiments using P. putida strain GB1. Experiments with and without

Mn(II) present in solution were used to study GB1 cell surface adhesion to crystal

types composed of germanium (Ge), zinc-selenide (ZnSe) and cadmium-telluride

(CdTe). Transmission Mode Infrared (IR) Spectroscopy was used to determine if

macromolecular changes in GB1 biofilms varied with different experimental

conditions, as well to find evidence of Mn-oxide formation. SEM was used to

collect images of the biofilms formed on the three crystals, and Transmission

Electron Microscopy (TEM) was also used to determine if Mn-oxide formation

was evident.



2.0 BACKGROUND

2.1 Pinal Creek Basin and Study Site

Pinal Creek Basin, located in the central highlands of Gila County,

Arizona, includes the towns of Globe, Miami, and Claypool, and is comprised of

a surface water drainage area of 504 square kilometers (km2) (Neaville and

Brown, 1994). The Pinal Mountains, Apache Peaks, and the Globe Hills surround

the alluvial basin, with elevations ranging from 835 to 2,393 meters (m) above sea

level (Neaville and Brown, 1994). The principal unconfined aquifer in the basin

is composed of basin fill 2 to 9 km wide and 100 to 1,200 m thick, overlain by

unconsolidated alluvium that is 200 to 800 m wide and up to 50 m thick

(Eychaner et al., 1989).

Copper mining activities have occurred in the basin since 1874.

Contamination of the underlying aquifer occurred due to surface waste storage

practices, such as the release of waste solutions from leaching Cu ore with

sulfuric acid into unlined Webster Lake and onto tailings piles. At one time,

leach water from Webster Lake had a pH of 2.5 (Neaville and Brown, 1994). The

15 km long acidic water plume moved through the alluvial aquifer, causing acid

neutralization and mineral dissolution (Geiger, 1999). Dissolved metals such as

Mn, Fe, Ni, Zn, Co and Cu were released into solution and moved towards Pinal

Creek (Figure 1-1). Elevated levels of these metals were released as the

groundwater discharged into the perennial reach of the creek (Koniecski, 1997).

23
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In 1984, the U.S. Geological Survey (USGS) began documenting

contaminant migration in the Pinal Creek basin under its Toxic Substances

Hydrology Program and has collaborated with University of Arizona researchers

since 1994. The U.S. Environmental Protection Agency (USEPA) ordered

Webster Lake drained in 1986, and it was dry by May 1988. Cleanup of the

contaminated groundwater started in 1987 under the supervision of the USEPA

(Neaville and Brown, 1994). Remediation efforts began in October 1998 with

interception of the contaminated groundwater plume upstream of the head of

perennial flow. Treatment of contaminated groundwater to reduce metal

concentrations to acceptable levels was begun in November 1999 and treated

water was returned to the perennial reach. This process has greatly reduced

alkalinity and metal concentrations in Pinal Creek surface water.

2.2 Pinal Creek Characteristics

Pinal Creek flows ephemerally in the southern part of the basin, beginning

at the treatment plant. Topographical gradient changes cause water to flow as

waterfalls at the site Head of Flow B (HFB), our first study site downstream of

the treatment plant (Figure 1-1). Perennial flow occurs for about 6 km above

Inspiration Dam and continues northward to the Salt River. Normal streamflow

is around 2 to 4 cubic feet per second (cfs), but varies depending on season,

precipitation and whether the treatment plant is releasing water into the creek.
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The regional climate varies with seasonal changes and altitude although it

is considered mild and arid. Snowmelt from the Pinal Mountains contributes to

groundwater recharge along with rainfall. Mean annual precipitation is 41.9 cm

at Globe (Neaville and Brown, 1994). Withdrawals of groundwater are typically

for the mining companies and the Globe and Miami communities.

During the late 1980's and 1990's, the streambed was composed of sand

and gravel and had a 1% average slope, an average width of 2.3 m, and average

depth of 15 cm (Harvey and Fuller, 1998). However, changes to stream

characteristics such as streamflow, channel form, and vegetation occurred during

the mid to late 1990's due to a decrease in flood occurrence. Although the creek

is still a high-gradient (1%) stream, the increase in frictional resistance due to

proliferation of aquatic vegetation during 1996-1999 caused streamflow velocity

to decrease, as well as the channel to widen and become shallow (Harvey et al.,

2003). Currently, pH levels are fairly constant throughout the study reach and

vary from 6.8 to 7.4 (Corley, personal communication, 2003).

Vegetation in the basin includes phreatophytes such as mesquite, salt

cedar, and cottonwood, typical of the transition zone between the central

Arizona mountains and the hot, arid desert region of the southwestern portion of

the state. Small, seasonal and diurnal changes in water levels occur due to their

evapotranspiration processes. Shrubs, grasses and other herbaceous vegetation

are present in the lower terraces along with the salt cedar and some willows.
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Mesquite dominates the upper terrace (Robbins, 2003). Typical wetland

vegetation such as cattails, rushes, sedges, rabbitfoot grass and duckweed has

become very prevalent in the last few years along the stream corridor and within

the stream itself. This is due to decreased flood frequency and fewer numbers of

cattle allowed to graze in the area, which both effectively remove vegetation.

The increase in vegetation has also caused an increase in organic matter present

in the sediments.

A ten-year flood occurred on September 10th, 2002. The flow in Final

Creek is normally around 2 cfs but in a matter of hours, the flow had reached a

maximum of 2,310 cfs at Inspiration Dam (09498400) (Figure 2-1) (Heaton,

personal communication, 2003). The Setka Ranch received 5 cm of rain in less

than 2 hours (Setka, personal communication, 2002). The stream channel was

completely scoured down to a depth of approximately 15 cm, and bank

vegetation was either completely removed or knocked down. This flow event

provided an opportunity to monitor the recovery of the stream system due to

natural phenomena. Figure 2-1 is a hydrograph during this particular study

period. Note that the mean daily 24-hour discharge for the September 2002 event

is off the plot, but is indicated with an arrow and the value of 202 cfs (Figure 2-1).
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Figure 2-1: Daily mean discharges at Pinal Creek at Inspiration Dam near
Globe, Arizona, Study period January 2002 - May 2003. The daily mean 24-
hour discharge on September 10th, 2002 was 202 cfs, the maximum discharge
during this time was 2,310 cfs. (Data courtesy of John Heaton, USGS, Tempe,
Arizona).

2.3 Microbial population at Final Creek

The microbial population present in Pinal Creek forms a very important

community. There have been 62 types of algae, including cyanobacteria and

diatoms identified at Pinal Creek during 1991-1992 (Spindler and Sommerfeld,

1996). Microorganisms that are capable of Mn oxidation include bacteria, algae,

yeast, and fungi (Ehrlich, 1996). It is thought that Mn-oxidizing bacteria are the

dominant members of the microbial community and the primary organisms that

oxidize dissolved Mn(II) in Pinal Creek (Marble, 1998; Harvey and Fuller, 1998).
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Dr. Bradley Tebo's group at Scripps Institution of Oceanography's Marine

Biology Research Division has conducted cultivation and isolation of Final Creek

bacteria since 1998. They have used biochemical, physiological, and

phylogenetic characteristics as well as DNA sequencing to identify principal

members of the microbial community present in the creek. Bacteria identified to

date that oxidize aqueous Mn(II) to Mn-oxides are three "low G+C Gram

positive" bacteria, two "high G+C Gram positive" bacteria, or Actinobacteria,

two Gamma-Proteobacteria (gram-negative), and one Alpha-Proteobacterium

(Clement, personal communication, 2003).

Gram-negative bacteria, for example the Gamma-Proteobacteria P.putida

GB1, are more complex compared to gram-positive bacteria. Gram-negative cells

have an outer cell membrane containing complex macromolecules and their cell

wall contains little peptidoglycan, or the rigid layer of cell walls. This is in

contrast to the gram-positive cells whose cell walls consist mainly of

peptidoglycan but that lack the outer membrane of the gram-negative cells

(Madigan et al., 2003).

Previous microbial studies at site J-5 at Final Creek (Figure 1-1) using

glass microscope slides deployed monthly revealed that oxidized Mn was

associated with virtually every microorganism present, from microscopic to

macroscopic (Robbins et al., 1999). All macrophytes examined, which include

moss, algae, and water speedwell, had patches of oxidized Mn, as well as
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evidence of coated epilithic bacteria, algae, fungi, and protozoans. Epilithic

attachment occurs when organisms colonize and cause precipitation on surfaces,

whereas epiphytic attachment is colonization of organisms and precipitation on

macrophytes. Evidence of Mn oxidation associated with bacteria include oxide

precipitates around the black, doughnut-shaped holdfasts, or the structures

utilized by bacteria for surface attachment, produced by Leptothrix disco phora and

the green alga Ulothrix sp. (Robbins et al., 1999).

Mn-oxidizing organisms and Mn oxidation is fairly common in nature

wherever soluble Mn(II) exists. This suggests that there is an advantage to the

bacteria for performing this process. Although there have been few studies that

have researched this aspect, it is possible that the microorganisms gain energy

for growth, achieve metal detoxification and protection from toxic oxygen

species, as well as possible storage of an electron acceptor for anaerobic growth

as a result of Mn oxidation.

2.4 Biofilm Characteristics

A biofilm is a complex conglomerate of microorganisms, including

bacteria, algae, protozoa, fungi, and viruses that are present in their sessile, or

surface attached form of life. They are ubiquitous and occur wherever sufficient

water, and inorganic and organic substrates can be found, such as metals,

plastics, soil particles, medical implant materials, and tissues. Soon after
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attachment, they begin to excrete a slimy material of polysaccharides, lipids,

proteins, enzymes, and water called extracellular polymer substances (EPS),

hence the term "biofilm." The BPS aids in attachment to the interface and

maintains structural integrity of the biofilm by providing adhesive and cohesive

properties, as well as mechanical stability of the biofilm through hydrogen

bonds, electrostatic interactions, van der Waal forces, and binding of water. EPS

forms the space in which microorganisms are immobilized and it keeps them in

their three-dimensional arrangement, forming a coating generally at a minimum

5-10 micrometers (pm) thick that serves to protect against toxic substances.

Biofilms consist primarily of water and EPS. The water component may

often be greater than 90% and EPS may account for 50 to 90% of organic matter

in the biofilm (Donlan, 2002). Also included in the biofilm assemblage are

sorbed ions, cells, and entrapped particles and precipitates. Biofilms can perform

beneficial functions that include bioremediation of hazardous waste sites, and

biofiltering of industrial water and sewage treatment to remove contaminants

from the water. In this study, the biofilms forming in Pinal Creek act as

bioremediators by forming precipitates in the creek that remove and store other

metals in their structure. Water speedwell and other aquatic plants present in

Final Creek may also provide microenvironments near their oxygen-rich root

areas for microorganisms to colonize, form biofilms and oxidize Mn (Robbins,

2003).
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2.5 Manganese Chemistry, Oxidation and Manganese Oxides

On the surface of the earth, Mn, a transition metal, is the fifth most

abundant metal. Mn is also among the major components of the earth's crust

and Mn minerals are found in diverse locations such as deep-ocean floors, lake

sediments, and deserts (Post, 1999; Diem and Stumm, 1984). It most commonly

exists in nature with an oxidation state of II, III, or IV (Post, 1999), although it can

form any of the seven different redox states. The soluble form occurs in natural

waters as Mn(II), the biologically available free cation (Nealson et al., 1988).

Virtually all organisms require Mn in trace amounts, although Mn(II) at high

concentrations can be toxic, even to microbes (Tebo and He, 1999).

A number of different insoluble oxides and oxyhydroxides, commonly

denoted as MnOx (1<x<2), are formed with Mn(III) and Mn(IV). Equations for

three of the more commonly cited oxidation reactions are (Nealson et al., 1988):

Mn2+ + 1/202+02+ H20 <-> Mn02 + 2H+

Mn2+ + 02 ± 1 1/2 H20 E--> Mn0OH + 2H+

3Mn2+ + 1/2 02+ 3H20 <-> Mn304 + 6H+

These pH-sensitive reactions proceed fairly slowly as the activation

energy of Mn(II) oxidation is large, indicating that soluble Mn is somewhat stable

in natural waters. However, because the pH range characteristic of Earth's
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surface and most biological systems is favorable to Mn(II)/Mn(IV) redox

reactions, Mn is most likely one of the most redox active metals that biota

encounter. Although the biochemistry and reasons for these reactions are only

poorly understood, laboratory and field data show that microbes are major

catalysts of Mn cycling and are very important in its regulation (Nealson et al.,

1988).

Many different organisms oxidize Mn, including bacteria, algae, yeast,

and fungi (Ehrlich, 1996). Mn oxidation is a thermodynamically favorable

process and the surfaces of many minerals, including the Mn-oxides themselves,

catalyze the oxidation of Mn(II). Microbial Mn oxidation is most likely an

extracellular process where the oxides accumulate on slime layers or sheaths, or

they precipitate around cells, often completely encrusting them with Mn deposits

(Ghiorse, 1984).

It is likely that the oxidation of dissolved Mn in Pinal Creek is catalyzed

by Mn-oxidizing bacteria or by iron oxide coatings on the surfaces of sediments

(Harvey and Fuller, 1998). In the creek, Mn oxidation occurs in the hyporheic

zone, or the subsurface zone beneath and to the side of streams through which

streamwater is temporarily routed. Higher pH streamwater, 02, and organic

material are transferred to this zone and create local environments that favor

bacterially catalyzed Mn(II) oxidation, which are often up to 5 orders of

magnitude faster than abiotic rates (Post, 1999).
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Most of the more than 30 known Mn-oxides are brownish-black in color

and usually occur as intermixed, fine-grained, poorly crystalline, or amorphous,

masses or coatings (Post, 1999). They are ubiquitous in soils and sediments and

are frequently found in ocean nodules and on the bottoms of many fresh-water

lakes, commonly in the form of todorokite [(Na,Ca,K),(Mn4+1-x,Mn2+.)6012. 3-

4.5H20] or birnessite [(Na,Ca,K)x(Mn 4±,Mn3±)204. 1.5H20] Mn-oxide minerals.

They affect groundwater and bulk soil composition by contributing to a variety

of chemical reactions (Post, 1999), and exert principal control over fixation of

heavy metals such as Co, Zn, and Ni (Loganathan and Burau, 1973). Of interest

in this study are the birnessite-group Mn-oxide minerals. These large surface-

area minerals are chemically active and regularly undergo cation-exchange and

redox reactions. These reactions can therefore influence groundwater and soil

chemistries and associated aqueous solutions (Post, 1999).

Mn-oxides present at Pinal Creek have previously been studied using

powder X-ray diffraction (XRD) and synchrotron XRD techniques. Geiger (1999)

found a correlation between elemental Mn and trace metal elements in Pinal

Creek natural precipitates. Mn-oxide minerals that have been identified in the

creek's sediments by powder XRD analyses include birnessite, todorokite,

rancieite, hausmannite and pyrolusite (Best, 2002; Geiger, 1999; Lind and Hem,

1996). Using both powder XRD and synchrotron XRD techniques, Best (2002)



found that todorokite and birnessite are the most responsible for trace metal

uptake in Final Creek.
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3.0 BACKGROUND AND METHODS TO CHARACTERIZE BIOFILMS AND
MANGANESE OXIDES

3.1 Microscopy Techniques

3.1.1 Scanning Electron Microscopy

SEM can be a useful tool in obtaining small-scale structural and elemental

information of biological and artificial samples. SEM uses an electron beam that

is directed down on a specimen to excite X-ray emissions from elements within

the sample. Electrons scattered by the elements are collected, and they activate a

viewing screen to produce an image. A wide range of magnifications can be

obtained with SEM (15x to 100,000x), but only the surface of the object can be

visualized (Madigan et al., 2003). The depth to which the specimen is analyzed

depends on its electron transparency but is generally limited to the uppermost

few pm. SEM coupled with Energy Dispersive Spectrometry (EDS) is a powerful

tool that allows elemental composition of the samples to be obtained at point-

specific locations using X-ray photons with characteristic energies generated

from incident electrons.

The Hitachi S-2460N Natural SEM used in this research was located in the

Materials Science and Engineering Department at the University of Arizona. The

SEM was equipped with an EDS detector and a Thermo-Noran thin window.

The microscope was coupled with the Windows-based Emispec Systems

automation software, allowing for data acquisition and imaging. There are two
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modes that this SEM was equipped for and that were used for this research,

Secondary Electron (SE) Mode, and NatureMode, which uses back-scattered

electrons (BSE).

When samples required sputter coating with a thin film of heavy metal

such as gold (Au), platinum (Pt), or palladium (Pd) to provide electrical

conductivity and enhancement of the signal (Chandler and Seraphin, 2000), SE

Mode with an Everhart-Thornley detector was used. After inelastic interaction

with the sample, a low energy SE is ejected from the outer surface of a sample

atom. Using the SE detector allows for specimen morphology to be obtained

because it generates a signal within the sample due to transfer of energy from the

beam to the specimen (Chandler and Seraphin, 2000).

NatureMode, which is a higher-pressure mode, was used for the majority

of SEM sessions performed for this research. NatureMode uses a BSE Robinson

detector. BSE are electrons that escape the sample after undergoing elastic

interactions with the sample, resulting in trajectory changes. BSE electrons have

much higher energy than secondary electrons and the signals are a function of

the average atomic number (Z) of the sample. Heavier elements (higher Z

samples) produce more BSE and thus appear brighter in the image produced.

The low vacuum/high pressure (-267 Pascal (Pa)) conditions of NatureMode

allows for air to be introduced into the specimen chamber. The air molecules

disperse the electron beam, thus neutralizing charging on the specimen surface.
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This mode therefore allows samples to be investigated without sputter coating,

i.e., they are more hydrated. However, the higher-pressure mode gives poorer

resolution compared to SE Mode.

For this project, SEM proved to be a very useful instrument. It allowed for

inspection of structural and biological information of microorganisms, surface

structures of Mn-oxide coatings attached to both glass microscope slides and

various substrates deployed in Pinal Creek, as well as of different crystal types

coated with biofilms after laboratory experiments. EDS was performed on areas

of interest to obtain chemical components of the samples. EDS allows qualitative

and semi-quantitative assessment of the elemental content of a specimen, with

spatial resolution appropriate for bacterial habitats such as biofilms (Flemming et

al., 2000). When circles are present on images included in this document, this

shows the location of the EDS scan, otherwise, the scans were taken over the

whole area.

For most SEM observations, pixel resolution and beam dwell time were

set at approximately 1024 x 1024 pixels and 110 microseconds (ps), respectively,

for about 2 minutes of data collection per sample. SEM results are presented in

Section 4.2.5.1, 5.2.1, and 6.2.4. Images not included in these sections are

presented in Appendix A and B.



3.1.2 Environmental Scanning Electron Microscopy

ESEM is a type of variable pressure SEM that does not require sample

preparation, dyes, or fixation and operates under 100% humidity conditions.

ESEM's specimen chamber is differentially pumped, allowing it to operate with

up to 1,333 Pa of water vapor, thus enabling imaging of completely hydrated

specimens. Detailed analysis of intact biofilms can therefore be examined in a

fully hydrated state at high magnifications (Surman et al., 1996), for example

3,400x. This microscopy technique is similar to but more useful than SEM

NatureMode, which dehydrates the specimen, thus slightly decreasing sample

clarity. ESEM images were collected at 20 kilovolts (kV) and 7.2 millimeters

(mm) with 560 Pa of water vapor using a JEOL JEM-100CX II Electron

Microscope administered by the Biotechnology Division of Arizona Research

Laboratories Imaging Facility. The images obtained are shown in Section 4.2.5.3

and Appendix A.

3.1.3 Transmission Electron Microscopy

TEM was performed using the JEOL JEM-100CX II Electron Microscope

instrument described above. Images were typically obtained from 8,000x to

40,000x magnification. TEM results are presented in Section 6.2.3.
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3.1.4 Confocal Scanning Laser Microscopy

Another microscopy technique used in this study is CSLM. CSLM can

provide excellent, detailed information about biofilm structure and function

(Flemming et al., 2000). CSLM allows for nondestructive, in situ analysis of

living, fully hydrated biofilms that do not require chemical fixation. Optical thin

sections can be obtained with CSLM as well as sagittal (xz) spatial plots and

depth measurements (Costerton et al., 1995). Specific fluorescent probes can be

used to investigate structure and architecture of biofilms. Different structures

will return fluorescent signals depending upon their composition. For example,

cell wall material will fluoresce green while chloroplasts will fluoresce red at

certain wavelengths. It is also possible to show distributions of cells, void spaces

and water channels with CSLM, which are typical of biofilm structure (Costerton

et al., 1995).

As a computerized microscope, CSLM combines a laser light source to a

light microscope, allowing for the generation of three-dimensional digital images

of microorganisms. A mirror directs the reflected laser beam through a scanning

device. The laser beam is then directed through a pinhole that precisely adjusts

the plane of focus of the beam to a given vertical layer within a specimen. By

precisely illuminating only a single plane of the specimen, illumination intensity

drops off rapidly above and below the plane of focus, and because of this, stray

light from other planes of focus are minimized. Thus, in a relatively thick
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specimen such as a microbial biofilm, not only are cells on the surface of the

biofilm apparent, as would be the case with conventional light microscopy, but

cells in the various layers can also be observed by adjusting the plane of focus of

the laser beam.

When the laser light source scans onto the sample, absorption of light

occurs within 1-10 nanoseconds. The molecule (generally polyaromatic

hydrocarbons or heterocycles) enters an excited state in a small region within the

molecule called a fluorophore or fluorescent dye. The fluorescent probe is a

fluorophore designed to localize within a specific region of a biological specimen

or to respond to a specific stimulus. The same fluorophore can be repeatedly

excited and detected. The molecule then returns to the ground state, emitting a

photon. The optical filter, dye, or probe isolates the emission photons. Light

from the fluorescent dye is emitted into the microscope objective lens, reflected

off the mirror through the pinhole aperture and into a photomultiplier tube.

Intensities of light from the individual scan points on the specimen are put into a

two-dimensional image using the image monitor.

Investigation of samples using CSLM was performed with a Leica TCS-4D

Confocal microscope run by the Biotechnology Division of Arizona Research

Laboratories Imaging Facility at the Arizona Health Sciences Center. The CSLM

was equipped with an argon-krypton laser with the capability of excitement of

fluorescent dyes with fluorescein isothiocyanate (FITC) (green) wavelengths at
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488 nanometers (nm), tetramethyl rhodamine isothiocyanate (TRITC) (red) with

568 nm wavelengths, and 647 nm wavelengths. FITC/TRITC probes were used

to visualize biofilm communities. Lenses on the microscope included 5x, 10x,

20x, 40x, 40x oil immersion, and 100x oil immersion. Digital image processing

was performed with the accompanying software package SCANWARE 5.10b.

Images collected with CSLM are shown in Section 4.2.5.2 and Appendix A.

3.2 Spectroscopy Techniques

3.2.1 Extended X-ray Absorption Fine Structure Spectroscopy

Identification of the minerals in most Mn-oxide samples is often difficult

as they are typically amorphous. Thus, many techniques such as powder XRD

need to be supplemented with other methods such as TEM or EXAFS to truly

distinguish between crystal structures as they are often similar for many of the

Mn-oxides. EXAFS was used in this project to identify the local structure of Mn

sorbed onto grains placed in Pinal Creek, as well as on biofilm material attached

to a glass microscope slide present in the creek. Samples were run at Stanford's

Synchrotron Radiation Laboratory (SSRL) in Menlo Park, California, a national

user facility operated by Stanford University on behalf of the U.S. Department of

Energy, Office of Basic Energy Sciences (see Acknowledgements).

EXAFS analysis provides information on the local structure of the

absorbing element such as an atom's oxidation state, what other atoms are bound
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to it locally (coordination environment), and what sort of a solid the atom occurs

in, i.e., an atomic fingerprint. EXAFS spectroscopy involves the use of a

synchrotron, an oval shaped sub-atomic particle accelerator, which allows ultra-

narrow, ultra-bright and intense monochromatic X-ray beams to be directed at a

sample. When an electron from a core-level shell in an atom becomes excited at a

characteristic energy (the absorption edge), it is ejected from the absorbing

element in the sample. When the photon energy of the X-ray beam is increased

in the range of -50 to 1000 electron volts (eV) above the absorption edge of the

element of interest in the sample, the electron is scattered by the surrounding

atoms. Oscillations are produced from the interference between outgoing and

backscattered photoelectron waves. The absorption edge and the associated fine

structure can be analyzed to determine the local structure around the atom

within a molecule or solid.

Unlike conventional X-ray techniques such as XRD, which identifies

crystalline minerals, or those that contain well-formed particles of regular

symmetry, EXAFS analysis is an effective method for detection of phases and

elements at much lower concentrations and/or that are amorphous. Thus,

EXAFS can effectively provide structural information about specific elements in

complex matrices at low concentrations.
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3.2.2 Attenuated Total Reflection/Fourier Transform-IR Spectroscopy

Attenuated Total Reflection/Fourier Transform-Infrared spectroscopy

(ATR/FTIR), a non-destructive, in-situ, real-time technique, was used to initially

study bacterial adhesion and development of biofilm in a flow-through system

using P. putida GB1. ATR/FTIR allows the user to record the appearance of

certain bacterial chemical groups on the surface of an internal reflection element

exposed to the aqueous phase, in this case, a Ge crystal. Determination of

chemical composition is achieved by collecting IR absorption bands from

macromolecules such as the typical amide I and amide II linkages from proteins,

and polysaccharides C-0 stretching bands of the biofilm's EPS. Biological

structures can be clearly distinguished from the position and intensity of the JR

bands. Thus, JR spectra can detail the physiological state of the microorganisms

within the biofilm. Furthermore, inorganic deposits such as Mn-oxides can also

be detected by their JR spectrum (Schmitt and Flemming, 1998).

An initial attempt at an ATR/FTIR experiment did not prove successful

due to an air bubble passing through the flow system, sloughing off what

bacteria had previously attached to the Ge crystal. Therefore, simpler batch

experiments were performed using Transmission Mode JR spectroscopy to test

P.putida's attachment and biofilm formation on negatively-charged JR

transparent Ge, ZnSe, and CdTe crystal windows.



3.2.2.1 Transmission Mode Infrared Spectra

Transmission mode is the most common applied method of FTIR

spectroscopy. It allows for surface coatings to be removed from their support,

and aqueous suspensions to be used as well in order to collect spectra. The

samples can be dried onto the JR windows, or the test coupons themselves can be

used for direct biofilm investigation in transmission mode (Schmitt and

Flemming, 1998), both of which we have done in this study.

For spectral collection after each experiment, SpectraTech  JR transmission

windows were used to hold the crystal windows that were placed in a Nicolet

Magna-IR 560 Spectrophotometer E.S.P with OMNIC Software. The

spectrometer was purged with air for at least 40 minutes to remove any CO2 or

H20 before JR spectra were obtained. Transmission mode JR spectra were

collected by averaging 400-scans at 4 cm-1 resolution for each coated crystal type

for each experiment.
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4.0 CHAPTER 1— MONITORING BIOFILMS IN FINAL CREEK
Four different sites at Final Creek were studied for sediment and surface

water Mn, Fe, Ni and Zn concentrations, and three sites for metal concentrations

within biofilm material formed on glass microscope slides from January 23rd ,

2002 through May 29th, 2003. Various microscopy techniques such as SEM,

ESEM, and CSLM were used to become familiar with the microbial community

present at Pinal Creek, and to investigate any other significant structural

occurrences with the material coating the glass slides.

4.1 Sample Preparation, Collection and Analyses

4.1.1 Materials

Water used in the laboratory to prepare solutions and clean labware was

purified using a Milli-Q water purification system (Millipore Corporation,

resistivity 18.2 MS-� cm). Solutions were made using reagent grade chemicals

unless otherwise noted. Typically, if plastic bottles were used, they were high-

density polyethylene (HDPE) (Nalgene). Prior to use, bottles and glassware were

acid washed. The acid washing process included first rinsing the items with

Milli-Q water, soaking in 4M reagent grade HNO3 (J.T. Baker) for at least three

hours, rinsing with tap water, and then repeating final rinses with Milli-Q water

at least three times. Items were dried in an oven (VWR 1630) at 90-100°C,

covered appropriately and stored until further use.
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4.1.2 Biofilm Sampling Procedures

To learn about the microbial community at Pinal Creek, a biofilm

sampling technique was developed. These samples were used for the collection

of biofilm biomass and other compositional analyses, and for SEM and CSLM

investigations. Sampling frequency was typically on a monthly basis from

January 2002 through May 2003.

Standard pre-cleaned glass microscope slides (Gold-Seal Products) with

dimensions 75mm x 25mm x 1mm (length x width x thickness) were deployed

and collected at the following four sites, from most upstream to downstream:

HFB, Z5.7, LR-1 and J-5. From HFB to J-5, the study reach spanned

approximately 1.5 km (Table 4-1 and Figure 1-1). The University of Arizona or

the USGS has studied all of these sites previously. Site HFB has consistently

been found to contain very constant metal concentrations, pH levels, and other

water quality parameters. Therefore, results are presented for this site based

only on sediment metal concentrations, pH, visual observations at the site, and

some microscopic characterizations, i.e., no biofilm samples were processed for

this site.



Table 4-1: Distances in meters downstream of site HFB and coordinates

Site name
Meters

Downstream of
HFB

Latitude, N Longitude, W

HFB 0 33°3236" 110°5236"
Z5.7 500 33°32'50" 110°5243"
LR-1 1170 33°3306" 110°5307"

T-5 1470 33°33'10" 110053'14"

Depending on site, two deployment and sampling methods were used

with the microscope slides for the majority of the study period, although other

methods were tested early on in the research. These earlier techniques included

deployment of slides at all sites as pairs, i.e., as two clean slides back to back.

This method will be denoted as "double-sets" of slides. The double-sets of slides

were then tied together with 20-gauge wire, allowing enough extra wire to wrap

around wooden stakes or rods installed at each site.

After attachment to the stakes, slides were allowed to float freely in the

water column, but at times came to rest on the creek bottom at the sediment-

surface water interface depending on site. This method was used at the start of

the project at all four sites, but only continued at site HFB for the entire study

period. To begin with, one to two sets of slides were placed at each site, with

triplicate sets deployed beginning November 2002 at site HFB and continuing

through April 2003.
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A different sampling method was used at the remaining three

downstream sites similar to that described by Nelson et al. (1999) (Wilson et al.,

2001; Dong et al., 2000; Nelson et al., 1999). This was done because it was desired

to collect multiple sets of slides that were exposed to similar conditions, or that

were deployed very close to one another. Starting in August 2002, Fluoroware

high-density polyethylene slide holders (Entegris) were used for slide

deployment (Figure 4-1). Double-sets of slides were placed in these holders with

at least two empty spaces in between the next set to allow water circulation

between the slides. The slides were arranged such that the length of each slide

was horizontal and parallel to the edge of the slide holder. This biofilm sampling

method has been shown to be relatively consistent from slide to slide (Nelson et

al., 1999), thus allowing different slides to be used for different analyses. To hold

the slide sets to the slide holders, two small beads of silicone gel were placed on

each end of the slides and allowed to dry completely. Two pieces of 20-gauge

wire were placed on each end of the slide holders for attachment at each site.

These procedures were done the day before sampling.
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Figure 4-1: Fluoroware slide racks used for slide deployment in Pinal Creek

To deploy the slide holders at each site, each slide holder was carefully

submerged in the water and allowed to rest on the creek bottom. The holders

were placed such that the long faces of the slides were parallel to streamflow

(Figure 4-2). The two pieces of wire contained on each end of the holders were

tied to wooden stakes or rods present at each site. Flagging tape was tied to each

stake to allow for relocation of the samples in the field. This technique proved

very effective and allowed many sets of slides to be deployed at one time in close

proximity to one another.
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Figure 4-2: Photo of slide holder deployed in Pinal Creek
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When removing biofilm-covered slides from Pinal Creek, great care was

taken in handling the samples, allowing as little movement as possible to avoid

dislodging any loosely attached components. Slide holders were removed from

the water by carefully untying the wire from the stake and pulling the slide

holder straight out of the water. The biofilms on the slides were kept moist by

immediately filling the storage containers with the slide holders slightly above

the slides with creek water. On days where the ambient air temperature was

above 16°C, the samples were placed in a cooler with ice packs until they were

returned to the laboratory refrigerator and stored at 7-9°C.

Oftentimes during slide collection, slides had moved from their initial

positions and were frequently found covered by algal mats and/or precipitates

and nearby water speedwell. All of these changes occurred after slide

deployment, thus they were uncontrollable phenomena. Results may have been

affected due to these changes.

Upon return to the lab, slides were carefully removed from the slide racks

and placed as individual double-sets into 50-mL polypropylene conical

centrifuge tubes (Falcon-Becton Dickinson). The tubes were labeled

appropriately with site name, position in slide rack, slide deployment date, and

slide collection date. The empty slide racks were rinsed of all large material,

soaked in water with a small amount of Alconox detergent, and cleaned

thoroughly with angled brushes and a toothbrush for small areas. Slight staining
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of the slide holders occurred over time due to the precipitation on the surface of

the holders, but it was felt that they were adequately cleaned each time and so

were re-used on future field dates. Enough slide holders were in possession such

that a new, clean set could be placed out in the creek at each site at the time of

the previous month's holder collection.

Table 4-2 describes specifics about slides deployed at the four sites for

each time period, when they were collected, and what analyses were performed

on each particular sample. Note that at times slides were collected but no

analyses performed. These samples were stored in the refrigerator in case

further analyses were to be conducted.



Table 4-2: Deployment and collection dates and analyses performed on glass
microscope slides present in Pinal Creek for various time periods from
January 2002 through May 2003.

Site Date in Date out Analyses Performed

w \ .,1 	 0,1 0,	 ,,t,$0444e
HFB 1/23/2002 2/28/2002 total metals slide extractions
LR-1 1/23/2002 2/28/2002 total metals slide extractions
J-5 1/23/2002 2/28/2002 total metals slide extractions

HFB 3/19/2002 4/22/2002 confocal microscopy; total metals slide extractions
Z5.7 3/19/2002 4/22/2002 total metals slide extractions; ESEM; confocal microscopy
LR-1 3/19/2002 4/22/2002 total metals slide extractions
J-5 3/19/2002 4/22/2002 confocal microscopy

HFB 3/19/2002 5/20/2002 total metals slide extractions
Z5.7 3/19/2002 5/20/2002 SEM; total metals slide extractions
LR-1 3/19/2002 5/20/2002 confocal microscopy
J-5 3/19/2002 5/20/2002 total metals slide extractions

HFB 4/22/2002 7/8/2002
LR-1 4/22/2002 7/8/2002
J-5 4/22/2002 7/8/2002

HiFB 5/20/2002 7/8/2002
Z5.7 5/20/2002 7/8/2002
LR-1 5/20/2002 7/8/2002
J-5 5/20/2002 7/8/2002 SEM

HFB 7/8/2002 7/22/2002
Z5.7 7/8/2002 7/22/2002 confocal microscopy
LR-1 7/8/2002 7/22/2002
J-5 7/8/2002 7/22/2002

FIFB 7/22/2002 8/19/2002
Z5.7 7/22/2002 8/19/2002 confocal microscopy
LR-1 7/22/2002 8/19/2002
J-5 7/22/2002 8/19/2002

FIFB 7/22/2002
Z5.7 7/22/2002
LR-1 7/22/2002
J-5 7/22/2002 samples lost in large flow event 9/10/02

HFB 8/19/2002
Z5.7 8/19/2002
LR-1 8/19/2002
J-5 8/19/2002

LR-1 8/19/2002 11/7/2002 SEM
HFB 9/24/2002 11/7/2002
HFB 11/7/2002 12/19/2002
1-11FB 12/19/2002 1/22/2003
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Table 4-2 (continued): Deployment and collection dates and analyses performed
on glass microscope slides present in Pinal Creek for various time periods from
January 2002 through May 2003.

Site Date in Date out	 Analyses Performed
Samples as  knible sets of,'MjdOi:

HFB 8/27/2002 5/29/2003
LR-1 8/27/2002 11/7/2002	 biofilm biomass
J-5 8/27/2002 11/7/2002	 biofilm biomass

LR-1 9/19/2002 11/7/2002	 SEM; biofilm biomass
J-5 9/19/1902 11/7/2002	 biofilm biomass

HFB 9/24/2002 11/7/2002
Z5.7 9/24/2002 11/7/2002	 SEM; biofilm biomass
I-11FB 11/7/2002 12/19/2002
Z5.7 11/7/2002 12/19/2002 biofilm biomass
LR-1 11/7/2002 12/19/2002 biofilm biomass
J-5 11/7/2002 12/19/2002 biofilm biomass

HFB 12/19/2002 1/22/2003
Z5.7 12/19/2002 1/22/2003	 biofilm biomass
LR-1 12/19/2002 1/22/2003	 biofilm biomass
J-5 12/19/2002 1/22/2003	 biofilm biomass

HFB 1/22/2003 2/26/2003
Z5.7 1/22/2003 2/26/2003	 biofilm biomass
LR-1 1/22/2003 2/26/2003	 biofilm biomass
J-5 1/22/2003 2/26/2003	 biofilm biomass

I-1FB 2/26/2003 3/31/2003
Z5.7 2/26/2003 3/31/2003	 biofilm biomass
LR-1 2/26/2003 3/31/2003	 biofilm biomass
J-5 2/26/2003 3/31/2003	 biofilm biomass

Z5.7 2/26/2003 4/30/2003	 biofilm biomass
LR-1 2/26/2003 4/30/2003	 biofilm biomass
J-5 2/26/2003 4/30/2003

I-114 13 3/31/2003 4/30/2003
Z5.7 3/31/2003 4/30/2003	 SEM; biofilm biomass
LR-1 3/31/2003 4/30/2003	 SEM; biofilm biomass
J-5 3/31/2003 4/30/2003	 SEM; biofilm biomass

Z5.7 2/26/2003 5/29/2003	 biofilm biomass
LR-1 2/26/2003 5/29/2003	 biofilm biomass
J-5 2/26/2003 5/29/2003	 biofilm biomass

Z5.7 3/31/2003 5/29/2003	 biofilm biomass
LR-1 3/31/2003 5/29/2003	 biofilm biomass
J-5 3/31/2003 5/29/2003	 biofilm biomass

FITE 4/30/2003 5/29/2003
Z5.7 4/30/2003 5/29/2003 LOST
LR-1 4/30/2003 5/29/2003	 biofilm biomass
J-5 4/30/2003 5/29/2003	 biofilm biomass



4.1.3 Sediment Sampling Procedures

Monthly sediment collection for this particular study did not begin until

November 2002. However, Robbins (2003) collected sediment samples beginning

September 2001 (Robbins, 2003). Non-cemented sediment grains from the top 10

cm of the streambed were collected near slide racks. Any water present was

decanted from the sample and large plant debris and cobbles were discarded.

Sediments were placed in 50-mL plastic centrifuge tubes until processed for

metals analysis. Single sediment samples at each site were collected monthly

from November 2002 through January 2003. Duplicate sediment samples in close

proximity to one another from each site were collected each month from

February 2003 through May 2003.

4.1.4 Surface water sampling procedures

Surface water samples were collected on a monthly basis near sediment

sampling locations. The collected sample was filtered in the field with a 0.45 tirn

disposable filter and stored in a 30-mL HDPE bottle. Samples were placed on ice

until return to the laboratory. Samples were acidified with concentrated HNO3

to a final concentration of 0.2% shortly after returning to the lab. Samples were

stored in a refrigerator until analysis.
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4.1.5 Biofilm Composition Analysis

4.1.5.1 Biofilm Biomass

To determine biofilm dry weight, organic biomass, inorganic biomass, and

the total amount of metals present in biofilm samples, a modification of APHA

(1998) Section 10300 C was used (APHA, 1998). A similar biofilm drying method

is outlined in Palanichamy (2002). Until processing, slides were stored in

individual centrifuge tubes and refrigerated at 7-9°C. Small glass petri dishes

(VWR-Scientific) with covers and 47 mm Whatman glass fiber filters were pre-

fired at 500°C overnight in a box furnace (Lindberg/Blue). Glass fiber filters

were weighed using a Mettler Toledo UMX2 analytical balance (0.1 pg readout

and 100 p.g low range) and placed in individual labeled petri dishes until ready

to use.

Each glass slide was carefully scraped using a razor blade to remove the

biofilm material. To ease in this removal, the slides were momentarily re-wetted

in Milli-Q water. The material from the razor blade was then gently removed

using only one side of the individual filters. The procedure was done over a new

piece of aluminum foil for each sample to recover any material dropped off the

slide. The filters were placed into the petri dishes and covered loosely with

aluminum foil. The samples were dried overnight at 105°C, cooled to room

temperature, and weighed for dry weight. Samples were then ignited for at least

12 hours at 500°C in the aluminum foil covered petri dishes. What remained on
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the filters after the firing process was inorganic biomass and any non-biomass

debris, both including metals, whose mass was determined by weighing the filter

after combustion and subtracting out the clean filter mass.

The non-biomass debris could include colloidal deposits, which would

contribute to the overall biofilm biomass. However, it is assumed that this is

only a small fraction of what would be firmly attached to the slide and thus

available for analysis, i.e., it was assumed the colloidal material would only

briefly come in contact with the slides. Therefore, the material that was extracted

is denoted as biofilm. The organic biomass was determined from the difference

between the dry weight and the inorganic debris. The percentage of organic or

inorganic material was calculated as the organic biomass or inorganic debris

percentage of the total dry weight. The majority of the samples were processed

as triplicates, and sometimes more, for each site and time period, although at

times there were only one or two samples. Data used in figures and tables in the

text are presented as average values ± one standard deviation.

4.1.5.2 Total metals extractions of filters

To determine the total amount of metals present on the glass fiber filters, a

procedure that extracted metals and Mn-oxides from the fired material was

performed. The filters were placed material side down into petri dishes and a

known amount (by weight) of 2N HNO3 was added to cover the filters. This acid
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digestion of biofilms was also used by Palanichamy (2002). The solution was

gently swirled around multiple times during the extraction period of 24 to 36

hours. Once the process was over, the solution was swirled again, removed with

a syringe, and filtered through a 0.45 pm filter into individual 5 or 10-mL

polyethylene vials. The supernatant, or the clear fluid remaining above a

sediment or particle, was analyzed using a Perkin-Elmer Model 3100 Flame

Atomic Absorption Spectrometer (FAAS) or an Agilent 7500a Inductively

Coupled Plasma Mass Spectrometer (ICP-MS) (Section 4.1.7) for total metals

concentrations (Mn, Fe, Ni, Zn).

Total metal content (microgram (pg) metal present per gram (g) organic

biomass) was determined by the following equation:

pg metal	 (pg/L metal )* g (= mL HNO 3 added) „ 1L
g organic biomass	 g organic biomass 	 1000g

In most cases, as mentioned above, three sets of slides were processed per

site per time period. Metal concentrations used for biofilm samples for figure

and table creation within the body of the text are therefore averages of these

values. An entire set of data, as well as averages and when applicable ± one

standard deviation are listed in Appendix C.



4.1.5.3 Total metals extractions of slides

Prior to using the biofilm biomass scraping method (Section 4.1.5.1), slides

present in Final Creek from January to May 2002 were analyzed with a total

metals slide extraction procedure. This technique did not involve any organic or

inorganic mass estimations, thus the results can only be related to the surface

area of the slides.

Similar to Dong et al. (2000), approximately 15-mL 0.1 M hydroxylamine

HCL (NH2OH.HCL) (J.T. Baker-Baker Analyzed Reagent Crystal) with 50 mM

trace metal grade HNO3 was added to individual centrifuge tubes containing

slides from the field to remove Mn-oxides (Dong et al., 2000). Tubes were

mounted on a rotisserie shaker for 24 hours to expose all areas of slide to the

extraction solution. Supernatant was filtered with 0.45 pm disposable filters and

placed into 5 or 10-mL vials. These samples were run using FAAS for Mn and Fe

and for Mn, Fe, Ni and Zn with ICP-MS.

Total metal present per surface area of slide (pg metal/cm2) was by:

pg metal = ( pg/L metal) * g (= mL NH 2 0H added)	 1L

CM 
2

3 inches * 
2.54 cm * 1 inch * 154 cm 2 54 cm 1000 g

inch	 inch

During the first few months of this study (January to May 2002), typically

from one to two samples were processed to obtain these data. After this time, the

same samples and methods as described in Section 4.1.5.1 and 4.1.5.2 were used
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to acquire these data. Data used in the text are the averages ± one standard

deviation (when applicable) of these data. The full set of values reported for

these analyses are in Appendix C.

4.1.6 Sediment and Surface Water Analysis

Sediment analysis procedures were based upon a modified extraction

method used by Robbins (2003). The method is designed to use hydroxylamine

HC1 as a strong reducing agent to release Mn bound to Mn-oxides and other

metals associated with the oxides. Upon return to the laboratory, sediments

collected from Pinal Creek were placed into glass beakers and allowed to dry at

100°C for at least 24 hours. The material was then sieved using a 1 mm

polyethylene soil sieve. The sediments that went through the sieve were placed

into 60-mL HDPE bottles and weighed for dry weight. A known amount (by

gravimetric measurement) of 0.1 M hydroxylamine HC1 with 50 mM trace metal

grade HNO3 was added to cover the sediments by approximately 13 cm,

typically about 15 to 20-mL.

The bottles were placed on a shaker table at low speed for three hours,

and then the material was allowed to settle overnight before filtering. A syringe

was used to remove the supernatant, which was then filtered using a 0.45 pm

filter into 5 or 10-mL vials. Analysis with FAAS or ICP-MS for Mn, Fe, Ni, and
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Zn was performed on the supernatant. Total metal content (pg metal per mg dry

sediment) for these samples was determined by the following:

pg metal ( pg/L metal) * g (= mL NH 2 OH added) 1L 
g dry sediment —	 g dry sediment	 1000 g

When duplicate samples were collected, final sediment results are

reported and used in the text as the average of these samples. Complete data

sets of averages are included in Appendix C.

In some cases, it was necessary to average ICP-MS data for sample

prepared using different dilution factors to obtain final concentration values. In

all cases, the calculated amounts were within approximately 1-1 1/2 `)/0 of each

other, or within the calibration range of the instrument.

Surface water samples were analyzed with ICP-MS for Mn, Fe, Ni and Zn.

However, it was apparent that Fe data were not reliable with this analysis

method (see Section 4.1.7). All final surface water sample results are found in

Appendix C and are presented as mg or pg metal/L water.

4.1.7 Microscopy Preparation

4.1.7.1 Scanning Electron Microscopy

Due to the biological nature the biofilm material present on glass

microscope slides, it would normally be necessary to prepare the sample prior to
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viewing in the SEM. These techniques often require tedious steps such as water

elimination using freeze drying, critical point drying, or chemical methods, all

without distorting the original structure. Due to the variable pressure mode

option on the microscope used, the SEM technique used for certain portions of

the research allowed for the extensive sample preparation to be avoided. This

was accomplished by putting the SEM in NatureMode, therefore allowing

samples to be investigated without sputter coating. NatureMode was used on all

slide samples with a few exceptions noted in Appendix A.

4.1.7.2 Confocal Scanning Electron Microscopy

Analyses of glass microscope slides on samples contained at all sites in

Pinal Creek for various time periods from March 19th through May 20th, 2002

were performed using CSLM.

4.1.7.3 Environmental Scanning Electron Microscopy

ESEM was performed on a slide sample left at site Z5.7 in Pinal Creek

from March 19th through April 22nd, 2002. The images obtained are shown in

Section 4.2.5.3 and Appendix A.

4.1.8 Sample and Data Analysis

A number of biofilm biomass, sediment, and total metals slide extraction

samples were initially analyzed using FAAS. Appropriate sample dilutions
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using 1% (v/v) HNO3 were performed as needed to stay within the linear

detection ranges of the FAAS for each particular metal. Dilutions were prepared

gravimetrically using Eppendorf pipettes and stored in either 5 or 10-mL vials.

Quality control was monitored for all chemical analyses with FAAS by running

calibration solutions before and periodically during each instrument run.

Typically, a calibration standard was run every 10-15 samples to check

instrument performance. The mode on the FAAS was set such that triplicate

analyses were performed on each sample. Results for FAAS are ± 7%.

Beginning in April 2003, the sample types mentioned above as well as

surface water samples were sent to Michael Kopp lin at the Hazard Identification

Core Laboratory at the University of Arizona (see Acknowledgements) for metal

analysis using the ICP-MS. ICP-MS was used because it can detect metal

concentrations at much lower concentrations. Method detection limits for the

ICP-MS are < 1 part per billion (ppb) and results are ±15%. ICP-MS data were

typically received only containing the raw ICP-MS data counts. These raw data

were reduced to obtain metals present as concentration values, either in mg/L or

pg/L. ICP-MS data reduction and correction steps are detailed in Appendix E.

It became apparent that there were large discrepancies in some of the data

analyzed by ICP-MS versus the same samples run on FAAS. This is due in part

to problems with matrix effects with the samples analyzed using ICP-MS. ICP-

MS looks at a mass fragment of +1 ion in plasma at 5,000-8,000K. At this
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temperature, everything ionizes and many elements can experience polyatomic

recombinations. These problems stem from the plasma gas and associated

atoms, the solvent and associated reagents and the sample matrix (Townsend,

2000). As a result, additional complexes may form in the plasma or interface

region that can add up to the same atomic weight of the particular metal isotope

that is being analyzed for, particularly for the first row transition metals. For

example, K and 0 can combine and add up to 55, which is also the metal signal

for Mn. Ca can form CaOH, which is a well known interference in Fe(57)

analyses, or Ar can combine with 0 to interfere with the Fe(56) isotope.

Consequently, one needs to know what is present in the system that can add up

to the isotopic signal of interest (Townsend, 2000). It is also possible that

analytes that are being measured are actually forming complexes with other

constituents, thereby reducing their overall signal counts at the specified mass.

As a result, the ICP-MS data received from the Hazard Identification Core

Laboratory in some cases appears to be approximately 10 to 15% lower than

FAAS analyses, which does not have matrix effects such as these. These matrix

effects are apparently very important for our Fe surface water data.

Due to the discrepancy in surface water data, and potentially other

samples, re-analysis and spot checks of samples was performed. Surface water

samples were spot-checked using FAAS for Mn and a Perkin-Elmer Model 3100

Graphite Furnace Atomic Absorption Spectrometer (GFAAS) for Fe, Ni and Zn.



64

The Ni and Zn surface water data appear to be unproblematic. Based on

statistical analyses, Final Creek surface water collected from July 2001 through

May 2003 that were analyzed for Mn are typically 7.5 to 15% lower in ICP-MS

analyses. However, given the combined errors for each sampling and analysis

technique and instruments, these ranges produce data in fair agreement.

Therefore, using Mn analyzed with ICP-MS for surface water is justified.

It was decided to use USGS Fe surface water data collected at Pinal Creek.

The samples were analyzed using a Thermo Jarrell Ash "IRIS AP-DV-ER-5

Advantage ICP-OES (optical emission spectroscopy) at the USGS in Menlo Park,

CA. Pinal Creek stream water samples (<0.45 p.m filtrates) were analyzed by this

instrument. Samples required 6-fold dilution (1000 pi.L sample + 5000 ilt 1%

(v/v) trace metal garde nitric acid) because of problems with salting out effects

from the high dissolved solids in Pinal Creek water, primarily calcium and

sulfate that impact sample nebulization into the plasma. Fe surface water

concentrations are < 130 pg/L (courtesy of Chris Fuller, USGS, Menlo Park, CA).

For sediment samples collected and analyzed with both methods, data

from this study as well as sediment data from Robbins (2003) were used for

comparison methods. Additional spot checks were also run on FAAS. The data

were also examined in depth, and it was found that the ICP-MS Mn, Ni and Zn

sediment data are acceptable, as well as Fe, although an additional problem
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needs to be considered. For Fe concentrations < 1 mg/L in sediments, it appears

as if the ICP-MS readings are very low compared to the FAAS. Fortunately, all

Fe supernatant data were > 1 mg/L, therefore, ICP-MS data were taken as

suitable for sediment analyses.

Robbins (2003) found that water speedwell digestion samples run on ICP-

MS and FAAS for Mn, Fe, Ni, and Zn were within error of each other (Robbins,

2003). After re-analyzing these data results, it was evident that Mn ICP-MS

results were about 90% of FAAS results, Fe was approximately 80% of FAAS, Zn

was about 19% low in ICP-MS analyses, and Ni was 28% lower. The plant

digestion method also used 2N HNO3, as was used in the biofilm extraction

procedures. So, it was assumed that since these sample analysis methods are

comparable and both use biological samples, related matrix effects would also

occur with the biofilm samples. As a result, spot checks for Mn on FAAS and Zn

and Ni on GFAAS of these data were performed.

As with the sediment samples, Fe data returned from ICP-MS analyses

seem to be in good agreement with FAAS when supernatant concentrations are >

1 mg/L, which all data from this study are for biofilms as well. The Fe data may

be slightly suspect at sample concentrations < 1 mg/L due to increased

interferences with the Fe(57) analysis at lower concentrations, thus causing ICP-

MS to read only 80% of the FAAS method. However, this low concentration Fe

range is not a concern with the Fe concentrations in biofilms for this study.
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Although there are discrepancies in the Ni and Zn biofilm data when

comparing the ICP-MS and FAAS results, considering the combined errors of

both instruments, along with experimental methods, these differences are within

error. The ICP-MS and FAAS data for these samples scale linearly with an

intercept of zero, therefore the data show a constant scale factor ratio of 1.40 for

Ni and 1.23 for Zn. This does not affect the inferences made with the results in

the concentration range of concern because only the scale factors and thus

differences in overall magnitude are changed.

4.2 Results

4.2.1 Metal Concentrations within Biofilms

To determine if metal concentrations within biofilms vary over seasonal

periods or total length of time deployed, monthly trips to Pinal Creek were

conducted to collect and replace slide samples set out in the creek. Slides were

deployed at each site for varying total time periods ranging from 29 to 35 days,

42 to 49 days, 59 to 72 days, and 92 total days over the study period duration.

Therefore, data presented below are first separated into these separate time

period groups to determine if there are any trends with the amount of total time

the slides were present in the creek or if trends related to seasonal changes are

evident. Total metal content presented as jig Mn, Fe, Ni, and Zn per g organic



biomass are associated to the slide removal date and cover a time period from

August 27th, 2002 through May 29th, 2003 for sites Z5.7, LR-1, and J-5.

4.2.1.1 Metal Concentrations within Biofilms at Site Z5.7

Variations in biofilm Mn, Fe, Ni and Zn concentrations for site Z5.7 from

August 27th, 2002 through May 29th, 2003 are presented in Figure 4-3 A - D.
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Figure 4-3: Temporal variations in Biofilm Mn, Fe, Ni and Zn concentrations
between August 27th, 2002 and May 29th, 2003 at Pinal Creek site Z5.7 for slides
present for varying amounts of time. (A) slides present between 30 and 35
total days; (B) slides present between 42 and 44 days; (C) slides present
between 59 and 63 days; (D) slides present for 92 days.

All four plots in Figure 4-3 reveal a general trend in metal concentrations

where Mn> Fe > Zn > Ni in the biofilm material. Ni concentrations are at least

two orders of magnitude lower than the Mn, Fe, and Zn concentrations for all

time periods. The concentrations of metals within the biofilms stay fairly

constant throughout each time period in each plot. Zn stays very steady in

magnitude between each of the four plots, as does Ni, whereas Mn and Fe vary

slightly more; although never more than a factor of 5 to 7 1/2 overall. One

interesting observation is that the Mn and Ni concentrations seem to follow the

same general patterns, or track each other in each plot.
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4.2.1.2 Metal Concentrations within Biofilms at Site LR-1

Mn, Fe, Ni and Zn concentrations within biofilms from August 27th, 2002

through May 29th, 2003 are presented in Figure 4-4 A through D for site LR-1.
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Figure 4-4: Temporal variations in Biofilm Mn, Fe, Ni and Zn concentrations
between August 27th, 2002 and May 29th, 2003 at Pinal Creek site LR-1 for slides
present for varying amounts of time. (A) slides present between 29 and 35
total days; (B) slides present between 42 and 49 days; (C) slides present
between 59 and 72 days; (D) slides present for 92 days.

The same trend in metal concentrations seen at site Z5.7 is also evident in

the four plots in Figure 44, which reveals that the biofilm material overall

contains concentrations ranking as Mn> Fe> Zn > Ni. For all time periods, Ni

concentrations are generally from two to three and sometimes four orders of

magnitude lower than the other three metal concentrations. Figure 4-4 A shows

that slides present in the creek between 29 and 35 total days contain Mn and Fe

concentrations that vary over approximately 1/2 an order of magnitude

throughout the time period. Similar trends between Mn and Ni concentrations

and the Zn concentrations seen at Z5.7 are also seen here.
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Figure 4-4 B shows very stable metal concentrations between the two

removal dates of November and December 2002 for slides present between 42

and 49 days. Fe is the only metal that varies, and it decreases a quarter of an

order of magnitude in December compared to November 2002. Slides present for

59 to 72 total days, shown in Figure 4-4 C indicate very constant Zn

concentrations, somewhat regular Mn levels, and a decrease in Fe and Ni

concentrations of 3/4 to one order of magnitude, respectively, in April and May

2003 from November 2002. For the slides that were present for 92 days, shown in

Figure 4-4 D, about a 1/2 order of magnitude decrease in the total amount of Zn is

seen, and an order of magnitude increase in Mn is apparent compared to the

other three time periods. Fe and Ni concentrations appear to be on the same

order of magnitude as for the other total time periods in the creek.

4.2.1.3 Metal Concentrations within Biofilms at Site J-5

Figure 4-5 A - D show concentrations within biofilms for Mn, Fe, Ni and

Zn for a time period covering from August 27th, 2002 through May 29th, 2003 at

site J-5.
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Figure 4-5: Temporal variations in Biofilm Mn, Fe, Ni and Zn concentrations
between August 27th, 2002 and May 29th, 2003 at Pinal Creek site J-5 for slides
present for varying amounts of time. (A) slides present between 29 and 35
total days; (B) slides present between 42 and 49 days; (C) slides present
between 59 and 72 days; (D) slides present for 92 days.
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A comparison of Figure 4-5 A—D to Figure 4-3 and Figure 4-4 reveals an

interesting difference from the other two sites. Trends in the data indicate Mn,

Fe, Ni and Zn concentrations vary much more in magnitude throughout the

plots, although Ni is still the lowest in magnitude for all plots. For instance, for

slides present between 29 and 35 days shown in Figure 4-5 A, concentrations of

metals follow the order Mn> Zn > Fe > Ni. A definite increase in Mn

concentrations is evident with time at site J-5 increasing two orders of magnitude

from the January 22nd, 2003 removal date to the May 29th, 2003 removal date. Zn

and Fe decrease slightly, about a quarter to half an order of magnitude, with time

until the March 31st, 2003 removal date. After this date, Fe continues to follow

the same relative magnitude decrease, and then shows a half an order magnitude

increase after the April 30th, 2003 removal date. Zn increased about a quarter of

an order of magnitude after March 2003, and then decreased slightly more than

that magnitude between March and May 29th, 2003. Ni shows a slight decrease,

and then slightly more than an order of magnitude increase between the April

and May 2003 removal dates.

Figure 4-5 B, or data from slides present from 42 to 49 total days, shows

Mn concentrations are most prevalent in biofilms formed after 42 to 49 days, and

Ni is the least apparent. Fe and Zn show very similar concentrations for slides

removed November 7th, 2002 (Zn is only slightly higher), and Fe concentrations

are higher than Zn for slides removed December 29th, 2002. Therefore, there are
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no definite ranking of metal concentrations. However, a general order of

magnitude decrease in Mn, Fe, and Zn is seen with time between the two

months. Ni concentrations were non-detectable for the December 19th, 2002 data,

therefore, a significant decrease in this metal is apparent.

Figure 4-5 C shows data from slides present between 59 and 72 total days.

An increase in Mn concentrations of two orders of magnitude from November

2002 to May 2003 can be observed. Fe shows about an order of magnitude

decrease over this time period, Zn shows a slightly greater decrease, and Ni

follows the same trend as Mn. The total Mn present on slides deployed at site J-5

for a total of 92 days is on the same order of magnitude for the highest

concentrations of Mn on slides for those present for approximately 30 days (A)

and 60 days (C). Fe data are two orders of magnitude lower than this, but still

close to the same range as the other three time periods. Zn is also two orders of

magnitude lower than Mn, although its concentration is somewhat lower (about

1/2 to one order of magnitude) than is seen in A, B, and C. Ni again is one order of

magnitude lower than Mn, Fe and Zn, but still exists in a comparable

concentration range for all three time periods.

4.2.2 Metal Concentrations within Sediments

To monitor changes in sediment Mn, Fe, Ni and Zn concentrations in

sediments at Pinal Creek, samples were taken during each field trip near the
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slide holders to determine whether seasonal changes are evident, and whether a

correlation exists between sediment metal concentrations and biofilm material

metal concentrations. Figures shown below are presented as sample date versus

fig metal gl dry sediment for the entire study period of January 23rd, 2002 to May

29th, 2003 at sites HFB, Z5.7, LR-1, and J-5.

4.2.2.1 Metal Concentrations within Sediments at Site HFB

Sediment Mn, Fe, Ni and Zn concentrations as a function of sample date

for site HFB are presented in Figure 4-6.
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Figure 4-6: Seasonal and Yearly Variations in Sediment Mn, Fe, Ni and Zn
concentrations between January 23rd, 2002 and May 29th, 2003 at Pinal Creek
site HFB.
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It is indicated in Figure 4-6 that the greatest concentration is Mn, followed

closely by Fe, and then Ni and Zn are approximately equal in magnitude,

although they are about one to two orders of magnitude lower than Fe and Mn,

respectively. This distribution is different than observed for the biofilms, where

Ni is several orders of concentration lower than Zn. The Fe, Ni and Zn

concentrations do not appear to vary much over the sampling period for this

study. Mn sees the most variability in concentration with a large drop from

January 2002 to July 2002 of two orders of magnitude. It then remains fairly

steady during the last portion of field sampling at about one order of magnitude

lower than its peak in January 2002. Fe concentrations are somewhat steady

throughout this early 2002 time period, but decreases slightly after March 2003

after reaching a high point only 1/4 of an order of magnitude higher than other

points in February 2003. Zn and Ni concentrations seem to follow a similar

pattern, with a steady decrease of a total of one order of magnitude from the

beginning of the study period in January 2002 through July 2002. The

concentrations remained steady until May 2003 when sampling ended.

Interestingly, it is also possible that Mn and Ni are following a similar pattern in

that their concentration differences between each sample date are close in

relative magnitude change.
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4.2.2.2 Metal Concentrations within Sediments at Site Z5.7

In Figure 4-7, metal concentrations for the sediment data are presented on

a sample date basis for site Z5.7.
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Figure 4-7: Seasonal and Yearly Variations in Sediment Mn, Fe, Ni and Zn
concentrations between January 23rd, 2002 and May 29th, 2003 at Pinal Creek
site Z5.7.

Although site Z5.7 shows more variability in the data compared to HFB,

sediments at this site clearly contain Mn as the highest concentration metal. It is

apparent that Mn concentrations are on the order of two to three logarithimic

units higher than the other three metals, and it never varies more than 1/2 an

order of magnitude during the entire study period. The concentrations of Fe, Ni,

and Zn, on the other hand, have over one order of magnitude swings between
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monthly sampling. Therefore, it is difficult to detect any trends. However, it is

noticeable that Fe, Ni and Zn concentrations follow the same pattern of increases

and decreases throughout the research period. A very large decrease in Fe, Ni

and Zn concentrations is seen between January and March of 2002 and 2003 that

is similar in starting and ending magnitudes for each metal. Also, the same

decrease in concentration for Mn is evident from June to July 2002 that was seen

at site HFB (Figure 4-6). It is also apparent that Mn and Ni stay on a similar

pattern due to similar magnitude shifts in the same direction throughout the

study period for each metal concentration.

4.2.2.3 Metal Concentrations within Sediments at Site LR-1

Metal concentrations for Mn, Fe, Ni and Zn in sediments at site LR-1 are

shown in Figure 4-8.
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Figure 4-8: Seasonal and Yearly Variations in Sediment Mn, Fe, Ni and Zn
concentrations between January 23rd, 2002 and May 29th, 2003 at Pinal Creek
site LR-1.

Mn concentrations in sediments at site LR-1 are comparable to the other

two sites (Figure 4-8). Significant scatter exists for concentrations of Fe, Ni and

Zn, although Fe typically exhibits the highest absolute concentrations of the

three. Mn is quite constant (less than 1/2 an order of magnitude shift) during the

beginning period of the study, although concentrations then vary one order of

magnitude between sample dates during the last seven months of sampling. The

drop in concentration observed from June to July 2002 at sites HFB and Z5.7 was

not obvious here. Large variability exists in Fe, Ni and Zn concentration data

between monthly sampling trips so it is hard to conclude whether any temporal
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trends are present. However, it is evident that Fe, Ni and Zn to some extent

follow a similar pattern in concentration during January 2002 through May 2003.

Fe, Ni and Zn concentrations are on average about three orders of magnitude

lower than Mn. A possible relation exists for the Mn and Ni concentration data

because they seem to track each other in regards to increases and decreases

occurring at the same time, and in similar relative magnitude changes.

4.2.2.4 Metal Concentrations within Sediments at Site J-5

Metal concentrations for Mn, Fe, Ni and Zn in sediments at site J-5 are

shown in Figure 4-9.
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Figure 4-9: Seasonal and Yearly Variations in Sediment Mn, Fe, Ni and Zn
concentrations between January 23rd, 2002 and May 29t 1, 2003 at Pinal Creek
site J-5.
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Site J-5 concentrations of metals over the study period presented in Figure

4-9 show similar trends to HFB, Z5.7, and LR-1. Mn concentrations are highest,

followed by Fe concentrations, and then switches between Ni and Zn

concentrations at various times. Mn is steady at the beginning and end of the

study period, with some variability between April and July 2002 of about one

order of magnitude between high (May 2002) and low (July) points. Fe is

approximately 1 1/2 orders of magnitude lower than Mn. Ni and Zn are lower in

concentration compared to Fe by roughly 1 1/2 orders of magnitude. There does

not seem to be a trend in the Fe, Ni and Zn data due to the amount of variability

from one month to another. Thus, it is hard to state concretely that any temporal

trends exist for these sediment Fe, Ni and Zn data at site J-5. Mn and Ni do

follow a comparable pattern throughout the entire field sampling period.

In summary, sediment concentrations at Pinal Creek sites Z5.7, LR-1 and J-

5 from January 23rd, 2002 to May 29th, 2003 did not tend to demonstrate any

temporal variations per site based on Figure 4-7, Figure 4-8, and Figure 4-9, in

agreement with Robbins (2003). There is much more data scatter with the

sediment sample points compared to the biofim data between each sampling

period, making it difficult to conclude any distinct trends. However, a definite

order of sediment metal prevalence at each site is clear. Mn shows the highest

concentrations at all sites, followed by Fe, and then Ni and Zn are comparable.
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Mn is on the order of two to three times higher in magnitude than the other three

metals throughout the study period at each site. Fe, Ni, and Zn sediment data on

the other hand show a great deal more variability between sample dates. In

addition, Mn and Ni appear to follow the same trends in each site.

It is difficult to discern any spatial trends in Figure 4-7, Figure 4-8, and

Figure 4-9, although it is somewhat observable that Mn concentrations in

sediments are greatest at sites LR-1 and J-5, consistent with Robbins (2003). Z5.7

typically had the lowest Mn concentrations. Fe concentrations are anywhere

from one to four orders of magnitude lower than Mn concentrations. Again, LR-

1 and J-5 show evidence of greater Fe sediment concentrations than sediments

collected at site Z5.7. Ni and Zn concentrations are on the same order at all sites,

on average about 1/2 to one order of magnitude lower than Fe, and approximately

3 orders lower than Mn. Z5.7 noticeably exhibits the lowest Zn concentrations

contained in sediments, whereas this distinction is not present for Ni as site Z5.7

sediment Ni data are often in between the other two sites in magnitude. The

highest Zn is at both LR-1 and J-5. LR-1 typically contains the highest Ni levels.

Related to sediment findings by Robbins (2003), Mn and Ni appear to track each

other at all sites in Figure 4-7 through Figure 4-9.



4.2.3 Metal Concentrations and pH levels in Surface Water

To monitor any possible changes in surface water metals in Final Creek

over the course of this study, water samples were collected during each site visit

near biofilm sampling areas. Readings were taken for pH during the first part of

the study and were found to only vary 0.20, 0.36, 0.22, and 0.03 pH units for sites

HFB, Z5.7, LR-1, and J-5, respectively (Figure 4-10). Although not studied in this

research, alkalinity measurements taken on November 4th, 2002 indicate that

CaCO3 as alkalinity at site Z5.7 was 11.5-11.9 mg/L, 23 mg/L near LR-1, and 30.7

mg/L at J-5 (data courtesy of James Brown, USGS, Tucson, AZ). It has

essentially remained constant by site since remediation began. The increase in

alkalinity moving downstream is consistent with the groundwater inputs

occurring along the study reach.

In the past, and additionally over the course of this study from January

23 rd, 2002 to May 29th, 2003, surface water concentrations for Mn, Ni and Zn have

remained very consistent over time as shown below in Figure 4-11 through

Figure 4-13. Due to matrix affects with the Fe surface water data analyzed with

ICP-MS, USGS data are used for this parameter. The Fe surface water

concentrations have all been reported as < 130 pg/L for the same Final Creek

sites (data courtesy of James Brown, USGS, Tucson, AZ).
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Figure 4-10: Variations in pH at Pinal Creek sites HFB, Z5.7, LR-1 and J-5 from
March 19th, 2002 to August 19th, 2002.
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Figure 4-11: Surface Water Manganese concentrations between January 23rd,
2002 and May 29ffi, 2003 at Pinal Creek sites Z5.7, LR-1 and J-5.
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Figure 4-12: Surface Water Nickel concentrations between January 23rd, 2002
and May 29th, 2003 at Pinal Creek sites Z5.7, LR-1 and J-5.
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Figure 4-13: Surface Water Zinc concentrations between January 23rd, 2002 and
May 29th, 2003 at Pinal Creek sites Z5.7, LR-1 and J-5.
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It is evident from these figures that surface water metal concentrations

vary slightly with time and distance downstream, ranging from 1 to 5 mg Mn/L,

<130 pg Fe/L, < 10 to 60 pg Ni/L, and 2 to 10 pg Zn/L. It is clear that site Z5.7

contains the highest levels of Mn and Ni in surface water, followed by site J-5

and LR-1 (Figure 4-11 and Figure 4-12, respectively). An increase in Mn

magnitude occurs towards the end of this study starting in the early spring

months, more evident at site Z5.7 and J-5 than LR-1. A decrease is also seen in

the late fall and early winter months. These results are consistent with what was

seen with the biofilm Mn concentrations. A similar seasonal change is also seen

for Ni at site Z5.7, which decreases during the cooler months and increases

during the spring months. Surface water Zn concentrations reveal the most

variability, shown in Figure 4-13. The only discernable trend evident from this

figure is that site Z5.7 generally contains the most Zn towards the end of the

study.

Furthermore, consistent with our surface water data, USGS surface water

samples taken over the same time interval at sites Z5.7 and J-5 reveal Ni is <90

pg/L, and Zn <20 pg/L (Brown, personal communication, 2003). These data

were analyzed with ICP-AES (Atomic Emission Spectrometry). Figure 4-14

presented below shows the Mn is in acceptable agreement as well. The pH levels

in Pinal Creek have also been found to be very stable over time and distance

(Figure 4-10), consistent with earlier data.
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Figure 4-14: Comparison of Pinal Creek surface water Manganese data
analyzed by the University of Arizona and the USGS for samples collected
from January 15th, 2002 through May 29th, 2003.

4.2.4 Visual changes in Field Sites over time

Over the course of this study, January 2002 through May 2003, Pinal Creek

changed fairly dramatically. Photographs were taken during nearly every field

sampling trip at each site to document visual changes in stream characteristics.

The photographs are enclosed in a compact disc at the back of this document in

Appendix D and a few are presented here for visual purposes.

In the main channel, changes in the streambed composition such as scour

and fill, and sediment transport and deposition occurred due to rainfall and flow

events. Plant succession, vegetation distribution, and density patterns also

varied in the stream channel throughout the study period due to seasonal
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changes. These seasonal changes in vegetation as well as due to rainfall may

alter the flowpaths in the creek. For example, during the months when

vegetation is more active in transpiration processes, the depth to the underlying

water table may be decreased, affecting gaining and losing reaches in the creek.

During the winter months of each year, the vegetation along the banks

such as cattails, cottonwoods, and various grasses, and water speedwell within

the creek were dormant and thus brown in color until leafout occurred around

May of each year. Most of the water speedwell, duckweed and grasses in the

creek channel and the bank vegetation of trees, shrubs and cattails were growing

steadily by July, with the cattails very abundant by April or May. Water

speedwell typically grew throughout the early spring and winter months, and

began to die off and decrease in numbers during late spring and summer.

Filamentous algae that began to appear at many sites during May 2002 might

have actually choked the speedwell out, causing speedwell patches to decrease

dramatically. Overall, more water petunia and less water speedwell was seen

beginning March 2003 with duckweed beginning to appear in greater numbers

starting April of 2003 in the slow moving or stagnant water near the banks.

Marble et al. (1999) also indicated duckweed was present during the summer

months and early fall at site J-5. Algae were seen prevalently at sites LR-1 and J-5

during fall and winter 2002, but decreased in abundance in the spring of 2003.
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In September 2002, the large flow event that occurred removed most

vegetation from the creek, flattened cattails so that they were almost lying flat in

the water, scoured the stream channel down to six inches in some areas, and

therefore caused the sediment amounts in the creek to temporarily increase

(Figure 4-15). The stream and adjacent areas recovered in the months after the

flood, and the bank and in-stream vegetation actually came back in greater

abundance in the early spring of 2003 due to a fairly wet winter and early spring

preceding this time (Figure 4-16 and Figure 4-17).

Figure 4-15: Site J-5 on September 24th, 2002 looking upstream showing the
effects of the September 10th, 2002 flow event. Note the flattened cattails and
other vegetation in the stream channel and the muddy water.



Figure 4-16: Looking upstream at site J-5 on December 19th, 2002 illustrating
vegetation density before early spring 2003.

Figure 4-17: Looking upstream at site J-5 on April 30th, 2003 illustrating
increase in vegetation during spring 2003.
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4.2.4.1 Visual changes at Site HFB

HFB is a site where gradient changes cause multiple small waterfalls to be

present. The microscope slides were generally placed near these waterfalls.

However, over the course of the study, the waterfall flow and creek depth varied

so greatly that oftentimes the slides were placed in an area where they were

completely submerged one month and dried up the following month. This site

did not contain widespread cattails in stream but did have established bank

vegetation. This vegetation was much thicker in August 2002. The bank

vegetation also grew thicker between February 2003 and March 2003. By April

2003, the bank vegetation was dying off slightly and was not as green as it had

been previously.

4.2.4.2 Visual changes at Site Z5.7

Site Z5.7 experienced drastic changes during the study period. A

reducing zone at this site was apparent due to a strong sulfur odor when bank

sediments were disturbed. After the flow event in September 2002, surface flow

became very stagnant and almost completely stopped due to the presence of

dead vegetation and eventually masses of duckweed floating on the surface

(Figure 4-19). This low flow area was still present during the last field trip in

May 2003. However, flow was still occurring below the surface of the top of the
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water during these times. The reducing zone seemed to have disappeared or

decreased in extent after the flow event as well.

Small amounts of algae became apparent at Z5.7 beginning December

2002 and continuing through March 2003. Snails were seen on the slide holders

at site Z5.7 starting in approximately January 2003. It is possible the snails were

actually grazing on material attached to the microscope slides. At this time, and

increasing continually until the end of the study, slides removed from the creek

showed more coating material. The snail numbers began to decrease by April

2003. The cattails had grown rather high by March 2003 and were extremely

dense the following month.

Figure 4-18: Site Z5.7 on September 24th, 2002 looking downstream.
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Figure 4-19: Site Z5.7 on March 31st, 2003 looking downstream showing low
flow water conditions near slide holders.

4.2.4.3 Visual changes at Site LR-1

In April 2002, small water speedwell colonies were present and the other

vegetation began to leaf out, including the appearance of duckweed and grasses.

During a site visit in August 2002, the water speedwell patch that was present in

the middle of the creek channel the previous month was virtually gone. It was

obvious that someone, possibly another research group, physically removed the

large patches of speedwell. What remained of the speedwell was washed away

during the September 2002 flow event, although it recovered nicely (Figure 4-20).

The cattails that were generally only present at this site along the very outer

edges of the banks were also removed or damaged due to this event. The

manganese crusts were also disturbed and covered with fresh sediments. During



fall and winter of 2002, an abundance of algae was present at site LR-1. The

prevalence of the algae decreased in the spring of 2003.

,.
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Figure 4-20: Looking west across site LR-1 on March 31st, 2003. The water
speedwell patch in this photo had recovered after being removed partially in
August 2002 and completely in September 2002 after the flow event.

4.2.4.4 Visual changes at Site J-5

After the September 2002 flow event, the stream was scoured down

approximately 6 inches and therefore removed any Mn-oxide precipitates that

previously had formed thick concretions in the upper sediment layer. The initial

trips to Pinal Creek after the flood on September 19th and 24th, 2002 revealed that

finer, light brown sediments were now exposed at site J-5 (Figure 4-15).

By November 2002, algae were very abundant at site J-5 and were almost

completely covering the slide holders that were being collected at this time.
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Visible changes in site J-5 slides and slide holders (i.e., greater amounts of darker

coatings, or Mn-oxides present) were seen beginning March 31st, 2003. Also

during that site visit, it was apparent that the algae amounts had decreased

greatly, whereas before they were covering the slide holder and the stakes at site

J-5. During this time there was much more water speedwell, duckweed, and

small cattails in the site reach than had been seem before (see Figure 4-17 for an

April 30th, 2003 photo). It is possible that the algae could have allowed the water

speedwell to take root by providing anchoring sites. By May 2003, what was

thought to be water petunia had grown rampant, almost completely spanning

across the entire stream width. The cattails were also very high and dense at this

time near both banks of the creek.

Figure 4-21: Looking upstream on May 29th, 2003 at site J-5. Note the amount
of vegetation increase from the previous month (Figure 4-17).



4.2.5 Microscopy Results

4.2.5.1 Characterizations of Biofilms using SEM

SEM enables the surface topology of the biofilms to be examined at high

magnification. Although SEM causes dehydration in order to visualize the

sample, it does allow high magnification not achieved by light microscopy to be

used. SEM offers excellent resolution with the capacity to image complex shapes

(Surman et al., 1996), and give spatial distributions and associations of metals

with biological specimens. SEM was used somewhat extensively in this project

to characterize biofilms and therefore many images and EDS scans were

obtained. As a result, only those images that revealed interesting and pertinent

information are included in this section. Images from three of the four sites, Z5.7,

LR-1 and J-5, are included. Information for these samples is presented in Table

4-3 and includes the major, minor, and trace elements found using EDS analyses.

The remaining SEM images and EDS scans not shown here are presented in

Appendix A.

Table 4-3: Information for biofilm samples from Pinal Creek investigated
using SEM/EDS. All substrates were glass microscope slides.
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Element results from SEM-EDS
Sample	 Location	 Date in	 Date out 	analysis 

Major	 Minor	 Trace
Figure 4-22: 

Pinal Creek site J-5 5/20/2002 7/8/2002 Si, Mn	 Ca, 0	 C, P, S, K
diatoms

Figure 4-23: Pinal Creek site LR-1 9/19/2002 11/7/2002 Mn	 Fe, Ca, Si, 0 C, P, S, K
biofilm
Figure 4-24: 

Pinal Creek site Z5.7 3/19/2002 5/20/2002 Si	 Mn, 0	 Ca, C
holdfast
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The SEM image and EDS scan presented in Figure 4-22 show a very

common occurrence with a majority of the samples investigated with SEM.

Many of the microorganisms seen using this microscopy technique were

diatoms. The diatoms are the football-shaped structures in the image in Figure

4-22 of material on a slide present from May 20th through July 8th, 2002 at site J-5.



Figure 4-22: SEM and EDS of slide material from site J-5 present from May 2001

to July 8 1h, 2002 showing typical distribution of diatoms. Scale bar represents 5
pm.
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The diatom species in Figure 4-22 that are most likely present are Cocconeis

(the broadly ovoid-elliptic ones with the marginal band such as the one slightly

below center and on the right edge of the image) and Diploneis (also the same

shape but with no marginal band present such as the one with the same

orientation and above the Cocconeis whose right edge is slightly out of the

image). Both of these species are common in the periphyton, or epiphytic on

other plants and algae (Walker, personal communication, 2002). The large silica

peak in the EDS scan in Figure 4-22 and consequently many other scans collected

is most likely due in part because of the silica component of the diatom valves

and the glass microscope slide itself. Note also in this figure the large Mn peak,

possibly indicating Mn-oxide material is present. The EDS scan was collected in

the lower left corner of the image on the bright, reflective material where the

circle is located.

Another interesting SEM image is shown in Figure 4-23 of material from a

slide present at site LR-1 from September 19th to November 7th, 2002. This

material is most likely the actual biofilm structure due to the presence of

interstitial voids and water. The associated EDS scan returns a very high Mn

peak of the bright material, and unequal C and 0 ratios.



Figure 4-23: SEM and EDS spectra of material on a slide present in Pinal Creek
at site LR-1 from September 19th through November 7th, 2002 showing the
presence of channels and voids typical of biofilm material. Scale bar
represents 20 pm.
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The most interesting finding using SEM was a very distinct structure

found in a sample present at site Z5.7 from March 19th through May 20th, 2002.

The images in Figure 4-24 reveal a spherical or doughnut-shaped structure. It is

very possible this is a bacterial holdfast, which is what bacteria use to attach to

surfaces.
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Figure 4-24: SEM and EDS spectra presenting a possible holdfast structure
contained on a slide present at site Z5.7 from March 19th through May 20th,

2002. Scale bar represents 10 iim.
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4.2.5.2 Characterizations of Biofihns using CSLM

As with SEM, CSLM was a powerful tool in this portion of the research

due to its ability to show distributions of cells, void spaces and water channels

that are typical of biofilm structure, although the material was presented in a

different manner. CSLM is able to demonstrate both the presence and viability

of the biofilm, including the microbial community occurence. Diatoms and

bacteria have a lot of auto-fluorescence and therefore if present in the organism,

the chloroplasts will fluoresce red while the cell wall material returns a green

signal. This is illustrated in Figure 4-25 and Figure 4-26 below of investigations

of a slide sample present in Final Creek at site HFB from March 19th through

April 22nd, 2002.



Figure 4-25: CSLM image taken from a slide present at site HFB in Pinal Creek
from March 19th through April 22 nd, 2002. Scale bar represents 15 pm.

Figure 4-25 is a combined CSLM image, showing both green (488 rim) and

red (568 rim) sources. The diatoms are evident due to the green cell wall material

outlining each organism. It is unclear what the long, red structure is going

horizontally across the bottom of the image, but it may be a photosynthetic algae.

The large green structure on top of the image has also not been identified. This

overall image, although in color and a lower magnification, is similar to the SEM

image in Figure 4-22 showing the overall distribution and abundance of diatoms

in the slide coating material.
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Figure 4-26: CSLM image taken from a slide present at site J-5 at Pinal Creek
from March 19th through April 22 nd, 2002. Scale bar represents 30 pm.

The image in Figure 4-26 also is a combined source CSLM image, although

at a smaller magnification than Figure 4-25. The diatoms are again present in

about the same abundance as the previous CSLM image. Interestingly, very

spherical holes are evident throughout this image, and do not contain any

microorganisms inside them. This CSLM image allows for an interesting

comparison with the SEM images obtained and presented in Figure 4-23. The

circular structures here are approximately 3 times larger in diameter, about 30

pm, compared to the 10 pm diameter holes in the SEM image.
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4.2.5.3 Characterizations of Biofilms using ESEM

ESEM was performed to analyze a sample present in Pinal Creek from

March 19th to April 22nd, 2002 at site Z5.7 and results are shown in Figure 4-27

and Figure 4-28. With ESEM, because samples are viewed under 100% humidity

conditions, fully hydrated biofilms can be examined. Thus, differences in these

images can be seen compared with the SEM images discussed previously.

Figure 4-27: ESEM image of material coating a slide present in Pinal Creek at
site Z5.7 from March 19th through April 22nd, 2002. Scale bar represents 5 pm
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Figure 4-28: ESEM image of material coating a slide present in Pinal Creek
from March 19th through April 22nd, 2002 at site Z5.7. Scale bar represents 10
pm

The effect of the samples remaining hydrated is very evident in the ESEM

images presented above in Figure 4-27 and Figure 4-28. More of a three-

dimensional view is given in these images compared to SEM. These images also

primarily contain similar diatom species, as in the SEM images, although at times

shown from different angles. More structure can be seen with the material in

Figure 4-28 than in the SEM images, as well as higher magnifications being

possible, thereby revealing more detail.

4.3 Discussion

Pinal Creek has previously been studied based on the sediment and

surface water metal concentrations and their precipitation, movement and

removal mechanisms as well as determining the influence a submerged aquatic

plant, water speedwell, has on the various metal uptake processes in the creek.
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For this portion of the research, it was desired to study the microbial community

within Pinal Creek, specifically the formation of biofilms and their possible role

in metal attenuation through their Mn-oxidation processes, as well as their

relation and importance to sediments and aquatic vegetation.

4.3.1 Spatial and Temporal Variations in Biofilm Metal concentrations

Although it is difficult to firmly conclude that distinct temporal or spatial

changes in biofilm Mn, Fe, Ni and Zn concentrations occur at Pinal Creek due to

only slight (< 1 order of magnitude) differences in data being apparent in Figure

4-3 through Figure 4-5, some key observations have been made. One main

observation is that although visually it seems as if the slides contained more

coating material the longer they were present in the creek (Figure 4-29 through

Figure 4-31), the general magnitudes of each metal are similar between the

different time periods of 29 to 35 days, 42 to 49 days, 59 to 72 days and 92 total

days at each site. That is, there are no occurrences of very large increases in

metal amounts due to extended exposure in the creek, as greater metal

accumulation within the biofilms with time did not occur.
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Figure 4-29: Photo showing slide samples from Pinal Creek site Z5.7 present
from March 31st through April 31st, 2003 (rear slides) and February 26th through
April 31st, 2003 (front slides).

1

1
I 

Figure 4-30: Photo showing slide samples from Pinal Creek site LR-1 present

from March 31st through April 31st, 2003 (rear slides) and February 26th through

April 31st, 2003 (front slides).



Figure 4-31: Photo showing slide samples from Final Creek site J-5 present
from March 31st through April 31st, 2003 (rear slides) and February 26th through
April 31st, 2003 (front slides).

To give a better picture of the trends in biofilm metal concentrations over

the entire sample collection period, the data in Figure 4-3 through Figure 4-5

were re-plotted without consideration of the time exposure component and are

shown in Figure 4-32 through Figure 4-35.
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Figure 4-32: Manganese Concentrations within Biofilms at Pinal Creek sites
Z5.7, LR-1 and J-5 for slide removal dates November 7th, 2002 through May
29th, 2003. Note that because some slides were deployed on different dates and
removed on the same date, multiple data points are present for various slide
removal dates.
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Figure 4-33: Iron Concentrations within Biofilms at Pinal Creek sites Z5.7, LR-1

and J-5 for slide removal dates November 7th, 2002 through May 29th, 2003.

Note that because some slides were deployed on different dates and removed
on the same date, multiple data points are present for various slide removal

dates.
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Figure 4-34: Nickel Concentrations within Biofilms at Pinal Creek sites Z5.7,
LR-1 and J-5 for slide removal dates November 7, 2002 through May 29th,
2003. Note that because some slides were deployed on different dates and
removed on the same date, multiple data points are present for various slide
removal dates.
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Figure 4-35: Zinc Concentrations within Biofilms at Pinal Creek sites Z5.7, LR-
1 and J-5 for slide removal dates November 7th, 2002 through May 29th, 2003.
Note that because some slides were deployed on different dates and removed
on the same date, multiple data points are present for various slide removal
dates.
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As revealed in Figure 4-3 and Figure 4-4, sites Z5.7 and LR-1 exhibit the

same trend in metal concentration abundance, that is, Mn> Fe> Zn > Ni over

the entire study period. Ni concentrations were also consistently at least 2 orders

of magnitude lower than the other three metals (Figure 4-34). It is also apparent

that Mn and Ni follow the same trend in many cases for these sites.

On the contrary, site J-5 (Figure 4-5) demonstrates a much more complex

interaction of metals owing to the differences in overall appearance of metal

concentrations and temporal trends in the data compared to sites Z5.7 and LR-1.

The Ni concentrations, as with the other two sites, are still lowest in magnitude

and show comparable concentrations during each time period at each site. For

the time interval of 29 to 35 days for slide presence, site J-5 clearly exhibits a

slightly different metal concentration order as the other two sites, that is Mn> Zn

> Fe > Ni. Mn and Ni in the slide material at site J-5 show a steady increase from

January 2003 through the end of the study period in May 2003 during the same

time period as can be seen in Figure 4-5, Figure 4-32, and Figure 4-34. For Figure

4-5 (B-D), the order of metals varies between sample dates, therefore, no

conclusions can be made regarding trends. Again, it is noticeable that Mn and Ni

follow similar trends in Figure 4-5 A and C.

In summary, site J-5 usually contained the highest biofilm Mn

concentrations, and Z5.7 was typically the lowest, easily seen in Figure 4-32. Fe

relationships for all sites during slide removal dates of November 7th, 2002
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through May 29th, 2003 are illustrated in Figure 4-33. For Fe, J-5 had the highest

concentrations during November and December 2002, and then it consistently

had the lowest from February to May 2003, when the increase in Mn occurred.

The lowest Fe levels were at Z5.7 the last two months of 2002 and into the first

month of 2003. It was then the highest in February and March 2003 and shared

the highest spot with LR-1 during April and May 2003. All sites for the entire

study period contained very similar Zn concentrations, presented in Figure 4-35,

which is reinforced by the findings of Robbins (2003). Considerable scatter was

observed for Ni concentrations as each site contained the highest concentrations

individually at some point or another during the study period (Figure 4-34). Mn

and Ni did appear to follow the same trends in biofilm concentrations from

month to month (compare the overall trends shown in Figure 4-32 and Figure

4-34), which was also found with water speedwell collected by Robbins (2003) at

the same sites. Based on these data relationships, the biofilm material did not

provide any obvious spatial trends in Mn, Fe, Ni or Zn concentrations.

However, when examining the re-plotted data in Figure 4-32 and Figure

4-34, a temporal trend is revealed. Although Fe and Zn in Figure 4-33 and Figure

4-35, respectively, do not show this trend, a seasonal trend in biofilm Mn and Ni

concentrations can be discovered. As noted above, it is evident that the Mn

concentrations, and to some extent Ni, within the biofilms increased at site J-5

beginning in January 2003 and continued until the last sampling trip the end of
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May 2003 (Figure 4-5 A and C, Figure 4-32 and Figure 4-34). It is also clear in

Figure 4-32 and Figure 4-34 that Mn and Ni concentrations also increase during

the spring months at the other two sites, as well as show a decrease in Mn and Ni

magnitudes throughout the early fall and winter months (November and

December 2002 and January 2003) at all three sites.

This result is also supported by field observations made at sites Z5.7 and

J-5. Slide samples removed from site Z5.7 during the early spring months

showed an increase in coating material with time. Site J-5 displayed the most

prominent changes in stream characteristics, including vegetation and oxide

formation. Even after the September 2002 flow event scoured about 6 inches out

of the stream channel, consequently removing the thick Mn-oxide crusts that had

previously formed, including any vegetation present, site J-5 changed rapidly.

For a time period after the flow event, slides left in the creek for various time

periods that were removed were virtually clear of any coating material.

However, visible changes in the stream system began in March 2003. Observable

coatings, expected to be Mn-oxide formation due to their black color and

previous similar existence in the creek, were returning to various substrates at

site J-5. Consequently, slides collected at this time also showed the darker

coatings that were present before the flow event. This is the period when the

steady increase in Mn extracted from the biofilm material began.
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It is very likely that the visible development of coating material on the

slides and in the creek surfaces is directly correlated to the increased biological

activity during these spring months and re-establishment of Mn-oxidizing

microbial communities. This may explain the increased occurrence of Mn in

biofilms, and subsequently Ni at sites Z5.7, LR-1 and J-5. Robbins et al. (1999)

found that, consistent with chemical and biological activity models, there were

more Mn-oxide precipitates during the spring and summer months at Final

Creek than during the fall and winter. It is also possible that during the spring

and summer months Mn-oxidation rates increase as a result of more optimal

temperatures for biological activity. Our data suggest this for all sites as well as

show that during the late fall and winter months when vegetation die-off and

decreases in activity occurs, biofilm Mn and Ni decreased at each site (Figure

4-32 and Figure 4-34).

The Mn and Ni correlation could be explained with the reasoning that Ni

may became more bioavailable as Mn decreases due to decreases in Mn-

oxidation from vegetation die-off during late fall and early winter seasons. Mn

and Ni often follow the same trend in many cases, which possibly means when

Mn precipitates, Ni sorbs indefinitely (see Section 4.3.3.1).

The relatively high concentration of Zn relative to Ni in the biofilms is

interesting as water concentrations of Zn and Ni are fairly comparable. Zn

surface water concentrations during this study period were < 10 -pg/L and Ni
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ranged between 10-25 pg/L. Teitzel and Parsek (2003) recently used a bioreactor

to study the effects of the heavy metals Cu, Pb, and Zn on biofilm and planktonic

P. aeruginosa and to determine their relative resistance to these metals. The

surface-attached biofilm communities were found to be from 2 to 600 times more

resistant to stress from heavy metals than their planktonic, free-floating and

swimming counterparts. This suggests the cells have a direct advantage to being

in the sessile state and forming biofilms for protection purposes.

A probable explanation for the heavy metal resistance in biofilms is that

the EPS they form acts as a defensive barrier for the cells. It has long been

known that the polysaccharide components of EPS can bind metals (Teitzel and

Parsek, 2003). Binding and sequestration of the metals by the EPS may thus

decrease metal movement via diffusional processes to the core of the biofilm. It

is possible that the Zn gets retarded in the biofilms (Teitzel and Parsek, 2003),

thus decreasing its chances of traveling to sensitive portions of the biofilms.

Similarly, aquatic plants may dynamically exclude higher concentrations of

metals from entering its tissues. An example is with zinc, which for most plants

is usually toxic at 200 mg/kg (Kachlany et al., 2001).

In this study, we wanted to determine if biofilms and subsequent Mn-

oxidation are an important aspect in contributing to metals removal in Pinal

Creek. It is impossible to control physical, chemical, or biological variables in the

field so there may be a number of variables in the creek other than metals that is
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dictating the distribution of microorganisms in the creek, and thus biofilm

formation. As such, large variability is highly possible with the slide material

processed because although the slides were only approximately 3/4 " apart,

different conditions such as water velocity, vegetation, and algal cover, can very

likely occur to affect the data. However, when looking at relative magnitudes of

metals contained in biofilm material, and considering that biofilms do cover most

surfaces in the creek, biofilms do play a role in metal attenuation in the creek. It

is apparent that significant amounts of metals are contained in the biofilm

matter, most likely due to the Mn-oxidation occurring there and consequent

metals attenuation.

Support for these conclusions arises from the well known notion that

below pH 8, homogeneous chemical precipitation of Mn(II) as an oxide phase

does not occur thermodynamically. However, between pH 6 and 8, the levels in

Pinal Creek, bacterial processes and/or the presence of different mineral surfaces

allow Mn(II) oxidation to proceed (Robbins et al., 1999). Furthermore, in the late

1990's Harvey and Fuller (1998) and Marble (1999) concluded that over the upper

4 km of the reach at Pinal Creek (our study area), 20% of the Mn(II) entering the

perennial reach is precipitated (Marble et al., 1999; Harvey and Fuller, 1998).

This is most likely attributed to removal due to vegetation and microbial

oxidation processes on surfaces within Final Creek. Currently, there is even

more vegetation present in the creek than in the latter 1990's, thus, it is possible



that nearly 100% of the manganese is removed in the same reach due to

vegetative and associated microbial biofilm removal processes.

4.3.2 Biofilm Metal Content based on Surface Area

One way of looking at the biofilm metal concentration data is on a surface area

basis due to the uniform size of the glass microscope slides used (3" x 1"). Table

4-4 presented below shows the data in this manner. Note that if data does not

have a standard deviation associated with it, less than three samples were

analyzed to determine the mean, therefore no precision could be obtained.

122
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Table 4-4: Elemental content (Mn, Fe, Ni and Zn as pg metal/cm 2) of Final
Creek Biofilms samples based on Surface Area. (If applicable, data values are
reported as mean ± one standard deviation).

Concentration

(Fg metal/cm)
Date

in
DateI	

out
Total
Days

Mn Fe
Z5.7 LR-1 J-5 I	 Z5.7 LR1 J-5

8/27/2002 11/7/2002 72 NS 23.9 ± 11.7 1.2 ± 0.60 NS 19.7 ± 4.5 0.55 + 0.22
9/19/2002 11/7/2002 49 NS 12.2 ± 6.7 3.6 ± 1.2 NS 11.9 ± 1.8 1.9 ± 1.2
9/24/2002 11/7/2002 44 6.8 ± 3.0 NS NS 6.8 ± 2.4 NS NS
11/7/2002 12/19/2002 42 3.4 ± 1.8 19.7 ± 8.1 5.3 ± 1.6 2.3 ± 0.98 5.4 ± 0.27 3.7 ± 0.34
12/19/2002 1/22/2003 34 1.9 ± 0.39 1.3 ± 0.20 1.2 ±0.38 1.1 ± 0.20 5.1 ±2.4 0.45 + 0.03
1/22/2003 2/26/2003 35 10.3 ± 1.5 8.1 ± 3.0 8.2 ± 0.92 4.0 ± 0.89 2.0 ± 0.78 0.73 ± 0.09
2/26/2003 3/31/2003 33 3.4 ± 0.86 7.0 ± 0.26 15.1 -±- 1.1 3.2 ± 1.1 3.1 ± 0.48 0.85 ± 0.28
2/26/2003 4/30/2003 63 12.5 ± 2.8 7.3 ± 0.86 16.5 6.0 ± 1.8 5.3 ± 0.17 0.38
3/31/2003 4/30/2003 30 5.4 ± 0.33 1.8 ± 0.70 17.6 ± 6.7 5.2 ± 1.1 0.95 ± 0.03 0.23 ± 0.16
2/26/2003 5/29/2003 92 21.7 143 ± 18 379 2.5 8.6 ± 0.78 2.3
3/31/2003 5/29/2003 59 38 ± 13 8.9 ± 5.7 1390 ± 250 4.4 ± 1.2 2.1 ± 1.0 1.2 ± 0.72
4/30/2003 5/29/2003 29 NS 6.3 ± 1.2 514 ± 270 NS 1.5 ± 0.17 1.7 ± 0.97

Date Ni Zn
in

DateI	

out
Total
Days Z5.7 LR-1 J-5 Z5.7 LR-1 J-5

8/27/2002 11/7/2002 72 NS 0.12 ± 0.09 0.01 ± 0.01 NS 1.9 ± 0.33 1.7 ± 0.34
9/19/2002 11/7/2002 49 NS 0.04 ±0.03 ND NS 1.8± 0.21 1.7 ±0.32
9/24/2002 11/7/2002 44 0.02 ± 0.02 NS NS 1.5 ± 0.22 NS NS
11/7/2002 12/19/2002 42 0.01 ± 0.01 0.05 ±0.04 ND 1.6 ± 0.23 1.5 ± 0.11 1.3 ±0.09
12/19/2002 1/22/2003 34 ND ND ND 1.6 ± 0.21 1.4 ± 0.18 1.4 ± 0.10
1/22/2003 2/26/2003 35 0.03 ± 0.01 0.03 ± 0.1 0.02 ± 0.01 2.0 ± 0.17 1.8 ± 0.01 2.4 ± 0.40
2/26/2003 3/31/2003 33 0.01 ± 0.01 0.03 ± 0.001 0.01 ± 0.01 1.8 ± 0.08 1.7 ± 0.32 1.7 -± 0.21
2/26/2003 4/30/2003 63 0.03 ± 0.01 0.01 ± 0.004 0.01 1.7 ± 0.03 1.4 ± 0.16 1.2
3/31/2003 4/30/2003 30 0.02 ± 0.01 ND 0.01 ± 0.01 1.3 ± 0.19 1.2 ± 0.11 1.2 ± 0.14
2/26/2003 5/29/2003 92 0.03 0.07 ±0.04 0.08 1.4 1.1 ± 0.03 1.6

3/31/2003 5/29/2003 59 0.04 ± 0.01 0.01 ± 0.007 0.47 ± 0.07 1.2 ± 0.05 1.2 ± 0.02 1.3 ± 0.08
4/30/2003 5/29/2003 29 NS 0.03 -± 0.03 0.17 ± 011 NS 1.5 ± 0.09 1.3 ± 0.04

NS = No Sample
ND = Non-Detect

Significant metal amounts are present per cm2, with the maximum being

1,390 pg Mn/cm2 . These results agree with a study done by Tani et al. (2003)

where the biogeochemistry of Mn-oxide coatings on pebble surfaces in a river

system in Japan was studied. Water draining tea plantations at this particular
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study site caused black Mn-oxides to form on submerged surfaces in the river.

They employed a variety of methods, some of which were used in our study,

such as incubation of suspensions of the pebble coating material amended with

200 pM Mn(II) (see Chapter 3), chemical analysis of natural coatings, collection

and analysis of water and soil samples, and SEM-EDS characterizations of the

black Mn-oxide coatings. Additionally, and similar to EXAFS used in this

research (see Chapter 2), Tani et al. (2003) used XRD to determine the mineralogy

of the coating material. Their results indicate that up to 450 pg Mn/cm 2 was

extracted from pebbles submerged in the river system (Tani et al., 2003),

somewhat consistent with our findings. The highest Mn concentrations were

found at stations that contained visible black coatings on the river's natural

substrates. EDS spectrum returned a dominant Mn peak, along with 0,

indicating the black coatings were mainly composed of Mn-oxides. Presence of a

layered-structure Mn-oxide was confirmed with XRD investigations, in support

of the findings discussed in Chapter 2.
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4.3.3 Biofilms and Relations to Sediment, Aquatic Vegetation and Surface

Water in Pinal Creek

4.3.3.1 Biofilms and Sediment Relations

One goal of this study was to determine if biofilms forming in Final Creek

are an important aspect in its sediments, and vice versa. Sediment and biofilm

data obtained suggest that the preferential ranking of sediment metals to be Mn

> Fe > Ni> Zn, and for biofilms slightly different at Mn> Fe > Zn > Ni. This

change in order may be due to other processes, such as precipitation of other

phases, Mn-oxides aging, or structural re-arrangments. Biofilms clearly show

greater overall concentrations for all metals and for all sites, plotted in Figure

4-36. Although different zones were being sampled between biofilm and

sediment samples, it was still desired to determine if any correlations exist

between biofilm and sediment metals in Final Creek due to their close proximity.

These results are presented in Figure 4-36.
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Figure 4-36: Log biofilm metal concentration (pg metalig organic biomass)
versus log sediment metal concentration (pg metalig dry sediment) for all Mn,
Fe, Ni and Zn data collected from sites Z5.7, LR-1 and J-5 over the study period
(The straight line is a 1:1 relationship for visualization purposes).

Based on the results of Figure 4-36, it is evident that biofilm Mn, Fe, Ni

and Zn concentrations are not directly related to sediment concentrations. It is

apparent that biofilm metal concentrations are greater than sediment metal

concentrations. These results confirm assumptions that the biofilm samples were

forming on glass slides present in the water column, and not within the

sediments themselves; therefore, different zones were being sampled.
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Support for the conclusion that biofilms contain far greater amounts of

Mn, Fe, Ni and Zn than Pinal Creek sediments is further evident when

considering the mean concentration amounts found for all sediment and biofilm

data. Mean biofilm and sediment concentrations (presented as logio values) over

the course of the study period are presented below in Table 4-5. Standard

deviations were obtained using the two-sided Student's t-distribution analyzed

at the 95% confidence level and are also presented as Logio values. Data are

presented in this manner because straight standard deviations gives ranges

greater than the actual mean value. The data is significantly different from zero,

therefore, it is presented using the log values.

Table 4-5: Mean metal concentrations within biofilms and sediments samples
collected at Pinal Creek from January 23rd, 2002 through May 29th, 2003. (Data
values are reported as Logic) mean ± Logio of the standard deviation * 95%
confidence level for the Student's t-test).

Number
of

Samples

Logic) Mean concentration± Logio std. dey.
(pg metal/g)

Mn	 Fe	 Ni	 Zn
Biofilms

Sediments
28

34

	

5.34±6.06	 4.38±4.87	 2.31±2.67	 4.21±4.88

	

4.21±4.54	 2.51±2.99	 1.29±1.69	 1.24±1.74

Sediment concentrations for Mn, Fe, Ni and Zn are 15, 74, 11, and 918

times lower, respectively, than biofilm metal concentrations, as is evident in

Table 4-5. Considerable metal attenuation within biofilms thus occurs due to

these maximum concentrations being present after only 29 to 92 days whereas
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the sediments collected are most likely present in the creek system for a greater

period of time. It is possible that Mn is present in the sediments due to both

abiotic and biotic mechanisms.

Although theirs was not a metals-contaminated system such as Final

Creek, Palanichamy et al. (2002) found large amounts of Mn in biofilms formed

on a piece of polyvinylchloride (PVC) that was submerged in Tuticorin harbour

in India. The goals of their study were to determine the bacteria genera involved

in manganese oxidation in biofilms. Mn in their seawater was as low as 0.7 pg/L

(Palanichamy et al., 2002). The PVC pipe biofilm material that was analyzed

with acid digestion methods was determined to contain 8.775 pg Mn/g dry

material after one month. Even though our values are much greater, the

Palanichamy et al. (2002) study also brought to attention the Mn-oxidizing

bacteria abundance and elevated Mn concentrations in biofilm material.

An interesting study by Farag et al. (1998) measured metal concentrations

in water, sediments, biofilm, invertebrates, and fish components from various

locations throughout a river system to research the pathways that metals follow

from contaminated sources to organisms. Their study investigated the Coeur

d'Alene River (CDA) in northern Idaho, a similar aquatic system to Final Creek

in that it has also received metals contamination from past mining activities.

Results found the order of food-web components of arsenic, cadmium (Cd), lead
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(Pb), mercury, Cu, and Zn (pg/g dry weight) to follow the order, from highest to

lowest concentrations, of biofilm ,-,- sediments > invertebrates > whole fish.

Although our study suggests the metal concentrations within biofilms are

many times greater than within sediments, Farag et al. (1998) found that a clear

difference did exist between sediment and biofilm Zn concentrations. Biofilms

were shown to accumulate the greatest amounts of Zn (>80,000 pg Zn/g) (Farag

et al., 1998). Somewhat consistent with our study, we have found Zn

concentrations within biofilms to be on average 16,000 pg Zn/g. The large Zn

concentrations in the Final Creek biofilms were present after just 49 days at site J-

5, whereas the CDA biofilms were scraped from rocks inherent to the stream,

again indicating the impact of the formation of biofilm material has on our

system.

Holding et al. (2003) also aimed to investigate the relation between trace

metals (Cd, Cu, Pb and Zn) in riverbed biofilms and the surficial riverbed

sediments in the UK. They found that Cd, Cu and Zn were higher in the biofilms

compared to the same metals in the sediments, consistent with our Zn results.

Even though our biofilm metal concentrations do not seem to be correlated with

sediment metals, it is likely that sediments are a likely source for the biofilms.

The similar trends with Mn and Ni behavior seen in both biofilms and sediments

indicate a relation may exist due to the possible similar uptake mechanisms for

these two metals. These interactions are shown in Figure 4-37.
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Figure 4-37: Log Mn concentration (pg Mg dry sample) versus log Ni
concentration (pg Niig dry sample) for biofilm and sediment data collected
from sites Z5.7, LR-1 and J-5 over the study period.

Statistical regression analyses of the data indicate biofilm Mn

concentrations are positively correlated (significant at p <0.01) with biofilm Ni

concentrations (R2=0.37, p=0.001), as are sediment Mn and Ni values (R2=0.30,

p=0.011) (Figure 4-37), confirming previous observations with the data trends in

both sample types (Sections 4.2.1, 4.2.2, and 4.3.1). These results may reflect

similar uptake and distribution mechanisms between the Mn and Ni in biofilms,

and the Mn and Ni in sediments. These findings are consistent with the p-value
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correlations found by Robbins (2003) with water speedwell Mn and Ni relations

and sediment Mn and Ni behavior.

4.3.3.2 Biofilms and Aquatic Vegetation Relations

A sub-topic research question asked in this study was to determine if

biofilms are an important aspect in Pinal Creek aquatic vegetation. Robbins

(2003) investigated the role of water speedwell, a root-zone oxygenator, in the

distribution and rates of metal removal in Pinal Creek from June 2001 through

September 2002. It was found that the roots contained more metals than the

shoots, with most metals on the external portion of the plant surface. Median

metal concentrations in roots over the course of the whole study were 18,000 mg

Mn/kg dry root, 2,000 mg Fe/kg dry root, 200 mg Zn/kg dry root, and 60 mg

Ni/kg dry root (Robbins, 2003). This is a significant finding because with most

metals associated with the external surfaces, it is highly probable that the

substrate provided allows for biofilm formation and Mn-oxide precipitation to

occur, therefore, enhancing metals removal.

SEM investigations of water speedwell roots and shoots revealed rod-like

structures and additional microorganisms in close association with Mn

precipitates. The niche provided in the root zone may therefore provide an ideal

habitat that promotes Mn-oxides to form via microbial processes. Plant parts,

roots especially, may actually secrete sugars, amino acids and 02 (g) that support
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microbial growth (Fuqua and Matthysse, 2001). Therefore, interactions between

plants and microorganisms can be very specific.

In addition to water speedwell studies, additional research at Pinal Creek

that support biotic metals accumulation have shown that algae and rabbitfoot

grass bioaccumulate Mn at Pinal Creek. It was also shown that water speedwell

and rabbitfoot grass bioaccumulate other metals such as Zn, Ni, Co, Cu, and Fe,

and that Mn-oxide formations on plant surfaces cause Ni to sorb onto the

precipitates (Marble et al., 1999). These findings support the conclusion that

together, aquatic vegetation and biofilms play an important role in attenuating

metals in Pinal Creek by providing surfaces and micro-environments conducive

to biofilm formation and support, oxidation processes and subsequent metals

removal.

4.3.3.3 Biofilms and Surface Water Relations

As the naturally forming biofilms on exposed creek surfaces are subject at

all times to the surface water, it is possible that the dissolved metal

concentrations there are sources for the microbial community. Cell surface

adsorption processes may be a main mechanism for metals accumulation, as well

as absorption in EPS and intracellular uptake (Holding et al., 2003). While Mn

surface water concentrations ranged from approximately one to five mg/L over

the course of this study, mean Mn concentrations in biofilms are 238,000 pg
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Mn/g organic biomass. Because surface water data (Section 4.2.3) are much

lower in magnitude than biofilms, this suggests biofilms do accumulate metals in

the system and that some of those metals may originate from the surface water.

Tani et al. (2003) found that Mn concentrations ranging from 4.9 to 77 pg /L were

suitable for visual Mn-oxide formation. It was also determined that coatings of

Mn-oxides could form over pebbles in eastern United States streams where Mn

concentrations varied from 1.1 to 252 pg/L (Robinson, 1993). These surface

water Mn concentrations are lower than what is found in Pinal Creek, lending

support for the influence of dissolved Mn concentrations on biogenic Mn-oxide

formation at our study site. However, the specific relationship between the

concentration of dissolved Mn and the formation of Mn-oxide coatings in Pinal

Creek is unclear.

4.3.4 Microscopy as a tool for Biofilm Investigations

It was desired in this portion of the research in part to determine the types

of microorganisms present in Pinal Creek. Using SEM I CSLM, and ESEM to

investigate biofilm material present in the creek proved to be an especially useful

tool throughout this research to answer this question, as well as in revealing

other interesting occurrences. Each technique allowed different information and

insight into the microbial community to be obtained.
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Overall, a general recurring theme was seen with the microscopy

investigations of slides set out in Pinal Creek, and several key findings were also

made that aided in understanding more of what is occurring in the Pinal Creek

system. The common occurrence that was evident in many of the samples

includes a very large abundance and presence of diatoms. Results are similar to

what Dong et al. (2000) found while investigating Cayuga Lake, New York

where biofilms also formed in oxic surface waters after one month on glass

microscope slides. Their study indicated a prevalence of diatoms, green and red

algae, bacterial cells, filamentous cyanobacteria and filamentous bacteria similar

to iron-depositing bacteria such as Leptothrix spp. (Dong et al., 2000). The diatom

presence and evidence of bacteria along with other essential findings including

observations of biofilm material and bacterial holdfast structures using

microscopic techniques are consistent with our results.

Diatoms are single-celled autotrophic phytoplankton, requiring energy

from sunlight, nutrients like nitrates and phosphates, and carbon dioxide for

photosynthesis. They have thin, double shells of silica called frustules that fit

together, one on top of the other, like the two parts of a pillbox. The large silica

peaks in many of the SEM scans are thus due to the abundance of diatoms, as

their valves are composed entirely of silica. Two major groups of diatoms are

generally recognized: centric diatoms exhibit radial symmetry (symmetry about

a point) and are circular, triangular, or irregular in shape. These diatoms are
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most abundant in the ocean. The second group is the elongated pennate diatoms

that are bilaterally symmetrical (symmetry about a line) and are often found in

shallow areas and fresh water attached to rocks, sand or plants (epiphytic), or

they may float freely. The pennate diatoms are therefore what were most often

found during microscopic investigations.

The Cocconeis and Diploneis diatom species shown in the SEM image and

associated EDS scan in Figure 4-22, are common in the periphyton, or epiphytic

on other plants and algae. They are often the first to colonize a substrate where

the mucous they put down acts as a biofilm upon which other organisms become

established. Both of these species have a broad distribution (Walker, personal

communication, 2002), explaining their frequent occurrence among glass slides

investigated with SEM.

It is interesting to note the spectra obtained where the EDS occurred, on

the bright, reflective material shown in Figure 4-22. In the lower portion

showing the EDS scan, there is a return of a large Mn peak, suspect of Mn-oxides.

The uneven ratios of C and 0, with 0 being higher and associated with a

secondary Mn peak, lends supplementary evidence that the material is not

organic in nature and that it is Mn-oxide. This material is very clearly located in

and around the diatoms, and rarely present on top of them. This was a common

finding in a vast majority of the slide material looked at with SEM. Similarities

exist with the diatoms associated with the material in the ESEM images,
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particularly in Figure 4-28, as well. Thus, it is possible that the oxides form after

the diatoms are attached because they themselves are capable of oxidation

processes, or the diatoms allow other oxidizing microorganisms to colonize after

they establish initial biofilms.

Although the mechanism is unclear (Robbins et al., 1999), diatoms are

capable of Mn-oxidation. It has been found that pH elevations to values greater

than 8 due to photosynthesis causes cyanobacteria and algae to precipitate

oxidized Mn (Richardson et al., 1988). In support, Robbins et. al. (1999) found

that some epilithic diatoms in Pinal Creek were coated brown due to oxidized

Mn. However, if photosynthesis alone causes associations between diatoms and

Mn-oxides, then every diatom in Final Creek should be coated brown. Robbins

et al. (1999) did not find this, which suggests that diatoms in Pinal Creek are able

to oxidize Mn(II) via a process not related solely to photosynthesis.

Robbins et. al. (1999) also found that EPS was most commonly associated

with oxidized Mn at Final Creek on the external cell walls and bacteria holdfasts,

fungi hyphae, and on algae filaments. These findings suggest EPS is very

important in Mn-oxidation at Final Creek, additionally supporting the idea that

biofilm formation plays a direct role in Mn-oxidation processes there.

Overall, there were no major differences in diatom distribution, nor any

evidence of metal trends between sites or over the course of this study. A very

slight difference in diatom distribution was evident from only one microscopic
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investigation. SEM images obtained at the same magnification for samples

present in the creek at site J-5 from April 22nd through July 8t1l, 2002 (Appendix

A-J-5#6), site Z5.7 from September 24th through November 7th, 2002 (Appendix

A-Z5.7#4), and site LR-1 from September 19th through November 7th, 2002

(Appendix A—LR-1# 7) indicate that the J-5 and LR-1 sites had almost complete

diatom coverage. The Z5.7 slide did not possess nearly as many diatoms and as

a result, it contained an almost undetectable Mn signal. The J-5 and LR-1 slides

contained similar EDS spectra of the typical bright material found in many

samples, indicating significant Mn peaks, along with a high 0 peak.

Of these SEM images for J-5, LR-1, and Z5.7 samples, the difference in

only sample Z5.7 present during the fall season does not lend concrete evidence

to changes in microbial distribution with season and/or site. Furthermore, it is

difficult to make conclusions such as these based on only a few SEM images that

only cover a very small area of the slide and due to the existence of large

variability between samples. The diatom distribution in Final Creek was

consistent over all samples, sites, and time periods and no microbial blooms of

any type were seen on slides. Spindler et al. (1996) also found that a similar

diatom species, Navicula pelliculosa, did not exhibit distinctive seasonal patterns

in Final Creek. Additionally it was found that diatom species were more evenly

distributed at each site sampled than non-diatom species, as well as over all four

seasons (Spindler and Sommerfeld, 1996).
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One of the key findings obtained with SEM was the characteristic biofilm

structure that is seen in Figure 4-23 of material from a slide present at site LR-1

from September 19th to November 7th, 2002. The material that is present has a

different arrangement and configuration than what was normally seen with SEM

investigations. This matter appears to be similar to what many researchers have

found in biofilm studies in that interstitial voids or water channels are present.

The SEM image in Figure 4-23 clearly depicts similar characteristics

evident by the sponge-looking material containing symmetrical circular holes

and associated channels of approximately equal size throughout the image. The

holes do not seem to be distributed evenly, which is common with pure-culture

biofilms. Natural, mixed species biofilms often display much less regular

architecture (Costerton et al., 1995), which these images reveal. Biofilms are

heterogeneous and predominantly use these water channels for liquid flow,

which allows solutes, nutrients and oxygen to move through the biofilm,

predominantly via diffusional transport process (Stewart, 2003).

The circular holes are also evident with the CSLM image in Figure 4-26.

Even though the holes are larger in the CSLM image (30 pm) compared to the

SEM image (10 pm), possibly due to dehydration and resulting shrinkage with

SEM, they are very comparable in morphology, distribution, and overall

characteristics, therefore they are likely related in structure and purpose. The

discovery of biofilm material using various microscopy techniques are supported
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by what Donlan (2002) found using epifluorescence microscopy of a stainless

steel surface in a laboratory potable water biofilm reactor. After 14 days, a

similar structure to those in Figure 4-23 and Figure 4-26 was seen where the cells

were separated from other microcolonies by interstitial voids, or water channels

(Donlan, 2002).

The high Mn peak associated with the bright material in Figure 4-23

indicates the possibility of Mn-oxide presence. Also, the unequal ratios of the C

and 0, with C returning a lower EDS signal, may reveal that the bright material

is not organic material. A scan of the darker material was also made and

returned proportional signals of C and 0, and less Mn, thus confirming the

darker matter may indeed be the biofilm material due to its organic nature.

These results confirm the notion that this spongy material is biological biofilm

material, and the bright structures are the associated Mn-oxides.

Quite possibly the most distinct, unusual structure found using SEM was

that of a spherical or doughnut-shaped structure. Images obtained of a slide

present at site Z5.7 from March 19th through May 20th, 2002 in Figure 4-24 reveal

what is perhaps a bacteria holdfast. Holdfasts are polymers excreted by bacteria

that allow a stable interaction between the organism and a solid substratum.

Examples of holdfast molecules excreted by microorganisms include pili,

fimbriae, stalks, and exopolysaccharides. As holdfasts are what rod-shaped

bacteria use to attach to surfaces, these findings confirm the presence of certain
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types of bacteria, possibly Mn-oxidizing, which have been unobservable with the

microscopy techniques due to their small size (-1 pm), and the difficulty in

obtaining clear images at this small scale. It is also possible that this particular

holdfast became mineralized, thus allowing visual observation of the structure

using SEM. The low prevalence of these holdfast structures seen using

microscopy could indicate that they are typically composed of EPS and not

mineralized, therefore, they will not normally be observable through

microscopy.

These holdfasts are typical of Mn-precipitating bacteria present in streams

with elevated levels of Mn concentrations. Leptothrix dischophora have these

characteristic spherical or doughnut-shaped holdfasts. These bacteria usually

attach in the presence of anoxic, Mn-bearing groundwater, proceeded by

oxidation of Mn on their holdfasts where water is oxygenated (Robbins et al.,

1997).

It is thought that these structures could also be connected to the Mn-

oxidizing Pseudomonad Brian Clement has isolated from Pinal Creek.

Communication with various individuals holding expertise in this area confirms

our assumption that this structure is a bacterial holdfast. Dr. Norrie Robbins of

San Diego State University's Department of Geological Sciences noted that the

donut-shaped structures are probably Leptothrix disco phora holdfasts, although

Pseudomonad micronodules or Siderocapsa (also a Mn-oxidizer) capsules cannot be
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ruled out in the SEM images (Robbins, personal communication, 2002). Dr.

William C. Ghiorse of Cornell University's Department of Microbiology noted

that he agreed with Robbins regarding the holdfast and Siderocapsa possibility

(Ghiorse, personal communication, 2002).

Lending further support to these observations is a study done by

Murdoch and Smith (1999) where Mn-oxidizing bacteria growing on PVC and

HDPE pipe material formed micronodules after two weeks. These nodules were

on average 10 pm in diameter with a central hole of approximately 2 pm. These

structures are remarkably similar to those shown in Figure 4-24, and are on

approximately the same size scale. The SEM images from this study were also

sent to Dr. Murdoch, with comments returning that indicated the structures were

similar to those found at the very early stages, or within a week of starting their

experiments (Murdoch, personal communication, 2002). The potential formation

of Mn-oxide complexes was determined by Murdoch and Smith (1999) via EDS

analysis of the micronodules that revealed high manganese and oxygen levels

(Murdoch and Smith, 1999).

It was desired to compare the phylogenetic affiliation with the

Pseudomonad that was isolated in Murdoch and Smith (1999) with those from

Final Creek to determine if any relations exist. Since Leptothrix and Pseudomonads

are both Proteobacteria, it could easily be either one or something else

completely (Clement, personal communication, 2002). B. Clement's verification
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of the 16S RNA genetic sequence indicated that it is certainly a Pseudomonad,

although because there are many close matches to sequences obtained directly

from the environment, it is difficult to say whether it is related to a Mn-oxidizing

strain.

Based on microscopy investigations performed during this study, there

appears to be a variety of microorganisms present in Pinal Creek capable of

oxidizing Mn. However, identifying the contribution of each individual type of

microorganism was not the focus of this study, rather, it was to show how

biofilms as a whole play a part in Mn oxidation. Therefore, additional research

needs to be conducted to determine the different components of the microbial

community in Pinal Creek.



Date Removed

December 17th, 1997 February 20th, 1998	 April 17th, 1998

quartz-1 of 3
rutile-1 of 3

iIlmenite-1 of 3
labradorite-1 of 3
magnetite-1 of 3

rutile-2 of 3
microcline-2 of 3
hematite-2 of 3
ilmenite-2 of 3

quartz-3 of 3
rutile-3 of 3

microcline-3 of 3
hematite-3 of 3
ilmenite-3 of 3

labradorite-3 of 3
magnetite-3 of 3

5.0 CHAPTER 2— ROLE OF MANGANESE OXIDES IN MINERAL
FORMATION

5.1 Sample Preparation, Collection and Analyses

5.1.1 Materials

Samples of crushed clean quartz, ilmenite, microcline, rutile, magnetite,

hematite, and labradorite grains were set out in Pinal Creek in mesh bags

beginning November 17th, 1997 by Timothy Corley of the University of Arizona's

Hydrology and Water Resources Department and Katherine Geiger, a former

graduate student in Arizona State University's (ASU) Department of Geological

Sciences. Three bags of each sample were placed on the left hand side of site J-5

(Figure 1-1). One sample of each mineral type was collected monthly on the

following dates: December 17th, 1997, February 20th, 1998, and April 17th, 1998

(Table 5-1).

Table 5-1: Samples deployed in Pinal Creek at site J-5 on November 17th, 1997
and removed periodically thereafter.
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These samples were stored in small 3-5-mL glass and plastic vials until

analysis. There were additional samples received from ASU that were also

deployed and collected in Pinal Creek during the same time period. Samples

were placed in Well 541, although it is unknown when they were removed. Note

that Table 5-1 does not show, for example, a quartz-2 of 3 or microcline-1 of 3

sample. The samples shown in this table are a record of what was received from

ASU. Therefore, those missing samples were either not deployed, collected, or

did not have enough material left for these analyses.

In this thesis, the mineral type and how long the samples were in the

creek will identify the samples. For example, the rutile samples are described as

follows: rutile-1 of 3 was removed from Pinal Creek on December 17th, i.e., 1 of 3,

the sample was removed in December, the 1st possible month for retrieval, out of

a total of 3 months of possible deployment; the rutile-2 of 3 sample was removed

February 20th, the 2nd month; and the rutile-3 of 3 sample was taken out April

17th, the 3rd month.

Other than the Well 541 samples, there were also samples labeled as

"clean" samples. The clean samples included microcline sand, ilmenite sand,

and magnetite sand. Well 541 samples included all seven mineral types. These

two sample types are not included in Table 5-1 due to unknown collection dates.

The well samples were placed in Well 541 by ASU for use in looking at the

minerals formed in the contaminated, low oxygen level plume. Well 541 is
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located just across the wash from the 500 site and approximately 50 feet south of

the extraction wells (Brown, personal communication, 2003). In this project, only

the clean samples were used to compare against coating samples using SEM.

The well samples were also investigated using SEM, however, no comparisons

were made with these results. A complete set of these SEM images and

associated EDS scans are contained in Appendix B.

5.1.2 Sample Separation

To separate the coatings from the minerals, a sonification method was

used for all samples except the Well 541 and clean sand samples. A known mass

of mineral, approximately 0.55 to 0.69 g for each sample, was placed into a 100-

mL Pyrex beaker with approximately 45-mL Milli-Q water. The beakers were

covered with parafilm or foil and placed in a Branson model #B-220 sonifier.

The sonic bath itself contained about 2 inches of tap water. The samples were

sonified for approximately 4 1/2 to 8 1/2 hours, or until slight discoloration of the

water could be seen, indicating some separation of the oxide coatings from the

material was occurring. The supernatant, or the containing the suspended

coating material was filtered through pre-weighed 0.100 pm polycarbonate filters

(Osmonics, Inc.) using 10-cc disposable syringes. The filters were placed

material side up onto small watch glasses, covered with a foil tent to avoid

settling of particles from the ambient air, and allowed to air-dry overnight, or
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placed into 50x9 mm plastic petri dishes (Falcon) to dry. After drying, the filters

were weighed again for dry mass and stored in plastic petri dishes. The post-

sonicated grains that had settled out of solution from the supernatant were dried,

weighed, and placed into 5-mL vials for storage.

5.1.3 Microscopy Preparation

Microscopic observations and characterizations of metal distributions and

morphology of intact minerals and coatings were investigated using SEM. The

samples that were investigated included different mineral types present in Pinal

Creek with coatings still in contact with the host grain, as well as two samples of

separated coatings from rutile grains.

5.1.3.1 Mineral grains with intact coatings

Intact mineral samples required mounting on small stainless steel

specimen stubs covered with double-sided sticky 12 mm conductive carbon tape.

Small amounts of each mineral grain type were placed onto pieces of lint-free

cloth. The specimen stubs were dipped into the mineral grains such that the

carbon tape surface was sporadically covered with the grains. This procedure

was done with each sample and each specimen stub was placed in a plastic

sample holder, labeled appropriately, and placed in a dessicator until use.
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When the samples were to be studied using SEM, four of the specimen

stubs were placed at a time upright onto an aluminum (Al) sample holder. The

stubs were tightened down and then the sample holder was sputter coated with

platinum (Pt). The coating process lasted for approximately two minutes in

order to produce a thin conductive blanket over the sample to drain electrostatic

charge induced by the electron beam during imaging. The samples were then

investigated by SEM, acquiring images at approximately 15 to 25 kV accelerating

voltage in SE Mode with the SE detector.

Primary goals during SEM sessions were to locate areas of Mn-oxide

precipitation and to examine morphologies and elemental compositions of the

grains intact with coatings. Once familiarity with the instrument and samples

was gained, it became apparent that some mineral grains had similar coating

morphologies. These structures are thought to be Mn-oxide deposits based on

the associated EDS scans and high Mn signals. These coatings usually had a

//cauliflower-type" structure. This feature was sought out in all subsequent

samples for comparison purposes. Figure 5-1 shows a typical example of this

structure.



Figure 5-1: Sample Rutile-2 of 3 showing an example of a typical Mn-oxide

structure seen in mineral grains with coatings. Note the high Mn signal on the

bottom EDS scan, which was performed over the entire image area. The Pt is

due to the sputter coating of the sample. Rutile is composed of Ti02, thus

explaining the prevalent titanium (Ti) peak. Scale bar represents 2 pm
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Once these coating morphologies were found on the sample, EDS

elemental maps were collected with dwell times of roughly 110 microseconds

(ps) and approximate resolution of 1024 x 1024 pixels. Oftentimes the extent of

the coating and placement on the mineral grain was first captured in an image

and EDS scan, and then the same area was observed at a higher magnification, or

vice-versa. Therefore, magnification levels varied throughout sample

investigation depending upon size of the area of interest.

5.1.3.2 Separated coatings on polycarbonate filters

The material from two rutile samples that were separated from host grains

present on polycarbonate filters was also studied using SEM, although in

NatureMode. A small piece from the center of each filter was cut out, placed

onto an Al stub using carbon tape, and loaded into the SEM chamber. Similar

steps that were mentioned above were taken to acquire images and EDS scans

for these samples as well.

5.1.4 EXAFS Sample Preparation

Based upon the SEM images obtained of the coatings still in contact with

the host grain, it appeared that the samples rutile-1 of 3, 2 of 3, and 3 of 3, and

quartz-1 of 3 and 3 of 3 had the most coating material associated with them.
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Primary goals with this aspect of the research were to characterize the coating

material using EXAFS.

For EXAFS analysis, the polycarbonate filters containing separated

coatings were transported to SSRL in Menlo Park, California. At the laboratory,

the filters were carefully cut into approximately 25 x 4 mm pieces. These pieces

were attached to sample holder windows in Teflon or aluminum mounts

approximately 3/4" x 2" and 1 1/2 to 3 mm thick and sealed with Kapton tape.

The mounts were placed in the freezer until EXAFS data collection.

EXAFS data were also collected on material coating a microscope slide

present in Pinal Creek at site J-5 from April 22nd to July 8th, 2002. Approximately

58.5 mg of material was scraped off this particular slide, chosen because it was

fully coated and was therefore completely black. The biofilm material was

placed in a 5-mL plastic vial. The sample was sent to Chris Fuller of the USGS

(Menlo Park) to run at SSRL in December 2002. At that time, the sample was

smeared onto Kapton tape. The tape was put over a slot (-1/8" x 3/4") cut into

a Teflon rectangle. The other side of the holder was sealed with Kapton tape.

The sample was not run in December and was stored in a freezer at SSRL until

March 2003 when it was analyzed with samples described above.



5.1.5 EXAFS Data Collection

EXAFS data were collected at room temperature at SSRL on Beam Line 2-3

using a Lytle fluorescence detector from March 6th through 9th, 2003. Beam

current ranged from approximately 85.6 to 99.7 mA at 3 GeV. A Si(220) double-

crystal monochromator was used to tune the incident X-rays to the Mn K-

absorption edge. Energy was calibrated by setting the first inflection point on a

Mn foil to 6539 eV. The monochromator crystal was detuned approximately 50%

from maximum intensity to reject high-energy harmonics. As the X-rays entered

the experimental hutch, a 1 x 14 mm beam was defined using Ta slits. Before the

monochromator, 1 mm vertical x 14 mm horizontal slits were used. Incident X-

rays were measured using N2-filled ionization chambers; transmitted X-rays

were measured using N2- or Ar-filled chambers. The samples were mounted at

45° to the incoming X-ray beams for fluorescence detection. No fluorescence

filter was used for the particular samples discussed in this thesis. A Mn foil was

placed downstream of the sample for continuous energy calibration.

EXAFS data were collected on samples rutile-1 of 3, 2 of 3, and 3 of 3,

microcline-2 of 3, quartz-1 of 3, and the biofilm sample. However, usable spectra

were collected only for samples rutile-1 of 3, quartz-1 of 3 and the biofilm

sample. Therefore, only data from those samples are discussed here, denoted

from this point on as the rutile, quartz and biofilm samples. Six EXAFS scans
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were collected and averaged for the rutile sample, ten for quartz, and four scans

for the biofilm sample.

5.1.6 EXAFS Data Analyses

EXAFS spectra from the rutile, quartz, and biofilm samples were analyzed

and fit according to standard procedures using EXAFSPAK software (George

and Pickering, 2000). The basic procedures included the following steps.

Background absorbance was first subtracted by fitting a curve through the

energy region (0 to 6505 eV) located before the initial rise of the absorption edge

(the pre-edge region). This removes background in order to isolate an X-ray

absorption spectrum for the absorbing Mn atom alone. Next, using the

background subtracted data, a spline subtraction with a Victoreen polynomial

and the edge-step height were used to normalize the data. Using this polynomial

ensures that distortion of the amplitude of the EXAFS due to background

problems or inadequacies with the pre-edge subtraction does not occur. Spectra

were converted from energy to K-space and weighted by k3 for EXAFS analysis.

A Fourier Transform of the EXAFS data was the next step in data analysis.

Unsmoothed EXAFS spectra were fit using all shells simultaneously. Theoretical

phase-shift and amplitude functions were calculated with the program FEFF

(Rehr et al., 1992; Rehr et al., 1991) using atomic clusters from well-defined

model compounds. Non-linear least-squares fits of theoretical functions to
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unknown spectra were performed to determine the following unknown

parameters. The number of backscattering atoms i is denoted N. The absorber-

backscatterer distance in Angstroms from atom i is defined by R. The Debye-

Waller factor, (52, describes the reduction in backscattered amplitude due to

thermal motion, vibrations, or average amount of disorder in A2 (George and

Pickering, 2000). E0 is the threshold energy shift in eV for the component.

Experimental EXAFS data were collected on a model reference compound,

a natural birnessite sample from Scotland (provided by L. Garvie, Arizona State

University) in order to test and calibrate the theoretical phase-shift and

amplitude functions calculated by FEFF. It was assumed that this reference

compound had a similar type of coordination environment as the unknown

structures. The birnessite reference compound spectrum was fit by fixing N and

varying R and cy2 for each shell; Eo was treated a single variable for all shells.

Through this initial fitting of the model, it was determined that three shells can

be used to fit the model and samples. The first coordination shell around Mn

consists of six oxygen atoms. The EXAFS spectrum could be fit by assuming one

shell with six oxygens at the same distance of approximately 1.92 A. However, it

is probable that there are actually six different distances present. The second and

third shells are composed of Mn at a close distance, 2.0 Mn at 2.85 A, and farther

distance, 4.0 Mn at 2.95 A, respectively (Table 5-3).
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In least-squares fits, higher frequency oscillations arising from multiple

scattering were ignored. From trial fits to reference compounds and unknowns,

it was determined that a scale factor of 0.7 for all samples was the most

appropriate number; therefore, no further fitting of this parameter was done.

This value is typical for that of third-row transition metals (O'Day et al., 1994). A

few iterations ensued for each sample spectra until a satisfactory best fit of the

experimental data to the spectra was achieved. General steps taken to fit the data

were the following:

1.) The first shell E. value was allowed to vary and was linked with the
remaining shells. N, R and &values were fixed.

2.) Once a satisfactory E. value was obtained (between 0-5.0 eV), it was fixed
in subsequent fits. R values were then varied one at a time for each shell.
This was done systematically for all shells while keeping the remaining
parameters fixed. Each R value was fixed after fitting.

3.) After all R values were fixed, G2 values were treated the same way as
above, while holding all other parameters in a fixed position.

4.) R and G2 values were allowed to vary at the same time one shell at a time
while holding N and E. for that shell and the other parameters for the
other two shells constant.

5.) E. was varied one more time for the first shell while linking the other
shells to this value.

At times, it was necessary to refine the parameters slightly after these

steps were taken in order to achieve the best fit. N was fixed in all fitting steps

and in the final fit because for the first shell, it is known that six oxygen atoms
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coordinate Mn. However, although the first and second shell N values are

unknown due to possible cation vacancies and a likelihood of small particles that

decrease the average number of backscatterers, these shells were fixed to

eliminate interference between the oxygen and Mn shells.

5.2 Results

5.2.1 Scanning Electron Microscopy

A summary of all samples investigated using SEM is presented in Table

5-2. The major elements in the table were taken as those showing similar

magnitude in the spectra, or the highest peaks, minor elements were those peaks

following the major element intensity peaks, and the trace elements were taken

as the remaining small peaks. All elements are presented in the table in the order

of highest intensity in the spectra for the appropriate category. Note that if the

samples were coated, those elements, for example, Pt, Au and Pd, were not

included in the table, as well as those elements found within the mounting

substrate such as Al. The images and scans collected but not shown here are

presented in Appendix B.
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Table 5-2: Information for coating samples investigated using SEM-EDS. All
grain samples were placed at Pinal Creek site J-5 on November 27th, 1997. The
separated coating samples were removed from these host grains.

Sample 

Element results from SEM-EDS analysis 

Substrate	 Date out	 Major	 Minor	 Trace 
Figure 5-1: rutile-2 of 3

Figure 5-4: rutile-1 of 3

Figure 5-6: rutile-3 of 3

Figure 5-7: quartz-1 of 3

Figure 5-8: quartz-3 of 3

rutile grain	 2/20/1998	 Mn	 Ti	 Ca, 0, Si
rutile grain	 12/17/1997 Si, Mn, Ti	 0	 Ca, K

rutile grain	 4/17/1998	 Ti, Mn Ca, Mn, Si

quartz grain	 12/17/1997 Si, Mn	 0	 Se

quartz grain	 4/17/1998	 Si	 Mn, 0	 Fe, K, Ca

Figure 5-10: Rutile 1 of 3 area separated coatings	 Si, Mn	 0, Fe	 K, Ti, Ca, S, Fe, Cu
Figure 5-11: Rutile 1 of 3 point separated coatings	 Si, Mn	 Fe, 0	 K, Ti, Ca, S, Fe, Cu
Figure 5-12: Rutile 3 of 3 area separated coatings	 Si, Ti, Fe 0, C, K, S	 Fe, Mn, Cu

Figure 5-13: Rutile 3 of 3 point separated coatings	 Fe, Si, Ti 0, K, Fe	 S, C, Mn, Cu

5.2.1.1 Mineral grains with intact coatings

For the SEM sessions using the mineral grains with the intact coatings,

areas of Mn-oxide precipitation were examined and elemental compositions

obtained with EDS. Unless otherwise indicated, EDS scans were performed over

the whole image area. However, if small circles are present in the image, this

indicates the point where the EDS scan was taken. The square boxes correspond

to a previous or later image showing the placement of the close-up image.

Figure 5-1 (presented in Section 1.1.3.1) shows the Mn-oxide structure

typically seen in many of the mineral grain samples with coatings, in this case on

the rutile-2 of 3 coatings. This EDS scan was performed over the entire image

area and indicates a dominating Mn signal. On the far left of the spectrum, an 0
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peak near the small Ti and Mn peaks indicate TiO2 formation (the composition of

rutile) and Mn-oxide formation. The Pt is present as a result of the sputter

coating of the sample. There are no other major elements present in this area of

the sample, which is shown in Figure 5-2, other than Si and Ca, which may be

present due to quartz, sand, silt or clay grains embedded in the coating matrix.

The overall coverage of the coatings on the rutile-2 of 3 grain presented in Figure

5-2 indicates an occurrence of a majority of smaller particles with larger clusters

of material sporadically present on the surface.

Figure 5-2: SEM image with rectangular box representing the location of the

image in Figure 5-1 on the rutile-2 of 3 grain. No EDS was performed. Scale

bar represents 100 pm.
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The rutile-1 of 3 SEM image and EDS scan is presented in Figure 5-4. This

EDS spectra taken over the entire image area shows almost equally large Si and

Mn signals. It could be that the image area is composed primarily of a quartz

grain, the material in the middle and center left of the image. The Mn-oxide

appears to be present in the upper and lower right hand corners of the SEM

image based on structural similarities to the material in Figure 5-1, and the

abundance of Mn evident in the EDS spectra. Comparable elements shown in

Figure 5-1 are present in this sample as trace species with the addition of

potassium. The Al is due to the Al mounting stub. The location of the SEM

image and EDS scan are shown in the rectangular box in Figure 5-3. Again,

irregular coating of the surface with larger particles and to a lesser extent with

the smaller particles is apparent in this sample.



Figure 5-3: SEM image with rectangular box representing the location of the
following image) on the rutile-1 of 3 grain. No EDS was performed. Scale bar
represents 100 pm.
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Figure 5-4: SEM image and EDS area scan of intact rutile coatings from sample

rutile-1 of 3. The bottom EDS spectra is of the entire area seen in the top

image. Scale bar represents 2 Fm.
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Figure 5-6 shows the rutile host grain with coatings intact that was present

in Pinal Creek for three months. Morphologically similar material is seen in this

SEM image compared to that in Figure 5-1 and Figure 5-4. The Ti peak is slightly

higher in this EDS scan, which was taken over the entire image area. This may

indicate the coating material is thinner such that more of the host grain elements

were returned to the X-ray detector where the EDS scan was performed. Ca and

Mn are present is approximately the same amounts as the other two rutile

samples. The coating coverage shown in the SEM image, Figure 5-5, also

resembles the distribution in Figure 5-2 and Figure 5-3.



Figure 5-5: SEM image with rectangular box representing the location of the
following image (Figure 5-6) on the rutile-3 of 3 grain. No EDS was performed.
Scale bar represents 100 pm.
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Figure 5-6: SEM image and EDS area scan of intact rutile coatings from sample

rutile-3 of 3. The bottom EDS spectra is of the entire area seen in the top

image. Scale bar represents 2 pm.
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What is thought to be the general Mn-oxide structure can be seen in the

top image in Figure 5-7 of the quartz-1 of 3 sample. The fairly equal intensity Mn

and 0 peaks on the left side of the associated EDS spectra indicate the presence

of Mn-oxide. The scan also shows a high Si peak and lower, but prevalent

primary Mn peak. The high Si peak is due to the silicon dioxide make-up of

quartz. Note also that the Pt peaks are present due to the platinum coating on

these particular samples. The structure of coatings seems consistent with the

other samples, as well as being on the same scale size. No image was taken of

this sample to evaluate coating presence over the quartz host grain, therefore, no

observations can be made as to coating abundance.
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Figure 5-7: SEM image and EDS area scan of intact quartz coatings from
sample quartz-1 of 3. The bottom EDS spectra is of the entire area seen in the
top image. Scale bar represents 5 pm
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Figure 5-8 presents the coating material developed after three months in

Pinal Creek on quartz. This image is taken at a higher magnification, therefore

the resolution is poorer, although the general Mn-oxide structure is clearly seen

as evidenced by the similar intensities of the Mn and 0 peaks on the left side of

the EDS scan. This Mn-oxide structure is analogous to what has been seen in

other samples, and the scale size is also comparable. The primary Mn peak is

prevalent and slightly higher than that shown in the EDS spectra of Figure 5-7.

Fe, K, and Ca are also present in small amounts and could be due to sand grains

or contamination. The Al peak is high in this sample due to the mounting stub

and the fact that less coating material is scanned, therefore the beam hits less

actual sample. Also, the Pt is present due to the sputter coating. Comparisons

cannot be made as to coating coverage on this sample because a lower

magnification SEM image was not taken.
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Figure 5-8: SEM image and EDS area scan of intact quartz coatings from
sample quartz-3 of 3. The bottom EDS spectra is of the entire area seen in the
top image. Scale bar represents 1 pm.
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5.2.1.2 Separated coatings on polycarbonate filters

Two polycarbonate filter samples, rutile-1 of 3 and rutile-3 of 3, whose

coatings were separated from the host grains, were investigated using SEM-EDS.

This was done to check if the separation process was successful. Prior to the

SEM session, photos were taken of the filters containing the coatings after the

sonification process. The photos shown below in Figure 5-9 show that the

rutile-1 of 3 filter is a much darker color than the rutile-3 of 3 filter. Also

included in this figure for comparison purposes is the rutile-2 of 3 filter, which

was not analyzed with SEM.

Figure 5-9: Photos of rutile coatings on filter paper that were separated from

host grains. Rutile-1 of 3 coatings are on the left filter, rutile-2 of 3 coatings are
on the filter in the middle, and on the right is the filter with coatings from

sample rutile-3 of 3.
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SEM images and associated EDS scans of the separated coatings on the

filters are shown in Figure 5-10, Figure 5-11, Figure 5-12, and Figure 5-13. It can

be seen that the EDS spectra in Figure 5-10 contains higher Mn and Fe peaks

compared to the smaller Ti peak, which is the main component of rutile. This

indicates that only a small amount of the substrate or parent material is in this

sample. Thus, separation of coatings from host grains was successful and

indicates the coatings primarily contain Mn and Fe components. Also, the large

Si and Al peaks indicate clay material may comprise part of the coatings on the

rutile grains. The Al could also be due to the Al stub used to mount the filter

sample. Figure 5-11 shows an EDS scan that is almost an exact replicate of that

for Figure 5-10, indicating the coating material is consistent.

The EDS scan associated with Figure 5-12 indicates that for sample

rutile-3 of 3 the elements are present in less significant amounts than for sample

rutile-1 of 3 due to the smaller counts recorded (note scale differences in EDS

scans). A greater abundance of elements such as Fe, Ti, Al and Si occur in the

point scan for sample rutile-3 of 3 shown in Figure 5-13. Note also that the

photographs of the separated coatings for the 1 of 3 sample was much darker

than the 3 of 3 sample, possibly indicating a greater Mn presence. It is also likely

that because the 3 of 3 samples were buried at the time of removal, differences in

element abundance could be indicative of redox changes.



Si

I                          

4000 -

3000 -

(.0
-E
o
o

c.)
2000 -

1000

o  
0.0

Figure 5-10: SEM image and EDS area scan of polycarbonate filter containing

separated coatings from sample rutile-1 of 3. The bottom EDS spectra is of the

entire area seen in the top image. Scale bar represents 50 pm.
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Figure 5-11: SEM image and EDS point scan of polycarbonate filter containing
separated coatings from sample rutile-1 of 3. The bottom EDS spectra is
located where the circle is located slightly to the left of center in the top image.
Scale bar represents 50 pm.
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Figure 5-12: SEM image and EDS area scan of polycarbonate filter containing
separated coatings from sample rutile-3 of 3. The bottom EDS spectra is of the
entire area seen in the top image. Scale bar represents 50 pm.
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Figure 5-13: SEM image and EDS point scan of polycarbonate filter containing
separated coatings from sample rutile-3 of 3. The bottom EDS spectra is
located where the circle is located slightly to the left of center in the top image.

Scale bar represents 50 pm.
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5.2.2 EXAFS results

Non-linear least-squares fit results are shown in Table 5-3 for Mn-0 and

Mn-Mn pairs for the rutile, quartz, and biofilm samples as well as the natural

birnessite model. Errors based on fits to reference compounds are R ± 0.02 A and

cy2 ± 25% (O'Day et al., 1994).

Table 5-3: Non-linear Least-Squares fit results of EXAFS spectra for Quartz,
Rutile, and Biofilm samples and a Natural Birnessite model compound

Mn-08 Mn-Mn 10 Mn-Mn 11
Sample N* R (A) (52 (A2 ) N* R (A) (72 (A2) NI* R (A) (52 (A2) Ea (eV)

Quartz Sample 6.0 1.89 0.0147 2.0 2.85 0.0020 4.0 2.91 0.0097 2.2

Rutile Sample 6.0 1.89 0.0164 2.0 2.83 0.0024 4.0 2.90 0.0072 1.7

Biofilm Sample 6.0 1.90 0.0252 2.0 2.84 0.0023 4.0 2.92 0.0131 1.7

Natural Birnessite 6.0 1.91 0.0172 2.0 2.85 0.0031 4.0 2.91 0.0079 4.4

Monoclinic birriessite l 4.0 1.92 2.0 2.85 4.0 2.95
2.0 1.97

N =- number of backscattering atoms, R -= interatomic distance (A) (± 0.02 A), G2 = Debye-Waller factor (A 2),
and Ea = Threshold Energy (eV)
*fixed on known crystallographic values
lInteratornic distances and coordination numbers calculated from structure parameters reported by
Post and Veblen (1990) for monoclinic birnessite (NaMn 204 .1.5H20)

Spectral fits for the rutile, quartz, and biofilm samples and the natural

birnessite reference compound are shown in Figure 5-14. Note that for both

plots, only a relative y-axis is given. Each spectra initially had the same y-axis

range, however, for comparison purposes, the spectra were separated and

stacked. Figure 5-14 A presents background-subtracted, k3-weighted Mn K-edge
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EXAFS spectra for the sample; B is a Fourier transform of the data in Figure 5-14

A (uncorrected for phase shift) and presents the radial structure functions (RSFs).

RSFs display a set of structural peaks at distances R + AR (A) that correlate the

local structure surrounding the central Mn absorbing atom and the local

backscattering atoms at a particular distance (Friedl et al., 1997; Brown, 1990). It

can be seen that the oscillations of all three sample spectra correspond well with

that of the least-squares fitting, i.e., major peaks and valleys are in similar

positions.
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Figure 5-14: Mn K-edge EXAFS spectra (A) and Fourier transforms of the

spectra (B) for the rutile, quartz and biofilm samples, and the natural

birnessite reference compound. The experimental EXAFS spectra are

represented by the solid lines and the dotted lines represent non-linear least-

squares best fits.



177

The three sample EXAFS spectra (Figure 5-14 A) are similar to that of the

natural birnessite model as the unknown and reference spectra differ mainly by

their amplitude. Two predominant peaks are observed in all three RSFs in

Figure 5-14 B. The first peak in the RSF corresponds to a shell of oxygen atoms

that coordinate Mn. Least-squares fitting of the first atomic shell yielded six

nearest-neighbor oxygens at 1.89 ± 0.02 A for the three samples. The second

major RSF peak corresponds to nearest Mn atomic neighbors centered at

approximately 2.5 A (uncorrected for phase shift). The second RSF peak was fit

with two shells of Mn atoms, one consisting of 2 Mn atoms at 2.84 ± 0.02 A and

one with four Mn atoms at a longer distance of 2.91 ± 0.02 A.

High frequency oscillations in the EXAFS spectra at low k (between -1.5-5

A-1 ) (Figure 5-14 A) appear as peaks at high R (between -5-6 A) (Figure 5-14 B) in

the Fourier transforms. These oscillations are attributed to photoelectron

multiple scattering among planar Mn atoms in the birnessite structure. Note that

in these regions it is evident that the least-squares fits to the experimental data

are poor. This is because these portions of the spectra were disregarded in the

fitting.

5.2.3 Interpretation of EXAFS Spectra

The interatomic distances, R, determined for the samples, 1.89 A for both

quartz and rutile, and 1.90 A for the biofilm, are within error for the distance of
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1.91 A determined by EXAFS for the natural birnessite reference compound and

the crystallographic values for monoclinic birnessite determined by Post and

Veblen (1990) (Table 5-3). These values show agreement in interatomic distances

between the EXAFS fit and values determined from XRD, suggesting that all

three samples have local Mn environments comparable to that in birnessite. It is

evident that the quartz and rutile samples are alike in structure due to their

similar EXAFS spectra and peak shape, height, and positions.

It is probable that these samples are disordered birnessite because they

have lower amplitudes in their second-neighbor peaks compared to the natural

birnessite that has the same approximate amplitudes in its two shells. Therefore,

it is possible that there is more disorder in the local environment around Mn in

these samples and/or they consist of smaller particle sizes than the reference

compound (O'Day et al., 1994).

The biofilm differs slightly in the Mn-0 region and has larger amplitude

in its second, Mn-Mn peak compared to the other samples. This suggests more

disorder occurs in the biofilm sample or that it contains smaller particle sizes

compared to the quartz and rutile samples. Furthermore, because this sample

was run wet supports the notion that there is more disorder in this biofilm

sample due to the additional water present.

A test to confirm the possibility that there is more disorder in these three

samples compared to the reference compound was performed. The test involved
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using the final fit parameters of N, R, and Eo for each sample and using the a2

values from the natural birnessite reference compound. For all three cases, the

average number of backscatters was held constant at 6.0 for the first shell (the

known number of oxygen atoms coordinating Mn) and its cr2 value was allowed

to vary. Since we know that the first shell is very disordered for the three

samples, we can expect theseu 2 values to be similar to or larger than that of the

birnessite model (Table 5-3).

For the two Mn shells, the average N is unknown due to the possibility of

cation vacancies and/or a high percentage of edges or very small particles

present that act to reduce the average number of Mn backscatterers (O'Day et al.,

1994). Therefore, to quantify the reduction in the effective average number of

Mn backscatters relative to the crystalline model, N values were allowed to vary

and a2 was fixed for the two Mn shells on values determined from fits to the

model compound. This was done under the assumption that the average

amount of disorder is the same between the model and the unknown samples.

Results from this test are presented in Table 5-4. For the first Mn shell, the

average number of backscatterers, N, increases from the original value of 2.0 for

all three samples, and for the second Mn shell, N decreases from the initial value

of 4.0.
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Table 5-4: Fit results for Quartz, Rutile, and Biofilm samples to confirm
disorder conclusion. The data for the Natural Birnessite model is included for
comparative purposes.

Sample

Mn-O 8 Mn-Mn 10 Mn-Mn 11

Eo (eV)N* R (A) cr2 (A2) N R (A) cr2 (A2) N R (A) (72 (A2)

Quartz Sample 6.0 1.89 0.0172 2.5 2.85 0.0031 3.1 2.91 0.0079 2.2

Rutile Sample 6.0 1.89 0.0161 2.2 2.83 0.0031 3.6 2.90 0.0079 1.7

Biofilm Sample 6.0 1.90 0.0410 2.4 2.84 0.0031 2.0 2.92 0.0079 1.7

Natural Birnessite 6.0 1.90 0.0172 2.0 2.8425 0.0031 4.0 2.9224 0.0079 4.4

N = number of backscattering atoms, R = interatomic distance (A) (±0.02 A),
= Debye-Waller factor (A2), and Eo = Threshold Energy (eV)

*fixed on known crystallographic values

5.3 Discussion

This portion of the research attempted to further understand Mn-oxide

formation, to characterize dominant mineralogy, morphology, and elements

present on coatings and biofilm samples, and to discern if there are differences in

microbe colonization, coating, and Mn-oxide formation on the various substrates

present in Final Creek for different lengths of time and during different time

periods using SEM and EXAFS spectroscopy. Information has previously been

gained on characterizations of manganese precipitates using XRD (Best, 2002;

Geiger, 1999), metal removal rates, metal precipitation mechanisms, and metal

movement within sediments, surface water and aquatic vegetation at Final Creek



(Condon, 2003; Robbins, 2003; Kay, 2000; Marble, 1998). Using these past

research findings as a basis for this study, insight and knowledge into the

specific Mn-oxide that is potentially responsible for metals removal in Pinal

Creek has been gained.

5.3.1 SEM Observations

SEM was used to investigate structural information of grains with

coatings intact and polycarbonate filters containing separated grains. The EDS

maps primarily offer qualitative information on whether a particular metal is

present and relative abundance of the metals in different areas based on the

number of counts received by the detector. EDS scans cannot be used to quantify

actual elemental concentrations for non-smooth surfaces. Therefore, EDS scans

can be used a qualitative tool only, but a very useful one at that.

Morphologically, it appears that the coating material developed on the

various substrates after one month are similar to those developed after two and

three months. Overall the SEM images indicate poorly crystalline, aggregated

particles that are very small and lacking in geometric regularity. Although size

estimates for the individual particle dimensions are somewhat hindered by the

aggregation of particles, it is safe to assume the coating dimensions may be from

25 to 50 pm across.
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The coatings present on rutile grains shown in Figure 5-1, Figure 5-3,

Figure 5-4, and Figure 5-6 are very similar based on characteristics such as

morphology, elemental presence and overall size of particles. Note that the SEM

images for the three figures have the same scale although the EDS scans have

different counts and energy (keV) axes ranges. Rutile is Ti-oxide, therefore, Ti is

often a prevalent peak in these EDS spectra. The Mn peaks in each figure are

approximately the same, although the rutile-2 of 3 EDS scan presented in Figure

5-1 indicates higher Mn levels. This could be because the area analyzed by EDS

for this figure contained more coating material compared to the areas analyzed

in Figure 5-4 and Figure 5-6. This may explain why the scans taken over the

entire area returned more Mn for Figure 5-1. The angle at which the X-ray beam

hit the sample could also explain the differences in magnitude. It is possible that

more fluorescence returned to the collector on this sample, resulting in a higher

Mn peak.

The coatings appear to be very similar in structure and size in each sample

if one assumes the oxide material in Figure 5-4 located in the upper and to a

lesser extent the lower right hand corners. The characteristic cauliflower-

structure is evident in all three SEM images. The overall coverage of the coatings

is also fairly uniform throughout the rutile host grains in all three cases,

including comparable variances in particle sizes present. Overall, the rutile
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coating samples present in the creek for one, two, and three months are similar to

each another in elemental composition, morphology, and particle size.

For the SEM-EDS investigations of the quartz samples presented in Figure

5-7 and Figure 5-8, the composition of the host grain is very evident. That is, the

Si peaks are prevalent due to the presence of silicon dioxide. Approximately the

same Mn counts are seen in both EDS spectra. Similar morphologies in the

characteristic Mn-oxide coating structures are seen in both of these samples. It

can also be concluded that the quartz samples, although present in the creek for

differing time periods of one month and three months, also result in similar

coatings.

Based on the SEM images, quartz-3 of 3, and rutile-1 of 3, 2 of 3, and 3 of 3

had the most Mn-oxide coatings. The Mn presence is slightly less in the quartz

samples compared to the rutile samples. They appear fairly similar in particle

size, structure, and element composition. These observations indicate the

microbe colonization and coating formation occurs on rutile and quartz in the

same manner, i.e., there are no overwhelmingly large differences between the

coatings on each substrate types. Thus, substrate preference is not an important

factor in Mn-oxide formation in Pinal Creek and therefore the microorganisms

present were not dependent upon the surface characteristics.
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5.3.2 Particle Composition, Mineralogy, and Mn-oxide structure of Pinal

Creek coatings

Most Mn-oxides are comprised of a Mn06 octahedron that can be

assembled by sharing edges and/or corners into various structural

arrangements, typically consisting of two main types: (1) chain, or tunnel

structures and (2) layer structures. Tunnel structures contain single, double, or

triple-chains of edge-sharing Mn06 octahedra. These chains form rectangular or

square cross sections by sharing corners with adjacent chains. The

phyllomanganates, or layered structures, include stacks or layers of sheets of

edge sharing Mn06 octahedra. The larger tunnels and interlayer regions of the

respective structural arrangements contain water molecules and/or cations (Post,

1999).

Results from EXAFS spectroscopy investigations for this study suggest

that the rutile (zero point of charge (zpc)=5.6-5.7), quartz (zpc=3), and biofilm

samples present in Pinal Creek at site J-5 for approximately the same time (1

month to 2 1/2 months), are composed of Mn-oxides with the local structure of

disordered birnessite, a very prevalent Mn-oxide in soils and sediments. All

known natural birnessite are fairly poorly crystalline and fine-grained (Post,

1999). The birnessite structure is an example of a layered Mn mineral, composed

of edge-shared Mn06octahedra where Mn4+ fills each coordination site in the

ideal hexagonal structure (Hem et al., 1989).
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It is possible that these samples are a disordered birnessite structurally

and compositionally related to hexagonal birnessite, the most

crystallographically symmetrical polymorph. A recent study by Villalobos et al.

(2003) characterized Mn-oxides produced by P. putida strain MnB1 present in

soils and freshwaters using XRD, EM, and EXAFS. Their results suggest that the

biogenic Mn-oxide was not indicative of the higher crystalline form of triclinic

birnessite, but more structurally similar to the poorly crystalline hexagonal

birnessite family. Their SEM and TEM images of the biogenic Mn-oxides

revealed aggregated particles lacking geometric regularity along with small

particle sizes, also indicating an absence of crystallinity.

Different factors may cause natural variations from ideal composition and

structure. Compositional substitution affects structure, and in the more

crystalline triclinic structure of birnessite, a larger proportion of well-ordered

Mn(III) octahedral are present and thus all cationic layer positions are filled with

Mn atoms (Figure 5-15). In other words, there are no structural vacancies in

these layers (Villalobos et al., 2003; Manceau et al., 2002) The negative layer

charge is balanced by hydrated interlayer cations that substitute in, usually alkali

or alkaline-earth metals that hold the sheets together (Villalobos et al., 2003). In

contrast, the poorly crystalline hexagonal birnessite counterparts contain more

Mn(IV), therefore more cation vacancies are present in the octahedral sheets

(Figure 5-16). The overall negative layer charge arises from these vacancies and
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is compensated with hydrated cations and protons (Villalobos et al., 2003;

Manceau et al., 2002).

These vacancies are important in that they could result in fewer numbers

of Mn backscatterers in the samples. The procedure to test this possibility

discussed in Section 5.2.3 revealed possible cation vacancies in the second Mn

shell. These results may explain the amplitude reduction seen in the quartz,

rutile, and biofilm RSF peaks in Figure 5-14 (B) compared to the natural

birnessite model, as there is a dependence of the amplitudes of the RSF peaks on

the number and backscattering amplitudes of the nearest atoms surrounding Mn

(Brown, 1990). This lends further support to the conclusions that these samples

are disordered, poorly crystalline birnessite structures.

Triclinic bimessite

N a 00 Mn20+5 	0,05)0_2

Figure 5-15: Schematic representation of triclinic birnessite. (Figure was taken
from Manceau et al., 2002).
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Figure 5-16: Schematic representation of hexagonal birnessite. (Figure was
taken from Manceau et al., 2002).

Vacant sites in hexagonal birnessites allow differences in reactivity and

metal sequestration. Compared to the triclinic birnessites where the completely

occupied sheet may involve cation-exchange processes at interlayer sites, highly

reactive sites are present in the voids in the hexagonal birnessites. These sites

may promote timer-sphere complex formation.

Octahedral coordination sites suitable for metals are provided in the

oxides and thus cause substitution of transition metal cations such as Mn, Mg,

Ca, Na, Co, Cu, and Zn into the hexagonal layer spaces between two successive

Mn layers (Condon, 2003; Manceau et al., 2002; Geiger, 1999; Friedl et al., 1997).

For example, Co2+ can oxidize and substitute in the Mn layer. Hydrous Mn-

oxides have been recognized for some time as playing an important role in
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controlling cycling of trace elements and nutrients in soils, stream and ground

waters, and sediments, mainly due to their structural disorder and natural

abundance (Manceau et al., 1992).

McKenzie (1980) found that significant lead uptake occurred on fine-

grained birnessites and less on larger particle sized birnessites. He concluded

that the lead entered the interlayer spaces of the smaller-grained birnessites,

allowing for additional lead to be present than would otherwise be there for

monolayer coverage only (McKenzie, 1980).

Another key finding based on our results is, assuming that oxidation and

coating formation are mainly biologically mediated, the microorganisms may not

have a substrate preference for these processes. SEM-EDS results performed

with these samples also support this as both quartz and rutile appear to contain

morphologically and elementally similar coating material. Furthermore, the EDS

scans with plentiful Ca (mainly all the figures presented above with a slightly

lesser degree in the quartz samples) are similar to what Best (2002) and Geiger

(1999) found in their analyses of natural samples from Pinal Creek.

Because a similar birnessite structure was found on different substrates,

the idea that biological oxidation on surfaces is the main pathway for Mn-oxide

formation in Pinal Creek is supported. These findings are further maintained by

the structural and compositional results from the study done by Villalobos et al.
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(2003) that also supports the formation of birnessite that has been reported for

other freshly precipitated Mn-oxides in natural weathering environments.

Other studies have been conducted that sustain the findings presented

here. Lind et. al. (1993) identified mineralogical compositions of black cemented

crusts from the Pinal Creek streambed. Using XRD, the crusts were found to

contain mixed layer-structured Mn-oxides (Lind and Hem, 1993), consistent with

our results. In particular, Mn-oxides discussed by Harvey and Fuller (1998) and

Kay et al. (2001) that were collected from the Pinal Creek hyporheic zone were

characterized by Bilinski (2002). Electron microscopy, JR spectroscopy, and XRD

techniques to characterize these oxides found evidence consistent with findings

from other studies that also used natural biogenic Mn-oxides. Primary oxides

identified were birnessite group minerals, buserite, a hydrated layer type Mn-

oxide related to birnessite, and todorokite. They indicated that it is possible that

todorokite, a tunnel structure Mn-oxide, forms from birnessite precursors.

It is also possible that both todorokite and birnessite are present

simultaneously. There is rarely a distinct line that defines these naturally

produced oxides, thus, it is also very likely that the birnessite materials in these

samples are composed of mixed amorphous and crystalline structured

disordered oxide minerals. Best (2002) and Geiger (1999) also concluded that

birnessite and/or todorokite were probably the main Mn minerals, but we have



190

little information on mineralogical changes with time or mineral substrate

(O'Day, P., personal communication, 2002).

These results are also supported by findings from an XAS study done by

McKeown and Post (2001) on rock varnish and dendrite samples that were

speculated to be formed biologically. It was found that birnessite-family

minerals were present in the samples, as well as todorokite. Other studies have

pointed out that with strong Mn-oxidizing bacteria presence, there are

relationships between rock varnishes and ocean Mn nodules. It was concluded

that if the materials on both the nodules and varnish samples were indeed

formed by bacteria, then mixed assemblages of todorokite and birnessite oxides

might indicate biologic activity (McKeown and Post, 2001).
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6.0 CHAPTER 3— LAB EXPERIMENTS FOR OBSERVING MANGANESE
OXIDE FORMATION

6.1 Experiment Preparation

Laboratory experiments were conducted to gain information on a fast-

growing type of Mn-oxidizing bacteria, P. putida GB1. Although this particular

bacterial strain has not been isolated from Pinal Creek itself, it is likely that it

does occur there as it is a very common bacterium. Experiments with P. putida

GB1 were begun as it is known to produce good biofilms, which could not be

guaranteed if a Pinal Creek strain were to be used. The bacteria used for this

portion of research were isolated from a water pipe and received from Brian

Clement, a Ph.D student in Dr. Bradley Tebo's laboratory at Scripps Institution of

Oceanography, La Jolla, California, along with a recipe for GBI-MSVG ATCC

#1917 defined growth media. The bacteria were sent on culture plates on ice and

were immediately placed in a 4°C refrigerator. Rein's vitamin solution for the

bacteria was also received at this time and stored at 4°C.

The first experiment involved using an ATR-FTIR system to monitor biofilm

development in-situ using a bioreactor flow-through system containing Mn(II)

spiked growth media. Initial goals for these experiments were to determine  JR

spectra of the Mn-oxide produced by the bacteria adhering to the ATR Ge

crystal. Plans to add Mn(II) to the growth media after microbial attachment to

the Ge crystal failed due to an air bubble entering the tubing system before the
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addition occurred. The bubble caused all attached cells to shear off the crystal

eleven days into the experiment before Mn(II) addition. This experiment is

explained in more detail in Appendix F.

The next experiments took a simpler approach. Primary goals were to

determine if there were distinctions in bacterial colonization between three

different substrates suspended in the bioreactor, and if macromolecular

composition varied between experiments with and without Mn(II) addition. By

doing these simpler tests, another ATR-FTIR experiment could be performed in

the future with a more favorable crystal for bacterial cell attachment.

Three different substrates were used and included a CdTe window (Pike

Technologies), a ZnSe window (Spectra-Tech, Inc.), and a Ge window (Spectra-

Tech, Inc.). These specific crystal types were used for a variety of reasons. These

windows have the appropriate spectral range and are relatively transparent to JR

radiation in the regions of the spectrum that we are interested in, which is

approximately 4000 to <400 cm-1 . Also, it was assumed that the bacterial cells

would not react with these window materials, therefore, the chemical and

physical properties of the windows would not interfere with the samples. Of the

three windows, only the CdTe is capable of measurements in the low range (<600

cm-l), a region of interest due to the presence of Mn-0 stretching vibrations at

580 to 590 cm-1 . Therefore, the CdTe crystal was often used to obtain additional

JR spectra of the surface coating biofilm material.
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Experiments conducted include batch experiments without the presence

of Mn(II) and with a final pH of 4.92, one with a constant pH of 7.6, a batch

experiment with Mn(II) at pH 7.6, and two tests of the vitamin solution for

possible Mn oxidation at pH 5.83 and 7.64. Due to the different pH levels in

these experiments, it is difficult to conclude if the surfaces of the crystals were

positively or negatively charged for each experiment as the surface charge of the

windows change with pH.

6.1.1 Materials

6.1.1.1 Bottle and Filter Sterilized Water Preparation

All glassware and dishes were acid washed in 4M reagent grade HNO3 for

at least three hours, rinsed with tap water, and thoroughly rinsed with Milli-Q

water. New bottles were soaked in Milli-Q for about 24 hours. Items were dried

in an oven at about 95°C. Filter sterilized water was used to prepare the growth

media and stock solutions. Milli-Q water was filter sterilized using 0.22 11M

Nucleopore filters (Whatman) on a Millipore vacuum filter system or by using a

Geopump handpump (Nalgene) to manually filter the Milli-Q. The filter-

sterilized water was transferred to clean containers, parafilm sealed and stored at

room temperature until further use.



6.1.1.2 Stock Solution and Growth Media Preparation

Stock solutions of the GB1 growth media ingredients (Table 6-1) were

prepared and stored until needed for each fresh media preparation. All stock

solution and growth media preparation procedures were carried out under a

laminar flow hood to ensure particles would not enter work area or storage

bottles. For the stock solution preparation, the following recipes were used:

• 1.0 M (NH4)2SO4 - add 13.21 g (NH4)2SO4 (SIGMA, ACS Reagent) to

100-mL filter-sterilized Milli-Q Water

• 100 mM MgSO4 - add 1.2039 g MgSO4 (Spectrum Quality Products, Inc.,

Reagent powder) to 100-mL filter-sterilized Milli-Q water

• 200 mM CaCl2- add 2.9404 g CaC12*2H20 (Fisher Scientific, ACS) to

100-mL filter-sterilized Milli-Q water

• 100 mM KH2PO4 - add 1.3609 g KH2PO4 (Fisher Scientific, ACS) to 100-mL

filter-sterilized Milli-Q water

• 100 mM Na2HPO4 - add 1.42 g Na2HPO4 (SIGMA-ALDRICH Co, ACS

Reagent) to 100-mL filter-sterilized Milli-Q water

• 1.0 M HEPES - add 23.83 g HEPES (Fisher Scientific, enzyme grade) to

100-mL filter-sterilized Milli-Q water

• 10 mM FeSO4 - add 0.27802 g FeSO4*7H20 (SIGMA-ALDRICH Co, ACS

Reagent) to 100-mL filter-sterilized Milli-Q water

• 10 mM EDTA - add 0.37224 g EDTA (Fisher Scientific, ACS) to 100-mL

filter-sterilized Milli-Q water

• 500 mM MnSO4- add 4.2255 g MnSO4*H20 (SIGMA-ALDRICH Co, ACS

Reagent) to 50-mL filter-sterilized Milli-Q water (note: Mn added only for

select experiments)

194



195

• 100 mM Glucose — add 4.9542 g dextrose (J.T. Baker, powder) to 250-mL
filter-sterilized Milli-Q water

• Vitamin Solution — see Table 6-2

Table 6-1: Defined Growth Media Recipe for GB1-MSVG ATCC #1917 —
Mineral Salts, Vitamins, Glucose

(recipe courtesy of Brian Clement, Scripps Institution of Oceanography)
For a 1-L solution

Ingredient
	

[Final]
	

Add
2 mM

0.25 mM
0.4 mM

0.15 mM
0.25 mM
10 mM

0.10 pM
0.10 pM

0.1 mM
1mM

--

(NI-14)2SO4
MgSO4

CaC12

KH2PO4
Na2HPO4

HEPES
FeSO4

EDTA

MnSO:
Glucose

Vitamin Solution
DI H20

2 mL of 1.0 M stock
2.5 mL of 100 mM stock
2 mL of 200 mM stock
1.5 mL of 100 mM stock
2.5 mL of 100 mM stock
10 mL of 1.0 M stock
10 pl of 10 mM stock
10 pL of 10 mM stock
0.2 mL of 500 mM stock
10 mL of 100 mM stock
1.0 mL of stock
Add to total 1.0 L solution

* Mr12+ added as MnSO4 only for select experiments



Table 6-2: Rein's Vitamin Stock (Modified) Recipe

40 mL 1 mg/mL Biotin (heat to dissolve)
4 mg	 Nicotinic Acid
2 mg	 Thiamin
4 mg	 p -Aminobenzoic Acid
2 mg	 Calcium Pantothenate
20 mg Pyridoxin
2 mg	 Cyanocobalamin (original recipe called for 0.5 mg)
4 mg	 Riboflavin
4 mg	 Folic Acid

Dissolve all dry ingredients separately in -40 mL Milli-Q water
and combine with Biotin solution. Bring the entire mixture
to a final volume of 200 mL in Milli-Q water. Filter sterilize
and store at 4 °C.

It is possible the Fe(II) present in the growth media oxidizes on its own;

therefore, EDTA was used as a chelator for the Fe in a 1:1 ratio to decrease

chances for Fe(OH)3 solid formation. HEPES (N-2-Hydroxyethylpiperazine-N'-

ethanesulfonic acid) was used as a biological pH buffer.

Appropriate amounts of each of the compounds were measured using a

Mettler AE 160 analytical balance and transferred to volumetric flasks. Any

remaining material on the weighing dishes was rinsed into the flask using filter-

sterilized water and 3-mL disposable syringes. The solutions were diluted to the

proper amounts using filter-sterilized Milli-Q water. The final solutions were

poured into clean 125-mL or 250-mL HDPE bottles, parafilm wrapped, and

stored until use.
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A new batch of growth media was prepared for each experiment,

including each growth curve. Typically, 1-L or more of growth media was

prepared for each experiment. Each stock solution was added to volumetric

flasks using pre-calibrated Eppendorf pipettes in the amounts shown in Table 6-1

per 1-L. The flask was filled with filter-sterilized water to the total volume, and

poured into autoclavable bottles. The growth media was autoclaved soon after

preparation at 121°C for 20-25 minutes depending on total volume, allowed to

cool to room temperature, and either used promptly or refrigerated until use.

6.1.2 Pseudomonas putida GB1 Growth Curve

A 24-hour growth curve was performed using the GB1 growth media

without Mn(II). Two steps were taken to obtain a growth curve. One colony was

added to a certain volume of fresh growth media and allowed to grow for 24

hours, specified as "growth from colony." A known volume of that solution was

then added to new media to allow the bacteria to grow to steady state, denoted

hereafter as "growth from broth."

One liter of growth media was prepared for the growth curve. Three

separate 250-mL flasks were filled with 25-mL of media. The 1-L bottle and three

flasks were autoclaved for 20 minutes and cooled to room temperature. Each

flask was inoculated under a laminar flow hood with one GB1 colony from the

culture plate. The flasks were placed on a shaker table set at 130 revolutions per
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minute (rpm) and 30°C. Another 250-mL flask was used to contain 25-mL media

for use as a blank.

At 30 minutes, one hour, two hours and various time periods after flask

inoculation, 220 microcliters (pL) of solution were removed from each flask and

put into cuvettes to obtain absorbance readings using a Shimadzu UV-2501 PC

UV-VIS Recording Spectrophotometer. The system was first auto-zeroed using

two cuvettes filled with fresh growth media. After this, one cuvette was cleaned

out using ethanol and Milli-Q water and a vacuum pump. The clean cuvette was

filled with 220 pL of media and colony solution. This procedure was followed

for all three flasks to obtain triplicate absorbance readings.

After 24 hours, three new 250-mL flasks containing 50-mL of fresh growth

media were each inoculated with 0.5-mL of the growth from colony solution

from one of the flasks. The same steps were taken to obtain absorbance readings

for these samples. The growth curves obtained from these data are shown in

Figure 6-1. It can be seen from this figure that the average growth from colony

and average growth from broth have approximately the same growth

characteristics. For the experiments, 24-hour growth from broth cultures were

used.
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Figure 6-1: Growth curve for Pseudomonas putida GB1

6.1.3 Manganese Oxidation with Vitamin Solution test

After the batch experiment without Mn(II) that started at pH 5.98 (Section

6.1.4.2) had started, it became apparent from Brian Clement of Scripps that the

vitamin solution used to date could oxidize chromium and possibly Mn(II).

Therefore, two experiments that were conducted at different pH levels were

devised to test this before running the batch experiment in the presence of Mn(II)

at pH 7.6 (Section 6.1.4.4) and the batch experiment without Mn(II) at pH 7.6

(Section 6.1.4.3). The experiments were such that 1- or 2-L growth media

including the Rein's vitamin solution with 100 pM Mn(II) as MnSO4was
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prepared. The bottle, along with a magnetic stir bar, and silicone tubing with an

air vent on top of the bottle for aeration was autoclaved for each test. The sample

bottle was placed on a stir plate and ran untouched for 115 hours for the pH 5.83

test and 85 hours for the pH 7.64 test.

Three methods were used to test for Mn oxidation using media from

before and after the vitamin solution tests. After sterilization and before

beginning the tests, 8 to 10-mL of media was removed and placed into sterile

vials. After ending each test, the same amount was also removed and stored in

sterile vials. These procedures took place under a laminar flow hood. All

samples were stored in a refrigerator until further analyses.

A solution of 0.1% Leucoberbelin blue (LBB) (SIGMA-ALDRICH) with 1%

acetic acid was prepared to use as a visual test for Mn-oxides (Lee and Tebo,

1994). LBB is a reagent that reacts with Mn(III) and Mn(IV) oxides and forms a

blue color if the oxides are present. To confirm the use of the LBB as an effective

visual test for Mn-oxides for future samples, approximately 0.25-mL of t = 0

hours sample from the first vitamin test at pH 5.83 was placed onto filter paper.

A few drops of the LBB solution were then added to the filter paper. This test

proved negative because only dissolved Mn was present at this time, as well as a

test done with water. Another test was performed on synthetic birnessite, which

proved positive for Mn-oxides, therefore confirming the LBB test validity.
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To test for decreases in dissolved Mn(II) in solution due to possible

formation of solid Mn(III) or Mn(IV), FAA was used to analyze 0.025 pm filtered

and unfiltered media samples before and after the vitamin solution tests. A third

method was used to reduce any Mn-oxides in solution that were possibly

oxidized from Mn(II) during the duration of these experiments. This was

achieved by adding unfiltered sample from the beginning and end of each test in

a 1:1 ratio with 0.1 M hydroxylamine HC1 (J.T. Baker) with 0.1 M trace metal

grade HNO3(J.T. Baker). The samples were placed on a shaker table, extracted

for two hours, then analyzed for Mn using FAA.

To test each method, appropriate samples were filtered using 0.2 pm

filters (Millipore). Also at this time, the LBB visual tests for Mn-oxides were

performed as outlined above. Results from each LBB test and FAA analyses are

presented below in Table 6-3.
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Table 6-3: Table of results of samples from vitamin solution test analyzed for
Mn using FAA and LBB tests.

Average FAA
Standardreading
Deviation(mg/L)

Mn in
media
(mg/L)

LBB test 
results 

1.594 0.0976 6.4025 negative
0.801 0.0219 3.7455
0.778 0.0007 5.9675

1.522 0.0007 6.0214 negative
0.960 0.0127 3.8758
0.762 0.0042 6.1177

1.620 0.0071 6.4732 negative
1.307 0.0771 5.1602
0.767 0.0269 6.0736

1.559 0.0219 6.2280 negative
1.364 0.01.13 5.4533
0.827 0.0085 6.2721

Sample

Vitamin solution test at pH 5.83
t=0 hrs - unfiltered
t=0 his - filtered
t=0 hrs - extracted unfiltered

t=115 his - unfiltered
t=115 his - filtered
t=115 his - extracted unfiltered

Vitamin solution test at pH 7.64
t=0 his unfiltered
t=0 hrs - filtered
t=0 hrs - extracted. unfiltered.

t=85 his - unfiltered
t=85 hrs - filtered
t=85 his - extracted unfiltered

The LBB visual test results indicate no significant Mn oxidation had

occurred due to the vitamin solution in both experiments. The F.AA results

indicate that less than a 1% decrease in Mn(II) occurred over the course of both

tests, shown. by the decrease in Mn media concentration between the t , 0 hours

and t = 11.5 hours or t = 85 hours unfiltered samples.. This is an insignificant

change because it is within the enor range of the FAA. When comparing the
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unfiltered and filtered sample data for the pH 5.83 test, there is almost a one-half

decrease in Mn concentration with the filtered samples. The difference is smaller

for the pH 7.64 test. It is possible that before the pH 5.83 test even began the

Mn(II) became bound to another ingredient in the media that did not pass

through the filter. However, whatever was bound in solution was most likely

dissolved in the extraction procedure because the extracted unfiltered sample

data for t = 0 hrs at pH 5.83 again only shows only a small 1% decrease from the t

= 0 hrs unfiltered sample. The t = 115 hrs filtered sample data are very close to

that of the same sample for t = 0 hrs. This again shows that the Mn is possibly

bound up in colloidal material that is trapped by the filter, but is successfully

reduced in the hydroxylamine solution. Evidence for this is the t = 115 hrs

extracted unfiltered sample having about the same Mn concentration as for the

unfiltered samples for both time periods. The extracted unfiltered data for both

time periods for the pH 7.64 test are very close in value to the unfiltered data,

again indicating whatever Mn was bound went back into solution after the

extraction procedure.

Given that these changes are only slight and that the LBB tests proved

negative in all cases, it can be concluded that Mn oxidation from the vitamin

solution alone is not significant over this time period. Thus, the same Rein's

vitamin solution was used for the batch experiment in the presence of Mn(II) at

pH 7.6.



6.1.4 Batch Experiments and Set Up

6.1.4.1 Overall Experimental Design

The batch experiments using GB1 cells were performed using a 2-L glass

bioreactor (VirTis) (Figure 6-2). The system consisted of the bioreactor, a fresh

medium container, acid container, base container, platinum cured silicone tubing

(MasterFlex) for various purposes described below, two pumps, and a waste

container. The bioreactor contained an inlet tube that provided discontinuous

flow from the medium container to avoid back-contamination, exit tubing to the

waste container, an air line to bubble air in, temperature probe, heating rod,

three air vents with 1.0 pm filters where the crystals were attached, and a pH

probe. The pH levels were controlled using bottles containing 0.1 M HC1 and 0.1

M NaOH that were hooked into the top of the bioreactor via the silicone tubing.

The inlet and outlet lines kept the volume of media in the bioreactor constant at

1.8 to 1.9 L using a Sarah Standard Cassette Pump (Monostat Corporation)

system calibrated to a flow rate of 0.25-mL/min, which was turned on the day

after the experiment started.
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Figure 6-2: Bioreactor showing CdTe, Ge and ZnSe crystals

Two liters of fresh growth media were prepared for each batch

experiment for the bioreactor. Approximately 1.8 L of this media was put into

the bioreactor. Additional media was also made for the inlet system to provide

fresh media to the bioreactor. Appropriate tubing, metal rods, and condition

controlling equipment were hooked up to the bioreactor prior to autoclaving and

included the following components: the pH probe, three silicone tubing air vents

each with 1.0 pm filters, acid tubing, base tubing, the inlet tube coming from the

fresh medium reservoir, exit tubing and tubing to bubble air into the bioreactor,
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both of which were clamped during autoclaving. The entire unit including the

medium reservoir and acid and base containers were autoclaved and cooled to

30°C before beginning any experiments.

Since the three different crystals could not be autoclaved, the following

steps were taken under the laminar flow hood to decrease the chances for

contamination. After the bioreactor and medium reservoir were autoclaved and

cooled, plastic zip-ties that had previously been autoclaved were carefully placed

onto each crystal using HydroSorb III cloth (CleanTex) for handling so that

scratching of the crystal surfaces would not occur. The zip-ties were carefully

tightened around each crystal. The crystals were placed in a container of ethanol

until the next step to kill any bacteria present. The crystals and ties were rinsed

with ethanol and then with autoclaved Milli-Q water or growth media. The top

was removed from the bioreactor and each plastic zip-tie was placed into the

appropriate labeled metal tube. The zip-tie was long enough such that it could

be clamped on top of the bioreactor through the silicone tubing coming out the

top. This was done to make sure the zip-tie did not move down within the

bioreactor during the experiment. After all three crystals were in place, all

exposed surfaces including the metal parts, ties, and crystals were rinsed with

ethanol and autoclaved Milli-Q water or growth media.

At this time, the bioreactor was inoculated with 15-mL growth media

containing GB1 cells grown 24 hours from broth. The top was carefully placed
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back on the bioreactor. A VirTis OmniCulture Plus Data Center was used to

control stir rate, temperature, and pH conditions within the bioreactor. The

bioreactor was placed on top of this unit. At this time, the temperature probe,

heating rod, and tubing to bubble air into the reactor were hooked up, as shown

in Figure 6-3, as well as calibration of the Data Center pH probe performed using

pH 4.0 and 7.0 calibration standards. The acid and base tubing lines were

primed so that the solutions were near their respective entrances to the

bioreactor to ensure quick response when the first pH adjustment to the media

was needed. Initial conditions set on the Data Center were solution temperature

at 30°C, pH at 7.6, and rpm at 150.

Figure 6-3: Experimental set-up for batch experiment
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Approximately 24 hours after starting the experiment, the inlet and outlet

tubing systems were hooked up to the pump to provide fresh media to and

remove solution from the bioreactor at a constant rate. Since the flow rate could

not be set for this particular pump, it was calibrated manually by connecting

another set of tubing to the pump and pumping Milli-Q water from a beaker into

a graduated cylinder. The number of drops were counted and appropriate

adjustments were made until the flow rate was approximately 0.25-mL/min.

The settings on the pump were noted to use as set points for future experiments.

After ending the experiment, the crystals were carefully removed from the

bioreactor under the laminar flow hood, placed in beakers standing up, and

dried in a vacuum oven (VWR Scientific) for about four hours to dry completely

so that IR spectra could be obtained. The bioreactor and various containers were

cleaned thoroughly in soapy water between each use including acid washing

when Mn(II) was used.

6.1.4.2 Initial experiment in the absence of Mn(II)

An initial batch experiment was performed without monitoring pH

conditions. At the beginning of the experiment, the pH was 5.98 and at the end it

was measured to be 4.92. All conditions were as described above with the

exception that there was only one air vent, which was not attached to any of the

crystal locations due to the acid tubing, base tubing, and pH probe being absent.
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Therefore, the crystals were supported more in this experiment due to the metal

rods being placed down into the media. Also, there were two holes not being

used that were sealed using metal rods and caps to ensure sterility of the

bioreactor.

For this initial experiment, to ensure steady state conditions were reached

before adding fresh media to the bioreactor, UV-VIS recordings were taken at

different times during the first few days of the experiment. Although the pumps

were not on and delivering fresh media during this time, the media from within

the bioreactor was allowed to exit through the outlet tubing temporarily when

absorbance level readings were desired. After the cell absorbance was fairly

constant over the course of one day, indicating steady state growth had been

achieved, the pumps were turned on, allowing fresh growth media to be dripped

into the bioreactor while old media was taken out at the same rate. This was

done so that the bacteria would have enough food to continuously grow

throughout the experiment. It was determined that the pumps should be turned

on about 24 hours after starting subsequent experiments to deliver fresh media

and remove effluent.

This experiment ended after 168.3 hours. At this time, the crystals were

removed and placed into a vacuum oven to dry before obtaining JR spectra. The

remaining supernatant was used as the actual experiment media background for
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the JR spectra (see Section 3.2.2.1). Results from SEM of these coated crystals are

shown in Section 6.2.4.

6.1.4.3 Experiment in the absence of Mn(II) at pH 7.6

The bacterial adhesion experiment was performed again without Mn(II) at

pH 7.6, a more desirable level suitable for maximum GB1 growth. The set-up

and experimental conditions were those described in Section 6.1.4. The

bioreactor contained 1.9 L growth media without Mn(II) present. Initial set

conditions were rpm 150, pH 7.6 and temperature 30°C. The pumps for fresh

media addition and effluent removal both set at 0.25-mL/min were turned on

after 24 hours. The rpm level was decreased after 48 hours to 100 rpm due to the

concern that the 150 rpm value may have been slightly fast and thus caused

attached cells to slough off the crystal windows. After 85 hours, the experiment

was ended and the crystals were removed and dried for approximately four

hours in a vacuum oven. JR spectra were collected of the GB1 binding without

Mn(II) to the CdTe, Ge, and ZnSe crystals. SEM-EDS results from this

experiment are shown in Section 6.2.4.

6.1.4.4 Experiment in the presence of Mn(II) at pH 7.6

The same batch experiment was performed at pH 7.6 in the presence of

Mn(II) added as MnSO4 to a final concentration 100 pM. It was suggested to use
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pH 7.5 to 7.8 for the experiment with Mn(II) because GB1 do not oxidize Mn(II)

below pH 6.0 (Clement, personal communication, 2003). Experimental set-up

followed that mentioned in Section 6.1.4. The bioreactor contained a total of 1.9 L

growth media. Initial and set conditions for the experiment were pH 7.5 and 7.6,

rpm 154 and 150, and temperature 29.4°C and 30°C, respectively. The fresh

media was allowed to flow into the system 24 hours after beginning the

experiment at a flow rate of 0.25-mL/minute. To stay consistent with the

experiment without Mn(II) at pH 7.6 and due to the same concern, the rpm

setting was reduced to 100 after 50 hours.

This experiment lasted a total of 84 hours. 10-mL of the effluent solution

were removed and stored in small vials for LBB analyses as described in Section

6.1.3. The remaining 896.11-mL of waste solution were stored in the original

container for use in possible further analyses. 8-mL were also removed from the

bioreactor for LBB analyses. The crystals were removed and dried for four hours

in a vacuum oven for JR spectra collection. SEM with the addition of EDS

analyses was performed on these crystals as well as on material trapped in the

exit tubing to the waste container. These results are presented in Section 6.2.4.

For this experiment, additional data and JR spectra were collected to

determine if any Mn-oxides existed on the crystals. After recording the spectra

on each window with the coating material resulting from the experiment, it was

washed off onto filter paper with Milli-Q and tested with LBB. Bioreactor media
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was dried onto the clean CdTe window, as well as the clean ZnSe window. JR

spectra results are presented in Section 6.2.2.

6.1.5 JR Spectra Collection

After the material from each experiment coating the crystals were vacuum

dried, denoted hereafter as "coated crystals," their individual JR spectra were

collected. Spectra of clean crystals were used as background. Any additional

spectra collected, such as the clean crystals containing dried reacted media from

the experiment without Mn(II) and un-reacted media, were obtained in the same

manner.

The JR spectra of the crystals with media were to be the system

background, i.e., to be subtracted out from each coated crystal spectra to obtain

just the bacterial attachment properties without media. However, it was decided

not to perform these subtractions as the media is possibly unique to each crystal

exposed to the same conditions. Furthermore, the subtraction did not reveal a

great difference in the spectra and actually made the results more disordered.

Therefore, the JR spectra from each coated crystal were baseline corrected only.

JR absorption bands in the biofilm spectra provide useful information

detailing the macromolecular composition of bacterial cells. The spectrometer

measures interactions of JR radiation with a sample by recording frequencies at

which the sample absorbs the radiation and the resulting intensities of the
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absorptions. Chemical functional groups are known to absorb radiation at

specific frequencies. Therefore, with these frequencies, identification of the

sample's chemical make-up can be determined, and the intensity of the

absorption related to the concentration of the component. A two-dimensional

spectrum plots the intensity, as absorbance of light by the sample, or percent

transmittance of light that passes through it, and frequency, as the reciprocal of

the wavelength, or as wavenumbers (cm-1 ), of radiation (Schmitt and Flemming,

1998).

To detail the physiological state of the bacteria within the biofilm, the

infrared absorption bands from macromolecules, such as the typical amide I and

amide II linkages from proteins, and polysaccharide C-0 stretching bands of cells

and EPS are obtained with JR spectra. The carbohydrate frequencies are located

in the polysaccharide region around 1052 cm-1 (Schmitt and Flemming, 1998).

Cells on the crystal surface can be detected by the presence of protein bands.

Proteins contain characteristic amide II bands at 1550 to 1548 cm-1 and amide I

bands at 1652 to 1648 cm-1 . See Table 6-4 and Figure 6-4 for the locations of

characteristic bands in the bacterial or biofilm spectrum. Additionally, and very

relevant for this study, is that iron oxides and other inorganic deposits can be

detected by their JR spectrum. The position and intensity of these bands differ

greatly from biological structures (Schmitt and Flemming, 1998). Mn-oxide

absorption bands, specifically that of birnessite, generally show peaks in the
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region between 400 to 600 cm-1 (Potter and Rossman, 1979). Using JR spectra can

therefore give insight into what oxides are being formed on the crystal surfaces.

Table 6-4: Positions of characteristic bands in the bacterial spectrum (compiled
from Schmitt et al., 1998)

Region Wavenumber 
Band assignment(cm-1)

3400 OH of water
2956 CH3 symmetric stretch

Fatty acid 2920 CH2 symmetric stretch
region 2870 CH3 asymmetric stretch

2850 CH2 asymmetric stretch
1745/1735 >C=0 stretch, Ester, fatty acids

1705 >C=0 stretch, Ester, carboxylic groups
Protein region 1652-1648 Amide I, (C=0) different conformation

1550-1548 Amide II, N—H, C—N and structure of proteins
1460-1454 C—H bend. from CH2
1400-1398 C-0 bend. from carboxylate ions

1303 Amide II (C—N)
Mixed region 1240 P=0 from phosphate

1222 P=0
1114 C—O—P, P—O—P

Polysaccharide 1085 ring vibrations
region 1052 C-0, C—O—C from polysaccharides
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Figure 6-4: Example spectrum showing placement of characteristic regions

When examining spectra presented in Sections 6.2.1, 6.2.2, and 6.3.1, note

that, similar to the EXAFS results, the spectra are displayed in a stacked fashion.

Originally the y-axes were the same for all spectra, however, they were then

separated and plotted on the same figure for comparison purposes. Therefore,

the y-axis is relative and thus the actual absorbance values are not given. Also

note that the CO2 region located around 2350 cm-1 is both positive and negative

in different spectra. This is due to differing CO2 magnitudes within the

spectrophotometer chamber after purging for each spectra collection. For

example, there was more CO2 present in the backgrounds than the samples for
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all three crystals as evidenced by the negative spectral peaks present around 2350

cm -1- after the baseline correction in Figure 6-5. These differences do not affect

the overall spectra results or interpretation; therefore, these peaks were not

manually removed from the spectra.

6.1.6 Microscopy Preparation

6.1.6.1 Scanning Electron Microscopy

SEM in NatureMode (-40 Pa, 25 kV, working distance 21 mm) with the

BSE detector was used to investigate differences in bacterial cell adhesion to each

of the three crystals for the initial batch experiment without Mn(II), without

Mn(II) at pH 7.6, and the batch experiment with Mn(II) at pH 7.6. SEM was also

used to investigate effluent material that was trapped in the tubing for the

experiment with Mn(II) at pH 7.6, and also to obtain surface characteristic

information on only the clean crystals. Crystals were mounted in an aluminum

sample holder and loaded into the SEM in the same manner for each session.

These results are presented in Section 6.2.4.

6.1.6.2 Transmission Electron Microscopy

TEM was performed on synthetic birnessite, fresh GB1 cells, on cells from

the experiment without Mn(II) at pH 7.6, and on the bioreactor solution from the

conclusion of the experiment with Mn(II), washed and un-washed. The synthetic
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birnessite was prepared by Kate Spangler, a Research Technician at Penn State

University, following the methods of (McKenzie, 1971). For the washed sample,

an aliquot of the bioreactor solution that also included GB1 cells was rinsed four

times with Milli-Q water to remove any media components so that only the cells

remained. The fresh cells were grown in 50-mL growth media without Mn(II) for

24 hours. For the fresh media samples, two different sample types were used for

TEM analysis: GB1 cells un-centrifuged in media and stained, and GB1 cells in

media centrifuged and stained.

The samples, with one exception mentioned above, were not centrifuged

or pipetted at any time due to the strong possibility of removing bacterial flagella

during these procedures. For TEM preparation, a small drop of media

containing cells, or washed bioreactor solution were dropped onto a piece of

wax. For cells that were stained, 0.5% ammonium molybdate (pH 7.6) in DI

water was used. A small copper grid was briefly immersed in this solution so

that the cells could be viewed with TEM. TEM results are presented in Section

6.2.3.

6.2 Results

6.2.1 Batch experiments without Mn(II)

Visual turbidity within the bioreactor was apparent after the first day of

the experiment without Mn(II) at pH 7.6, increasing slightly each day. It was
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also noticeable that cells were attaching to the Ge crystal after this time. It was

difficult to determine if the same thing was happening with the ZnSe crystal due

to its opaque yellow color, or the CdTe crystal because of its placement near the

back of the reactor.

The JR spectra collected for this experiment are presented in Figure 6-5

and show the GB1 cell adhesion to the three crystals in the absence of Mn(II) at

pH 7.6. JR spectra collected for the initial experiment that began at pH 5.98 and

ended at pH 4.92 are presented in Figure 6-6. Note again that initially each

spectra were plotted on the same relative y-axis, however, for comparison

purposes, they were then separated and stacked on the same figure.

Figure 6-5: Transmission FTIR results of GB1 cell adhesion in the absence of
Mn(II) at pH 7.6 to CdTe, ZnSe, and Ge crystal windows.
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As shown in Figure 6-5, all three crystals are very similar in the fatty acid

region (2956 to 2850 cm-1 ), protein region (1745 to 1454 cm-1 ), mixed region

(1400to 1114 cm-1 ), and the polysaccharide region (1085 to 1052 cm-1). Note that

the Ge and ZnSe spectra contain flat lines in the low wavenumber region. This is

due to the crystals inability to measure below 475 cm-1 and 454 cm -1 , respectively.

Figure 6-6: Transmission FTIR results of GB1 cell adhesion in the absence of
Mn(II) experiment beginning at pH 5.98 to CdTe, ZnSe, and Ge crystal
windows.

The spectra of the three crystals under conditions deficient in Mn(II) and

low pH can be compared in Figure 6-6. It shows slight dissimilarities in the

protein region > 1500 cm-1 among the three crystals. The Ge spectrum contains

higher intensity in this region, indicating the stronger presence of a conditioning
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layer or film on the crystal surface. Another obvious difference is that peaks in

the 1030 cm- 1 region for the ZnSe and CdTe spectra are enhanced compared to

the Ge spectra. This is the polysaccharide region (Table 6-4 and Figure 6-4).

6.2.2 Batch experiments with Mn(II)

For the experiment with Mn(II) amended to the solution, much more

visual turbidity within the bioreactor was present. The bacteria seemed to prefer

the pH 7.6 environment much more based on this occurrence of rapid growth.

The growth solution was cloudy after the first 24 hours, as shown in Figure 6-7.

There was some effluent material, most likely bacterial cells and media

precipitates, that remained in the outlet that was investigated with SEM (Figure

6-8). The Ge crystal had some visible brown precipitates covering the surface as

shown in Figure 6-9, whereas the other two had much smaller amounts of

apparent coatings.



Figure 6-7: Photo of batch experiment with the addition of Mn(II)
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Figure 6-8: Photo of effluent material caught in exit tubing during batch
experiment with Mn(II) present.



Figure 6-9: Ge crystal showing visible precipitates present

The LBB tests proved negative for the waste solution and positive for the

bioreactor solution. Also, to test the material on the crystals after the experiment

and after collecting the appropriate IR spectra, Milli-Q was used to wash the

coating material off onto three pieces of filter paper. Positive results were seen

with the material on all three crystals. IR spectra collected for this experiment

are presented in Figure 6-10 for the GB1 cell adhesion in the presence of Mn(II)

for the three windows. Figure 6-10 indicates that all three crystals have

comparable coatings due to the similarities in the fatty acid, protein, mixed and

polysaccharide regions.
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Figure 6-10: Transmission FTIR results of GB1 cell adhesion in the presence of
Mn(II) at pH 7.6 to CdTe, ZnSe, and Ge crystal windows.

6.2.3 Transmission Electron Microscopy

The figures presented below show representative images of fresh GB1

cells (Figure 6-hand Figure 6-12), cells from the experiment in the absence of

Mn(II) (Figure 6-13), washed bioreactor solution with Mn(II) (Figure 6-14),

bioreactor suspension with Mn(II) unwashed (Figure 6-15 and Figure 6-16), and

synthetic birnessite (Figure 6-17).

Unlike SEM where only surface structures are visible, the entire thickness

of the sample is penetrated through with electrons with TEM such that internal

structures of the material are seen (Chandler and Seraphin, 2000). It is possible

that Figure 6-11 shows multiple GB1 cells with one flagellum. The inside of the
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GB1 cells are visible in Figure 6-12. The flagellum is penetrating through the EPS

layer, or the clear material outlining the cell, from the outside of the cell wall.

1 pm

Figure 6-11: TEM photo of fresh P. putida GB1 cell un-centrifuged in growth
media stained with 0.5% ammomium molybdate (pH 7.6). Scale bar
represents approximately 1 pm.

0.5 p m

Figure 6-12: TEM photo of fresh P. putida GB1 cell un-centrifuged in growth
media stained with 0.5% ammomium molybdate (pH 7.6). Scale bar represents
approximately 0.5 pm.
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During the TEM session using sample from the experiment lacking Mn(II),

it was very difficult to find GB1 cells. Figure 6-13 shows one cell that was

present. No crystals of any kind were evident while investigating the samples

from the experiment without Mn(II) using TEM.

Figure 6-13: TEM photo of P. putida GB1 cell from experiment without Mn(II)
stained with 0.5% ammomium molybdate (pH 7.6). Scale bar represents
approximately 0.5 pm.

Similar to the samples devoid of Mn(II), there were very few cells present

in these samples containing Mn(II) present in the bioreactor solution. However,

crystals were very abundant in the samples with Mn(II). The TEM photos

presented below show both washed and un-washed bioreactor solution. Results

from the session investigating the washed solution, shown in Figure 6-14, reveal

black, amorphous particles covering the cells. Because these cells were not
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stained, and black material is very evident, it is very likely that the matter is Mn-

oxides produced by the GB1 cells. A different result occurs with the samples

containing un-washed bioreactor solution. These interesting needle-like crystals

are also associated with the cells (Figure 6-15 and Figure 6-16).

1 pm

Figure 6-14: TEM photo of washed bioreactor suspension from experiment
with Mn(II) showing black, amorphous material associated with GB1 cells.
Stain not used. Scale bar represents approximately 1 pm.

Figure 6-15: TEM photo of bioreactor suspension with Mn(II) showing needle-

like clusters. 0.5% ammomium molybdate (pH 7.6) stain used. Scale bar
represents approximately 2 pm.
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Figure 6-16: TEM photo of bioreactor suspension with Mn(II) showing
additional needle-like structures. 0.5% ammomium molybdate (pH 7.6) stain
used. Scale bar represents approximately 1 pm.

Both samples-types of material from the bioreactor suspension including

Mn(II) are different in morphology compared to those shown in Figure 6-17 from

the synthetic birnessite sample. The synthetic birnessite has much more rounded

edges, and seem to be slightly smaller in overall size.



Figure 6-17: TEM photo of synthetic birnessite showing rounded crystal edges.
Scale bar represents approximately 1 pm.

6.2.4 Scanning Electron Microscopy

SEM images were taken of the crystals within 24 to 48 hours after each

experiment ended to aid in understanding surface adhesion characteristics of the

GB1 cells. To assist in determining what was actually attached to each of the

three crystals after the experiments versus what was inherently present on the

crystal surfaces, SEM images were also taken of the crystals that were clean and

uncoated to serve as backgrounds. See Appendix B for these images and others

not included below.

6.2.4.1 Images from experiment without Mn(II)

The SEM images collected of the biofilm coated crystals from the

experiment lacking Mn(II) are presented below in Figure 6-18 through Figure

228
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6-20. It was desired to obtain images that revealed general surface coverage of

coatings on each crystal; therefore, these images had no associated EDS scan.

The SEM images presented below show that the ZnSe (Figure 6-18) and

Ge (Figure 6-20) crystals have extremely similar coverage, size and morphology

of material coating the surfaces. It is believed that the darker materials are the

biofilm coatings, whereas the whiter, brighter material is the respective crystal

surface. The SEM image of the CdTe crystal surface (Figure 6-19) reveals

somewhat similar irregularly shaped material, yet much larger conglomerates of

coatings, with what appears to be a dry, cracked biofilm structure.



Figure 6-18: SEM image of the coatings on the ZnSe crystal after the
experiment without Mn(II) at pH 7.6. Scale bar represents 500 pm.
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Figure 6-19: SEM image of the coatings on the CdTe crystal after the
experiment without Mn(II) at pH 7.6. Scale bar represents 500 pm.
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Figure 6-20: SEM image of the coatings on the Ge crystal after the experiment
without Mn(II) at pH 7.6. Scale bar represents 500 pm.

6.2.4.2 Images from experiment with Mn(II)

SEM and EDS images that were acquired of the coatings on each crystal

that resulted from the experiment with Mn(11) addition are shown below in

Figure 6-21 through Figure 6-23. SEM images and EDS area scans reveal fairly

similar surface coatings for each crystal type. The Ge crystal has the most overall

coverage (Figure 6-23), followed by the ZnSe (Figure 6-21) and CdTe crystals

(Figure 6-22). Mn is present in each EDS spectra, although it is almost

undetectable in the CdTe spectra (Figure 6-22). The Mn and 0 present in the left

region of the spectrum in each sample lend evidence of Mn-oxide formation.
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Components of each crystal type are obvious and the same growth media

constituents are present in each samples EDS spectra, such as Ca, P, C, K, S, and

C.



Figure 6-21: SEM image with EDS area spectra of the coatings on the ZnSe
crystal after the experiment with Mn(II) at pH 7.6. Scale bar represents 500
um.
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Figure 6-22: SEM image with EDS area spectra of the coatings on the CdTe
crystal after the experiment with Mn(II) at pH 7.6. Scale bar represents 500
pm.
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Figure 6-23: SEM image with EDS area spectra of the coatings on the Ge crystal

after the experiment with Mn(II) at pH 7.6. Scale bar represents 500 pm.
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The effluent material trapped in the exit tubing from the experiment with

Mn(II) shows a high Mn peak, shown below in Figure 6-24 and a high Mn and 0

peak, indicating Mn-oxide material. Figure 6-25 is presented so that the

components of the clean microscope slide can be subtracted out of the spectra in

Figure 6-24.



Figure 6-24: SEM image and EDS spectra of effluent material from the
experiment in the presence of Mn(II). The EDS was taken where the circle is
located. Scale bar represents 200 pm.
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Figure 6-25: EDS spectra of the microscope slide without the effluent material
present for subtraction purposes.

6.3 Discussion

Macromolecular and surface adhesion properties of bacteria are affected

by various environmental conditions such as pH, solution composition and

substrate chemistry. Alternate research questions that were developed to

understand these new experiments testing Mn-oxide formation under batch

experiment conditions with and without Mn(II) were: to determine if there were

obvious differences in GB1 surface adhesion to the crystals under Mn(II)

presence and absence; to establish any spectroscopic evidence of Mn oxidation

with GB-1 grown in the presence of Mn(II); and to verify any evidence of
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macromolecular compositional differences of the bacteria between the two

experiment conditions.

Acquiring information of developed biofilms on a cellular level using

FTIR transmission allows the appearance of certain chemical groups on the

surface of different substrates exposed to the aqueous phase to be recorded,

including detection of inorganic oxide formation, such as Mn-oxides. Therefore,

information can be gained regarding the differences in biofilm composition and

surface adhesion behavior under varying aqueous conditions using these

spectroscopic and microscopic techniques.

6.3.1 Spectral Findings

JR spectroscopy was used to provide structural characteristics of GB1

biofilms on surfaces of CdTe, ZnSe, and Ge crystal windows. To gain insight

into the production of Mn-oxides on the crystal surfaces, we studied the JR

region around 580 to 590 cm-1 , as well as other regions to characterize

macromolecular composition of the bacteria. Due to their complexity, bacterial

cells and biofilms present various signals arising from vibrations of molecules in

their EPS, cell walls, membranes, and cytoplasm. It is difficult to separate these

vibrations from each other, but the mid-JR region (4000 to 500 cm-1 ) still contains

a variety of characteristic marker bands relevant to microorganism classification

(Schmitt and Flemming, 1998).
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For the experiment with no Mn(II) at pH 7.6, although it was visually

evident during the test that cells were attaching to the Ge crystal preferentially

over the ZnSe and CdTe crystals, spectral results do not reveal any noticeable

differences in macromolecular composition between the three substrates. All

three crystals have similar spectra in all major regions (Figure 6-5), indicating

there were no measurable effects of the different crystal compositions on biofilm

makeup. It is likely that if one crystal contained more biofilm coating material,

its spectrum would reveal more intensity in the amide I and II bands, or protein

region. This region is significant because it indicates the presence of a biological

fouling layer, conditioning layer, or biofilm (Schmitt and Flemming, 1998)

because most bacteria are roughly 50% protein (Nivens et al., 1993).

However, compared to the results from the pH 7.6 experiment where the

spectra showed very similar results among the three crystals, the spectral results

from the initial experiment conducted devoid of Mn(II) that began at pH 5.98

reveals differences in magnitudes in the polysaccharide and protein regions

among the three crystals. The Ge spectrum contains more proteins (>1500 cm-1 )

than the CdTe and ZnSe, and the polysaccharide peaks (1030 cm-1 ) are enhanced

in the CdTe and ZnSe spectra compared with the Ge (Figure 6-6).

These differences could be explained in two possible ways. One reason

for the variations could arise from differences in growth conditions. The pH can

alter growth properties and composition of the cells and therefore affect
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macromolecular composition and as a result, surface adhesion characteristics.

Thus, we could be seeing behavior changes in the cells themselves from one pH

to another as they form biofilms on the crystal surfaces. At the lower pH, shown

in Figure 6-6, the protein development is not as evident but the polysaccharide

formation is apparently more essential to the cells because the peaks in the

protein region are smaller compared to those in the polysaccharide region. This

possibly means the production of polysaccharides is more important to the cells

under these conditions. The opposite is true at pH 7.6 shown in Figure 6-5 where

the protein peaks are higher than the polysaccharide region peaks.

The other possibility for the spectral difference is that because the crystal

windows can have different surface charges under varying environmental

conditions, surface adhesion behavior of the cells can consequently be affected.

At pH 7.6, the three crystals possessed similar coating material as shown by the

spectra in Figure 6-5 containing large protein peaks in all three and unnoticeable

differences overall. Thus, they most likely had comparable charge properties,

probably neutral or negative. It can be postulated that at the lower pH, the Ge

crystal was possibly slightly more positive and the other two more neutrally

charged. In other words, because biofilms often have negative charges

associated with their matrices (Nealson et al., 1988), the Ge crystal was providing

a more suitable surface for GB1 bacterial attachment than the CdTe or ZnSe

surfaces due to the enhanced conditioning film formation shown in Figure 6-6.
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The region between 1200 and 900 cm-1 can be correlated with the EPS

(Schmitt et al., 1998). Therefore, the increase in polysaccharides at the lower pH

for the CdTe and ZnSe crystals indicates that the bacteria that attach to CdTe and

ZnSe have a tendency to produce more EPS at lower pH levels. This again

indicates that changes in the amount of polysaccharides, or the chemical and

physical properties of these macromolecules occur with different pH and

experimental conditions.

In their study using FTIR spectroscopy to compare colonization of bacteria

on different materials in potable water systems, Schmitt et al. (1998) also found

that EPS levels varied over their experiment's first 12 days. During the first 5

days only, nutrient broth was added to the system, and then it was shut off to

solely observe biofilm growth. If it can be assumed some sort of chemical change

thus occurred to the solution at some point, the differences in EPS production do

indicate that changes in biofilm chemical and physical properties can occur

under different aqueous conditions, although not necessarily due to pH changes

alone.

For the experiment using Mn-enriched medium at pH 7.6, the JR spectra

exhibit similar absorption band intensities in all major regions for the three

crystals (Figure 6-10), again indicating no obvious variations in biofilm formation

with differing substrate composition. The increase in visual turbidity within the

bioreactor for this experiment was not confirmed through the spectral results.
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Greater solution turbidity usually indicates increased cell growth, which in turn

may provide more suitable conditions for biofilm production, i.e., larger

absorption bands in the protein region. It is difficult to conclude whether pH or

Mn(II) presence was the main controlling factor in the greater cell growth in this

case because the Mn experiment was not conducted at the lower pH. However,

one can compare spectral results presented in Figure 6-26 between Mn presence

and absence at pH 7.6. These results show relatively equal intensities in the

protein region, indicating the existence of Mn(II) at pH 7.6 does not necessarily

cause increased conditioning film presence.
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Figure 6-26: Transmission FTIR results from 500 to 4000 cm-1 of GB1 cell
adhesion to the CdTe crystal in the presence and absence of Mn(II) at pH 7.6
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Variation in macromolecular structure and chemistry is also apparent in

Figure 6-26 with the introduction of Mn(II). In Figure 6-27 presented below,

portions from Figure 6-26 that illustrate these differences in greater detail are

shown. With the Mn-rich medium, the biofilms forming on the crystal surfaces

show greater relative intensity in the wavenumber region of 1038 cm-1 , or the C-

O, C-O-C stretch polysaccharide region, compared to spectra collected without

Mn(II) added. A very slight decrease is seen in the 1080 cm-1 region when Mn(II)

is present. The increase in polysaccharides seen with Mn(II) present indicates the

bacteria changed composition due to its addition. It is possible the EPS

production increased as a result of the Mn(II) being present.                               

with Mn                  

no Mn                           
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Figure 6-27: Transmission FTIR results from 1000 to 1350 cm-1 of GB1 cell
adhesion to the CdTe crystal in the presence and absence of Mn(II) at pH 7.6
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While not specifically FTIR studies, Appanna and Preston (1987 and 1988)

found using carbon-13 nuclear magnetic resonance spectroscopy ( 13C-NMR) that

the arctic nitrogen-fixing Rhizobium N11, and microsymbiont Rhizobium meloloti

JJ-1 appeared to exude an extracellular polysaccharide under the influence of 400

pM and 500 pM Mn(II), respectively, that was unlike that synthesized under

medium conditions deficient of Mn(II). The total quantity of these complex

carbohydrates increased from 72.6% in N11 and 79% in JJ-1 without added Mn(II)

to 86.2% and 92%, respectively, when the microbes were subjected to Mn(II)

(Ghiorse, 2002; Schmitt and Flemming, 1998).

Due to the microbes energy requirements for this increased production, it

is plausible that these bacteria, and similarly our GB1, stimulate polysaccharide

creation under the influence of Mn(II) that contributes to an essential biological

function. Manganese, because it is an essential micronutrient for numerous

organisms and readily available, may therefore influence the biosynthesis of

polysaccharides. Another explanation may be that the variations in

polysaccharide production is a strategy to offset the Mn(II) presence as a

shortage and abundance of metals are known to prompt the biosynthesis of

distinctive biomolecules in various organisms (Ghiorse, personal

communication, 2002).

Additionally, differences in the location of phosphate P.--0 bands,

specifically from 1240 cm-1 without Mn(II) to 1222 cm-1 with Mn(II) in Figure 6-27
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indicates a down-shift in frequency in the mixed region occurred. The

occurrence of shifted phosphate bands seen with Mn(II) present further indicates

the biofilm changed composition due to the Mn(II) addition.

It is very likely that the phosphate down-shift is due to the Mn(II) in the

bioreactor precipitating with the PO43- present in solution. However, both

organic and inorganic sources of PO43- exist in the bioreactor. Therefore, it is

difficult to conclude which type is forming the complex with the Mn(II). The

growth medium contains PO43- as 100 mM KH2PO4 and results from a study by

Nivens et al. (1993) supports this inorganic PO43- as the source for precipitate

formation. A shift in the P=0 band was also seen in their study when spectra of

growth media constituents for an ATR/FTIR biofilm formation study using

Caulobacter crescen tus CB2A were collected in separate experiments, and then all

together as the complete growth medium. It was found that of the single

components, only the 1.0 mM KH2PO4 spectra produced a broad absorption

band at 1103 cm-1 . The complete medium spectra revealed a band in the 1200 to

1000 cm-1 region with a maximum peak at 1080 cm* Although the two spectra

were similar, the 1080 cm-1 peak was more intense and shifted +23 cm-1 in the

complete growth medium P=0 stretch compared to the single KH2PO4

component peak at 1103 cm-1 . It was concluded that the Ca(II) and Fe(II) ions in

the complete growth medium that precipitated with phosphate caused the P=0

stretch of adsorbed PO43- to shift to 1080 cm-1, supporting the assumption that
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Mn(II) in our GB1 growth medium may also bind to the phosphate, causing a

shift in the location of phosphate P=0 bands in Figure 6-27.

It was apparent with this experiment that the Ge crystal had more visible

brown precipitates covering its surface than the CdTe and ZnSe crystals.

Spectral results cannot be used to explain this observation because of the

inability of the Ge crystal in measuring in the wavenumber range of the

suspected Mn-oxides around 580 to 590 cm -1 . However, Mn-oxide presence on

all three crystals was confirmed through the use of LBB on the material washed

off the windows.

The results of the LBB indicator tests on the waste solution and bioreactor

solution proved negative and positive, respectively. The waste material backed

up in the exit tubing, and therefore the negative result for that solution might be

due to the possibility that the Mn-oxide material was too large to flow through

and as a result never made it into the waste container. Overall, the LBB tests

verify Mn-oxides were present on the crystals and in the bioreactor suspension.
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To further support Mn oxidation occurrence in the presence of Mn(II), the

appearance of Mn-0 stretching vibrations in JR spectra of CdTe material is

apparent in Figure 6-28.

W avenum ber (cM 1 )

Figure 6-28: Transmission FTIR results from 400 to 800 cm-1 of GB1 cell

adhesion to the CdTe crystal in the presence and absence of Mn(II) at pH 7.6

The vertical dotted lines in the figure represent the Mn-0 stretch area of

the spectra. The spectra related to the crystal material present after the

experiment with Mn(II) demonstrates that the intensity of the bands at 588 cmt

confirms the existence of Mn-oxides, which may provide an index of Mn-oxide

crystal growth. Although this peak is not very intense, it is still evidence of Mn-

oxide presence because this peak is not apparent in that of the Mn(II) absent
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spectra. It is probable that these are disordered oxide structures and therefore

the peak intensity is not especially sharp.

These spectroscopic results further support the notion that some bacterial

Mn oxidation occurred in the experiment amended with Mn(II). Note again that

this occurrence is only detectable with the CdTe window because it permits

measurements of wavenumbers less than 600 cm -i.

6.3.2 Microscopy Characterizations

SEM and TEM were used to characterize biofilm coverage and bioreactor

suspension material after the conclusion of each experiment. TEM investigations

indicate that GB1 cells contain flagella that are most likely used for swimming

until they find a suitable surface for attachment and that no crystal structures are

evident from the bioreactor suspension without Mn(II) as shown in Figure 6-13.

However, black, amorphous material covering GB1 cells was abundant in the

washed material with Mn(II), as well as sharp, needle-like clusters of Mn-oxide

crystals in the un-washed suspension with Mn(II).

It is likely that the needle-like crystals shown in Figure 6-15 and Figure 6-16

are actually salt precipitates. For the experiment with Mn(II), autoclaved media

that had been refrigerated overnight was used to rinse the interior bioreactor

parts before staring experiment. These jagged, more crystalline structures are

dissimilar compared to the synthetic birnessite in Figure 6-17. However, a
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similarity exists between the amorphous black material covering the GB1 cells in

Figure 6-14 and the synthetic birnessite. Both samples contain comparable

morphology in that rounded edges of material are evident. This black material is

assumed to be biologically produced Mn-oxides because of their proximity and

association with GB1 cells and biomass, and due to the lack of anything slightly

similar to these structures in the suspension without Mn(II). Furthermore,

because the samples were rinsed multiple times, any media precipitates were

washed away, leaving only the material in close association with the cells to be

viewed with TEM. Additional research is being conducted with these samples

using TEM coupled with EDS to determine elemental composition.

Mn-oxide structures are apparent with the SEM images, as well as the

existence of comparable surface coverage's on each crystal type within each

experimental set-up. The CdTe crystal's (Figure 6-19) SEM image shows slightly

more irregular, grouped material that is almost like a dry, cracked biofilm

compared to the ZnSe crystal (Figure 6-18) and Ge crystal (Figure 6-20), all in the

absence of Mn(II). It is possible, because there are no markedly obvious

differences between these three samples, that these coatings are in fact very

similar, but that the unevenly shaped matter is present in varying amounts for

the different crystals.

For the SEM results with Mn(II), it is apparent again that the material

coating these crystals are comparable in morphology, although it appears as if
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the coverings are present in various intensities. The ZnSe (Figure 6-21) and Ge

windows (Figure 6-23) again had similar coatings, while the CdTe coatings

(Figure 6-22) were slightly less prevalent. Mn-oxide presence is confirmed with

the occurrence of Mn and 0 in each EDS spectra, although brown precipitates

were seen more readily on the Ge crystal during the experiment. The almost

undetectable Mn peak for CdTe may be explained with the observance that there

is less coverage in this image compared to the other two. It is likely that the

Mn(II) presence causes the cells to grow more quickly, causing greater surface

adhesion to the crystals. The Mn(II) presence may also explain why there are

increases in surface coverage between the other two crystals from the

experiments without Mn(II) to the experiment with Mn(II). In other words, there

is also more material coating the ZnSe and Ge crystals in the presence of Mn(II)

than in its absence.

Although it was difficult to find bacterial cells with TEM and SEM in both

sample types, indicating somewhat limited growth in the bioreactor, visual

turbidity was still evident during the course of the experiments. The LBB test

results, JR spectra, and TEM and SEM images both of the crystal surfaces and of

the Mn(II) present effluent material suggest Mn oxidation did occur in the

presence of Mn(II).
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7.0 SUMMARY

To summarize this study, the research questions posed in the Introduction

will be re-iterated in this Summary section. The specific aims of this research

were to:

• Determine the main microorganisms present in Final Creek.

• Determine if Mn oxidation is occurring on biofilms.

• Determine the dominant mineral form/mineralogy of the Mn-oxides
produced on different substrates in the creek.

• Determine if there is a difference in mineralogy based on differences in
surface type, exposure length, or time period in Pinal Creek.

• Determine if spectroscopic evidence of changes to biofilms is evident as a
result of Mn oxidation in batch experiment conditions with and without
the presence of Mn(II).

The various aspects of this research are expected to add a greater

understanding to biofilm formation and Mn oxidation. The importance of

biofilm formation related to sediments and aquatic vegetation in the system over

time in Final Creek, and the subsequent metals removal was evident using SEM,

CSLM, ESEM, biomass estimations and bulk chemical analyses. While the full

capability of each of these microscopy techniques were not harnessed, each did

give some useful information helpful in characterizing biofilm samples forming

in Final Creek. Some important findings include typical biofilm architecture, a

primary occurrence of an abundance of diatoms in the biofilm material
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associated with Mn-oxide material, and confirmation of Mn-oxidizing bacterial

existence. Each method gave supplementary information on each sample so that

observations could be justified. SEM gave spatial distributions and associations

of metals with the biological specimens, in addition to clear pictures of the

microbial community present at Final Creek. CSLM gave an alternate view on

the SEM images and supported those findings. ESEM provided three-

dimensional images so that the fully hydrated biofilm structure and composition

could be investigated.

Chemical analyses of biofilm material indicated that biofilms contain

much greater amounts of Mn, Fe, Ni and Zn than sediments. Data obtained

suggests the ranking of metal concentrations in biofilms to be Mn> Fe> Zn > Ni,

whereas in sediments to be Mn> Fe > Ni > Zn. While it is difficult to say that

Final Creek sediment metal concentrations are directly correlated with biofilm

metal concentrations due to the differences in sample zones, when comparing the

two sample types, the conclusion that biofilm formation has a significant role in

metals removal at Final Creek is supported. There were no spatial trends

evident with the biofilm or sediment metal concentration data, although a

seasonal trend showing increases in Mn biofilm concentrations during the spring

months and decreases during the late fall and early winter months were

apparent.
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Microbial activity is also supported around aquatic vegetation

communities. The aquatic vegetation root zones around, for example, water

speedwell provides suitable niches that promote Mn oxidation in Pinal Creek.

Previous studies support the conclusion that aquatic vegetation and biofilms

may together play an important symbiotic relationship that aids in metal

sequestration at Pinal Creek.

EXAFS investigations revealed that clean crushed quartz and rutile

mineral grains and biofilm material developed on glass slides placed in Pinal

Creek were all coated with a disordered, poorly crystalline birnessite that is

similar in local structure to a natural birnessite of low symmetry.

This conclusion is also supported through SEM analyses that revealed

similar surface coatings on each of the intact mineral grains and of coatings that

had been separated from the host mineral. These coatings were poorly

crystalline, aggregated particles that lacked geometric regularity. The coating

material does not appear to be dependent on time of exposure due to the

similarities in morphology of material developed after one, two, and three

months, as well as of the different substrates of quartz, rutile, or microscope

slide, or time period in the creek. It is assumed that these coatings were due to

microbial Mn oxidation. Therefore, these results indicate the microorganisms do

not have a preference of template or substrate for Mn-oxide formation in Pinal
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Creek based on their similar Mn-oxide structure shown by SEM and EXAFS

analyses.

A better understanding of biofilm formation and evidence of Mn

oxidation were acquired through the laboratory experiments. Although initial

attempts to grow and monitor biofilms through the use of an ATR/FTIR flow-

through spectroscopy system failed, the batch experiments proved successful.

While SEM investigations and JR spectra revealed that surface coverage and GB1

bacterial adhesion on Ge, CdTe, and ZnSe crystal windows did not vary with

crystal type or experimental condition, JR spectra of biofilm material on the

crystal windows indicate differences in macromolecular and biofilm composition

when Mn(II) was present in solution. The carbohydrate region when the

solution was amended with Mn(II) exhibited a greater relative intensity peak at

1038 cm-1, indicating greater EPS production with Mn(II) addition. A down-shift

in the frequency of P=0 bands from 1240 cm-1 without Mn(II) to 1222 cm-1 with

Mn(II) also shows compositional changes in the biofilm occurred due to Mn(II)

presence.

With Mn(II) amended to the solution, compositional changes in biofilm

structure as well as spectroscopic evidence can be seen. Mn-0 stretch marker

bands diagnostic of the presence of Mn-oxides were seen at 588 cm-1 when Mn(II)

was present. LBB indicator further confirmed the presence of Mn-oxides, as well

as TEM investigations that revealed amorphous black particles surrounding un-
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stained bacterial cells. It can thus be confirmed that a modification of GB1 cell

and biofilm composition occurs due to biological oxidation of Mn(II) and that

Mn oxidation processes can be confirmed.



8.0 CONCLUSIONS
In Final Creek, it is evident that Mn-oxide formation has a strong

biological component controlled by biofilms. The microbial community present

in the creek that actively form biofilms may be the dynamic link between Mn-

oxide formation on most surfaces present in the aqueous system and subsequent

metal removal. Birnessites that form via these biological pathways have

important environmental implications in the aquatic system at Final Creek

because they scavenge and immobilize not only Mn, but also a variety of toxic

elements, including Fe, Ni and Zn. These findings are important in aquatic

systems such as Final Creek that contain elevated metal levels because these

biogenic Mn-oxides appear to play a significant role in the fate and transport of

metal contaminants.

Determining the nature of the local atomic structure in newly formed and

existing biologically produced Mn-oxides can play very significant roles because

it can help to understand metal-ion sorption on oxides and the fate of chemicals

in environmental systems. The development of a disordered birnessite structure

in Final Creek is very important because efficient scavenging pathways for

metals in oxic waters are presented through the very high specific surface area of

these poorly crystallized Mn-oxides (Friedl et al., 1997). The interlayer vacancies

presented in the birnessite structure aids in metal sequestration at these highly

reactive sites by substitution of metal cations into the layers. Knowledge of

258
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biological processes and biofilm formation leading to Mn-oxide production is

therefore central to understanding the microbial ecology of heavy metal-affected

aqueous systems.

It has been shown that macromolecular changes occur to biofilms as a

result of Mn oxidation, thus, changes at the micro-scale are occurring that are

important to understand and investigate. In addition, the confirmation of the

formation of Mn-oxides via bacterial processes using spectroscopy and TEM

indicates the importance of biofilm formation in laboratory settings that can also

be interpreted in various natural settings. It is suggested that further work

continue to research more precisely where the Mn precipitation and subsequent

metals removal occurs on the biofilm, whether on the cells themselves or

somewhere else in the biofilm matrix. This could be accomplished using TEM

thin-sections of the biofilm, or further use of EXAFS. Where the precipitation is

actually occurring could be affected by the different mechanisms of Mn-

oxidation and oxide formation. It is possible that the Mn oxidation is either

occurring through absorption or incorporation directly on the Mn-oxide minerals

or possibly directly on the EPS of the biofilm as the polysaccharide material has

an affinity for metals. It is unclear where the oxide formation occurs; therefore,

further laboratory research experiments could investigate these possibilities to

understand more of the micro-scale processes involved in biofilm formation and

Mn oxidation.
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Although Mn-oxide material formed on both the mineral substrates as

well as the glass microscope slide, visible through microscopy, as well as the

formation of the same Mn-oxide mineral of birnessite, evident through EXAFS,

there were morphological differences in the material present on the different

substrates. The cauliflower structure was not seen on the microscope slides, and

the bright reflective material was not seen on the mineral substrates. It is

possible that because the mineral grains were not originally used for biological

investigations, storage and handling of these samples may have altered the initial

biofilm material. Artificial substrates and natural substrates may also play

different roles in microbe surface adhesion, although they generate the same Mn-

oxide mineral formation. This is another research angle that could be

investigated in future studies.

The prevalence of diatoms in microscopic images reveal the possibility

that these microorganisms may be playing more of a vital role in biofilm

formation at Final Creek as previously thought. It is possible that because

diatoms were found in great numbers and bacterial evidence was seen only a

limited number of times, the opposite of what has been found at the creek in

recent years, a natural succession of microbes may be occurring. Further studies

need to be conducted to determine the importance of these microbes.

In order to understand and assess the affects of acid mine drainage on

Final Creek and the natural attenuation of metals, the complex interactions
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between biological, chemical, and hydrological processes needs to continue to be

studied. Further studies on Mn-oxide formation in Final Creek should occur, not

only in the natural setting, but in the laboratory as well as these surface coatings

play a dominant role in determining the fate, transport, biogeochemistry,

bioavailability and toxicity of trace metals in the creek. More laboratory

experiments, including both batch and flow-through systems, could be

conducted to determine more quantitative metal uptake rates. Determining

more concretely the chemical composition, mineralogy and related

thermodynamic data of Mn-oxides present in aqueous systems can improve the

precision of potential stream-chemistry modeling at Pinal Creek.

This study incorporated different aspects and techniques to study biofilm

formation and Mn oxidation. These different research angles combine to show

that biofilms play an integral part in Final Creek metals remediation due to the

Mn oxidation and Mn-oxide formation that occurs in and/or on them. More

specific information on these processes will give concrete evidence on the

specific roles biofilms play in metal sequestration in Final Creek, and the small-

scale remediation process that appears to be occurring naturally within it.



APPENDIX A

ADDITIONAL MICROSCOPY IMAGES OF PINAL CREEK BIOFILMS

Additional SEM, ESEM, and CSLM images of Pinal Creek Biofilms

are included on the attached CD
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APPENDIX B

PINAL CREEK COATINGS

Additional SEM images of the coatings on the different mineral substrates

are included on the attached CD

263



APPENDIX C

PINAL CREEK MONITORING DATA

Data obtained from chemical analyses of biofilm, sediment and surface water

samples from Pinal Creek are presented below
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Table C-1: Metal concentrations in Biofilm samples collected from site Z5.7

at Pinal Creek, Arizona from January 2002 - May 2003

Sample	 Date in

ICP-MS FAA

Metal Concentration

(pg/g organic biomass)

Metal Concentration

(pg/g organic biomass)

Date out Mn Fe Ni Zn Mn Fe

Z5.7a 32475.02 29217.09 115.97 7585.96 41037.40 30001.23

Z5.7b 41452.80 31349.30 153.08 6464.89 50291.13 30432.58

Z5.7c 45273.74 53398.20 134.49 8848.06 55603.33 53017.13
9/24/02

Z5.7d
11/7/02

28360.06 29645.82 27.78 13056.12 36810.94 38748.35

Z5.7e 27065.68 32031.56 223.42 6040.74 31804.04 41056.13

Z5.7f 23312.16 29258.92 22.21 6311.70 24989.94 29020.57

Mean 32989.91 34150.15 112.83 8051.24 40089.46 37046.00

Standard deviation 8636.77 9501.25 77.17 2664.02 11428.43 9293.33

Z5.7a 13598.21 9163.74 ND 9070.47 14385.56 12554.67

Z5.7b	 11/7/02 12/19/02 14986.84 11821.57 ND 10846.71 15865.08 11695.88

Z5.7c 21663.22 13776.78 37.42 5697.10 25354.46 16378.61

Mean 16749.42 11587.37 8538.09 18535.03 13543.05

Standard deviation 4311.74 2315.42 2615.76 5951.95 2492.92

Z5.7a 13192.14 7309.26 ND 8420.55 15577.24 10640.79

Z5.7b	 12/19/02 1/22/03 12401.31 6076.12 ND 10529.46 13433.50 6865.28

Z5.7c 8575.61 5683.02 ND 10249.25 9056.93 6430.96

Mean 11389.68 6356.13 -- 9733.09 12689.23 7979.01

Standard deviation 2468.93 848.51 1145.29 3323.26 2315.38

Z5.7a 54303.67 27952.35 108.82 10467.30

Z5.7b	 1/22/03 2/26/03 68029.44 23165.00 206.72 10846.91

Z5.7c 46269.01 15652.94 109.61 10804.65

Mean 56200.71 22256.76 141.72 10706.29

Standard deviation 11003.55 6199.80 56.30 208.04

Z5.7a 30773.32 29005.99 160.29 12850.01

Z5.7b	 2/26/03 3/31/03 28145.74 31133.74 114.99 15695.88

Z5.7c 35406.16 25914.24 126.82 23073.16

Mean 31441.74 28684.65 134.03 17206.35

Standard deviation 3676.07 2624.55 23.49 5276.30

Z5.7a
2/26/03

Z5.7b
4/30/03

37505.53

39652.62

16703.15

19865.77

70.42

85.94

6169.22
4848.76

Mean 38579.07 18284.46 78.18 5508.99

Standard deviation -- -- --

Z5.7a 28536.37 25155.57 86.14 7388.58

Z5.7b	 3/31/03 4/30/03 22774.64 29171.68 109.93 5158.60

Z5.7c 26772.25 20506.47 95.19 5461.95

Mean 26027.75 24944.57 97.09 6003.05

Standard deviation 2952.14 4336.45 12.01 1209.46

Z5.7a	 2/26/03 5/29/03 167324.89 19614.65 240.93 10667.19

Mean -- --

Standard deviation

Z5.7a 160490.12 17713.39 151.81 4000.84

Z5.7b	 3/31/03 5/29/03 147272.83 16712.26 142.76 3916.85

Z5.7c 53541.59 7047.76 52.83 2938.58

Mean 120434.85 13824.47 115.80 3618.76

Standard deviation 58306.99 5890.11 54.72 590.54
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Table C-1 (continued): Metal concentrations in Biofilm samples collected from site LR-1
at Pinal Creek, Arizona from January 2002 - May 2003

Sample	 Date in

ICP-MS FAA

Metal Concentration
(pg/g organic biomass)

Metal Concentration
(pg/g organic biomass)

Date out Mn Fe Ni Zn Mn Fe

LR-la 56316.12 82578.08 251.65 11987.34 59539.17 97952.12

LR-lb 82353.71 99768.80 299.23 8023.84 104002.76 124081.90

LR-lc 63722.73 57696.92 319.95 4607.43 84378.36 73630.46

LR-ld 88037.39 67755.44 338.73 6540.70 109063.94 84239.06

LR-le 99441.59 59722.86 304.96 5457.92 122165.97 71841.31
8/27/02

LR-1f
11/7/02

56817.26 30648.03 242.41 2569.48 68610.23 37630.79

LR-lg 46338.22 49741.30 132.04 6584.63 54932.10 58792.19

LR-lh 243943.47 122491.22 2052.37 9586.08 303240.98 159664.71

LR-1i 61945.71 82417.48 258.90 5845.25 78848.77 104211.28

LR-lj 54170.31 67413.37 448.10 8559.26 66937.97 85084.53

Mean 85308.65 72023.35 464.83 6976.19 105172.02 89712.84

Standard deviation 58245.95 26120.83 563.57 2676.73 73080.57 34400.63

LR-la 35212.94 58057.32 64.64 10187.51 42054.90 53946.29

LR-lb 64639.69 42765.16 187.25 6170.13 78382.18 50164.60

LR-lc 59708.02 40949.17 250.33 5859.16 68060.84 46734.23
9/19/02

LR-ld
11 /7/02

38018.11 69783.14 87.72 10623.19 47658.96 70103.85

LR-le 43524.87 50419.96 125.24 7253.50 53215.20 51691.41

LR-lf 48625.41 51289.36 111.76 7260.49 60890.82 51472.46

Mean 48288.17 52210.69 137.82 7892.33 58377.15 54018.81

Standard deviation 11806.98 10611.97 69.00 2031.38 13477.65 8228.66

LR-la 89779.18 20735.57 110.38 6359.39 104067.14 22447.61

LR-lb	 11 / 7/02 12/19/02 39634.50 19676.55 ND 5248.00 46454.70 20665.20

LR-lc 77883.46 17026.72 226.55 4209.98 89524.16 17461.77

Mean 69099.04 19146.28 168.46 5272.46 80015.33 20191.53

Standard deviation 26201.08 1910.44 113.29 1074.91 29960.17 2526.45

LR-la 7567.64 18318.95 ND 9098.00 7722.95 17418.31

LR-lb	 12/19/02 1/22/03 11631.02 61101.50 ND 10098.17 12236.88 57726.14

LR-lc 8896.51 34631.68 ND 10493.83 8591.61 32138.98

Mean 9365.06 38017.38 9896.67 9517.15 35761.14

Standard deviation 2071.82 21591.29 719.40 2395.07 20396.58

LR-la 32073.08 6946.61 143.48 10405.11

LR-lb	 1/22/03 2/26/03 42428.61 12333.28 148.79 9936.08

LR-lc 45986.79 11090.68 178.14 7258.28

Mean 40162.83 10123.52 156.80 9199.82

Standard deviation 7228.29 2820.57 18.67 1697.70

LR-la 38936.07 15874.95 149.10 11066.10

LR-lb	 2/26/03 3/31/03 40552.42 21146.94 152.84 9070.83

LR-lc 36098.80 15025.80 135.32 7727.85

Mean 38529.10 17349.23 145.75 9288.26

Standard deviation 2254.53 3316.20 9.23 1679.71

LR-la
4/30/03

35372.51 27240.27 59.57 6610.99
2/26/03

LR-lb 34075.19 23199.76 75.09 6351.39

Mean 34723.85 25220.02 67.33 6481.19

Standard deviation -- -- --
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Table C-1 (continued): Metal concentrations in Biofilm samples collected from site LR-1
at Pinal Creek, Arizona from January 2002 - May 2003

Sample	 Date in Date out

ICP-MS FAA

Metal Concentration
(pgig organic biomass)

Metal Concentration
(p gig organic biomass)

Mn Fe Ni Zn	 Mn	 Fe
LR-la
LR-lb	 3/31/03

LR-lc
4/30/03

12170.17

15104.57

6697.33

5665.38
6098.40

5741.98

24.29

31.97

2.05

6781.65

7006.30

8231.75
Mean 11324.02 5835.25 19.43 7339.90
Standard deviation 4267.01 231.09 15.54 780.49
LR-la

2/26/03
423153.04 24755.78 259.34 3117.85

LR-lb
5/29/03

257718.27 15836.11 78.86 2198.81
Mean 340435.66 20295.94 169.10 2658.33
Standard deviation -- -- -- --
LR-la 48793.05 14867.94 25.36 6629.01
LR-lb	 3/31/03 5/29/03 26597.39 7483.81 4.33 8979.44
LR-lc 74667.13 14130.60 74.63 5838.83
Mean 50019.19 12160.78 34.77 7149.09
Standard deviation 24058.32 4067.13 36.09 1633.62

LR-la 45628.90 9939.32 13.61 9256.79
LR-lb	 4/30/03 5/29/03 28506.33 7054.01 343.36 7536.91
LR- 1 c 33908.81 9256.71 75.33 8093.76

Mean 36014.68 8750.01 144.10 8295.82

Standard deviation 8753.38 1507.92 175.31 877.56



Table C-1 (continued): Metal concentrations in Biofilm samples collected from site J-5
at Pinal Creek, Arizona from January 2002 - May 2003

ICP-MS FAA

Metal Concentration
(pg/g organic biomass)

Metal Concentration
(pg/g organic biomass)

Sample	 Date in Date out Mn Fe Ni Zn Mn Fe

J-5a	 8/27/02 11/7/02 25482.41 15972.08 ND 28484.37 85577.41 19513.52

J-5b	 8/27/02 11/7/02 17746.06 7924.53 380.74 48096.23 19037.79 0.00

J-5c	 8/27/02 11/7/02 40816.88 13746.87 ND 42268.18 43823.39 14290.23

Mean 28015.12 12547.83 39616.26 49479.53 11267.92

Standard deviation 11742.09 4155.60 10071.28 33628.47 10101.74

J-5a	 9/19/02 11/7/02 217824.52 197697.55 184.07 104798.56 411395.70 232695.69

J-5b	 9/19/02 11/7/02 1155509.66 821720.37 1470.67 984208.80 961140.99 736908.37

J-5c	 9/19/02 11/7/02 232261.66 135396.25 ND 99198.13 243311.48 113613.28

J-5d	 9/19/02 11/7/02 29704.90 8400.40 ND 12221.98 33465.51 0.00

J-5e	 9/19/02 11/7/02 79996.26 25068.34 ND 26018.66 89203.27 41261.43

J-5f	 9/19/02 11/7/02 59737.42 17898.92 ND 32214.61 64828.17 0.00

Mean 295839.07 201030.31 827.37 209776.79 300557.52 187413.13

Standard deviation 429493.05 313426.58 589.98 381396.46 353131.65 283213.57

J-5a	 11/7/02 12/19/02 42742.70 23106.24 ND 8347.92 49297.23 29196.87

J-5b	 11/7/02 12/19/02 25472.56 29051.56 ND 10000.45 29262.05 31865.87

J-5c	 11/7/02 12/19/02 40348.19 24046.42 ND 8708.24 46950.63 29012.68

Mean 36187.82 25401.41 -- 9018.87 41836.63 30025.14

Standard deviation 9356.60 3195.89 868.96 10952.94 1596.78

J-5a	 12/19/02 1/22/03 19966.63 5907.28 ND 18123.90 21528.27 7823.27

J-5b	 12/19/02 1/22/03 19594.00 9553.71 ND 31564.12 18477.61 13968.19

J-5c	 12/19/02 1/22/03 32816.73 12796.92 ND 36828.41 32321.35 19954.92

Mean 24125.78 9419.30 28838.81 24109.07 13915.46

Standard deviation 7528.88 3446.79 9645.47 7273.77 6066.00

J-5a	 1/22/03 2/26/03 48400.45 4110.41 139.00 16668.07

J-5b	 1/22/03 2/26/03 45230.09 4149.76 56.43 13374.88

J-5c	 1/22/03 2/26/03 55711.43 5127.03 88.62 13967.30

Mean 49780.66 4462.40 94.69 14670.08

Standard deviation 5375.26 575.92 41.62 1755.48

J-5a	 2/26/03 3/31/03 76061.22 2654.66 28.90 6801.08

J-5b	 2/26/03 3/31/03 60161.02 3575.75 66.94 7356.04

J-5c	 2/26/03 3/31/03 57811.50 4315.90 27.64 7132.12

Mean 64677.91 3515.44 41.16 7096.42

Standard deviation 9927.98 832.26 22.33 279.20

J-5a	 2/26/03 4/30/03 68134.20 1552.61 22.05 4835.31

Mean -- -- --

Standard deviation

J-5a	 3/31/03 4/30/03 129761.07 3496.67 51.01 11185.14

J-5b	 3/31/03 4/30/03 192804.89 1403.78 67.41 8677.64

J-5c	 3/31/03 4/30/03 198718.20 1760.73 8.24 16905.32

Mean 173761.39 2220.40 42.22 12256.03

Standard deviation 38219.92 1119.61 30.55 4217.08

J-5a	 2/26/03 5/29/03 893389.97 5326.51 184.53 3659.81

Mean -- --

Standard deviation
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Table C-1 (continued): Metal concentrations in Biofilm samples collected from site J-5
at Pinal Creek, Arizona from January 2002 - May 2003

Sample	 Date in Date out

ICP-MS FAA

Metal Concentration
(pg/g organic biomass)

Metal Concentration
(pg/g organic biomass)

Mn Fe Ni Zn	 Mn	 Fe

J-5a	 3/31/03
J-5b	 3/31/03
J-5c	 3/31/03

5/29/03

5/29/03

5/29/03

3514600.93

799230.77

3318467.10

1168.45

1409.90

2271.85

1137.74
286.19

1142.80

3114.65
1005.49

2790.79
Mean 2544099.60 1616.73 855.58 2303.65

Standard deviation 1514279.55 580.05 493.11 1135.83

J-5a	 4/30/03 5/29/03 330852.15 1058.92 82.57 1992.00
J-5b	 4/30/03 5/29/03 2693381.31 9955.49 1067.54 4821.82
J-5c	 4/30/03 5/29/03 2816642.57 8338.51 804.03 5573.14

Mean 1946958.68 6450.97 651.38 4128.99

Standard deviation 1400945.60 4739.13 509.92 1888.42
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Table C-2: Metal concentrations in Sediment samples collected from site HFB
at Final Creek, Arizona from January 2002 - May 2003.

ICP-MS	 FAA

Sample

Sample	 Date

Metal Concentration
(pg/g dry sediment)

Metal Concentration
(pg/g dry sediment)

Mn Fe Ni Zn Mn Fe

HFBa	 1/23/02 11215.38 344.39 25.45 9.68

Mean

Standard deviation

HFBa 1739.81 158.47 8.45 3.96
3/19/02

HFBb 1721.59 167.27 7.18 4.23

Mean 1730.70 162.87 7.82 4.10

Standard deviation 12.88 6.22 0.90 0.19

HFBa 2036.69 374.18 6.56 5.45
4/22/02

HFBb 1724.73 370.27 5.29 5.82

Mean 1880.71 372.23 5.93 5.64

Standard deviation 220.59 2.76 0.90 0.26

HFBa 203.92 325.95 2.26 4.48
5/9/02

HFBb 1073.23 362.71 3.46 3.70

Mean 638.58 344.33 2.86 4.09

Standard deviation 614.69 25.99 0.85 0.55

HFBa 582.94 112.21 2.02 1.77
6/20/02

HFBb 1383.27 165.53 5.09 4.89

Mean 983.11 138.87 3.56 3.33

Standard deviation 565.92 37.70 2.17 2.21

HFBa 158.44 270.42 1.49 1.52
7/22/02

HFBb 100.88 199.49 0.93 1.23

Mean 129.66 234.96 1.21 1.38

Standard deviation 40.70 50.16 0.40 0.21

HFBa	 1/22/03 2378.20 289.26 10.46 11.33 2365.84 281.00

Mean

Standard deviation

HFBa 1139.83 1015.28 14.19 17.46
2/26/03

HFBb 1040.18 655.68 12.42 15.13

Mean 1090.01 835.48 13.30 16.29

Standard deviation 70.46 254.27 1.26 1.65

HFBa
3/31/03

HFBb

1451.00
1107.44

508.63
606.45

9.48
10.61

13.82
20.16

Mean 1279.22 557.54 10.05 16.99

Standard deviation 242.93 69.17 0.80 4.48

HFBa
4/30/03

HFBb

1662.13
1753.45

125.14
147.46

12.97
12.50

5.21
6.74

Mean 1707.79 136.30 12.73 5.98

Standard deviation 64.57 15.78 0.33 1.08

HFBa
5/29/03

HFBb

1277.97
1126.37

213.40
150.19

11.16
8.91

7.49
4.29

if. ,mrs 1202.17 181.79 10.03 5.89

44.70 1.59 2.26
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Table C-2 (continued): Metal concentrations in Sediment samples collected from site Z5.7
at Pinal Creek, Arizona from January 2002 - May 2003.

ICP-MS FAA

Metal Concentration
(pg/g dry sediment)

Metal Concentration
(pg/g dry sediment)

Sample

Sample	 Date Mn Fe Ni Zn Mn Fe

Z5.7a	 1/23/02 8097.27 383.19 15.06 6.96
Mean -- --

Standard deviation

Z5.7a 6836.42 1.89 2.04 0.05
3/19/02

Z5.7b 5957.11 1.83 1.32 0.08

Mean 6396.77 1.86 1.68 0.07

Standard deviation 621.77 0.04 0.51 0.02

Z5.7a
4/22/02

13039.48 4.08 19.50 1.19

Z5.7b 14871.47 4.72 19.22 1.20

Mean 13955.48 4.40 19.36 1.20

Standard deviation 1295.41 0.45 0.20 0.01

Z5.7a
5/9/02

Z5.7b

11252.98
5565.79

2.61
200.28

15.45
11.92

0.80
4.65

Mean 8409.39 101.45 13.69 2.73

Standard deviation 4021.45 139.77 2.50 2.72

Z5.7a
6/20/02

Z5.7b

4730.99
6636.69

2.41
4.93

7.75
13.06

0.18
1.77

Mean 5683.84 3.67 10.41 0.98

Standard deviation 1347.53 1.78 3.75 1.12

Z5.7a
7/22/02

Z5.7b

388.23
403.20

210.46
196.75

2.93
2.90

1.79
1.79

Mean 395.72 203.61 2.92 1.79

Standard deviation 10.59 9.69 0.02 0.00

Z5.7a	 11/7/02 10360.45 7.29 3.37 4.14

Mean -- --
Standard deviation

Z5.7a	 1/22/03 11833.47 156.83 30.72 7.85 11869.25 150.45

Mean --
Standard deviation

Z5.7a
2/26/03

Z5.7b

4999.81
3102.63

4.05
3.68

1.59
0.85

2.46
1.54

Mean 4051.22 3.86 1.22 2.00

Standard deviation 1341.51 0.26 0.52 0.65

Z5.7a
3/31/03

Z5.7b

3758.21
3226.81

3.66
4.70

1.70
1.56

1.22
2.43

Mean 3492.51 4.18 1.63 1.82

Standard deviation 375.76 0.74 0.10 0.85

Z5.7a
4/30/03

Z5.7b

5194.58
3984.48

1.93
14.27

1.64
4.25

ND
0.56

Mean 4589.53 8.10 2.94

Standard deviation 855.67 8.72 1.85

Z5.7a
5/29/03

Z5.7b

5445.57
9035.54

1.86
4.63

2.64
6.18

ND
ND

Mean 7240.56 3.25 4.41

Standard deviation 2538.49 1.96 2.50
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Table C-2 (continued): Metal concentrations in Sediment samples collected from site LR-1
at Pinal Creek, Arizona from January 2002 - May 2003.

ICP-MS FAA

Metal Concentration
(pg/g dry sediment)

Metal Concentration
(pg/g dry sediment)

Sample

Sample	 Date Mn Fe Ni Zn Mn Fe

LR-la	 1/23/02 18230.27 1.04 24.03 0.43

Mean
Standard deviation -- -- -- --

LR-la 4526.61 51.47 20.94 5.02
3/19/02

LR-lb 6118.08 2.33 4.45 0.11

Mean 5322.35 26.90 12.70 2.57

Standard deviation 1125.34 34.75 11.66 3.47

LR-la 6350.41 152.60 27.35 8.54
4/22 /02

LR-lb 11369.40 4.19 47.89 2.18

Mean 8859.91 78.40 37.62 5.36

Standard deviation 3548.96 104.94 14.52 4.50

LR-la 2197.16 240.76 6.98 6.82
5/9 /02

LR-lb 7224.27 383.02 16.71 11.92

Mean 4710.72 311.89 11.85 9.37

Standard deviation 3554.70 100.59 6.88 3.61

LR-la 5538.17 3.74 12.16 0.60
6 /20 /02

LR-lb 4675.95 9.98 13.15 3.68

Mean 5107.06 6.86 12.66 2.14

Standard deviation 609.68 4.41 0.70 2.18

LR-la	 11/7/02 6650.66 881.12 23.03 106.63

Mean -- -- --

Standard deviation -- -- -- --

LR-la	 12/19/02 65943.96 2217.89 126.69 98.73 64194.78 2180.80

Mean -- -- -- --

Standard deviation -- -- -- --

LR-la	 1 /22 /03 15272.06 1057.01 33.87 37.65 16042.79 1121.99

Mean -- -- -- -- --

Standard deviation -- -- -- --

LR-la 72029.55 55.91 13.82 84.64
2 /26/03

LR-lb 63408.81 8.74 109.81 63.26

Mean 67719.18 32.32 61.81 73.95

Standard deviation 6095.79 33.35 67.87 15.12

LR-1 a
3/31/03

LR-lb

11902.61
14434.71

14.95
15.89

2.02
11.59

9.25
9.56

Mean 13168.66 15.42 6.81 9.41

Standard deviation 1790.46 0.66 6.77 0.22

LR-1 a
4/30/03

LR-lb

23754.86
63906.51

19.74
31.03

2.01
16.88

ND
ND

Mean 43830.68 25.38 9.45 --

Standard deviation 28391.50 7.98 10.51 0.00

LR-1 a
5/29/03

LR-lb

85251.12
10800.95

24.41

732.32

49.83
24.49

15.15
11.74

Mean 48026.03 378.36 37.16 13.45

Standard deviation 52644.22 500.57 17.92 2.41



Table C-2 (continued): Metal concentrations in Sediment samples collected from site J-5
at Pinal Creek, Arizona from January 2002 - May 2003.

ICP-MS FAA

Metal Concentration
(pg/g dry sediment)

Metal Concentration
(pg/g dry sediment)

Sample

Sample	 Date Mn Fe Ni Zn Mn Fe

J-5a	 1/23/02 9301.04 278.03 11.17 7.97

40847.13 1221.62

Mean
Standard deviation

-- -- --

J-5a
3/19/02

J-5b

4284.08
13522.20

134.17
74.49

3.64
10.16

4.92
7.31

Mean
Standard deviation

8903.14

--

104.33

--

6.90

--

6.12

--

J-5a
4/22/02

J-5b

17642.61
6686.86

4.23
191.91

12.14
4.88

0.39
8.37

Mean
Standard deviation

12164.74 98.07 8.51

--

4.38

J-5a
5/9/02

J-5b

44350.86
26296.24

388.99
370.17

34.10
19.69

16.06
9.57

Mean
Standard deviation

35323.55 379.58 26.90 12.82

J-5a
6/20/02

J-5b

14208.42
48165.42

50.18
19.45

8.68
17.50

5.71
2.27

Mean
Standard deviation

31186.92 34.82 13.09 3.99

--

J-5a
7 /22/02

J-5b

2234.00
2090.80

246.62
237.79

4.11
4.04

5.48
4.72

Mean
Standard deviation

2162.40

--

242.21
--

4.08 5.10

--

J-5a	 11/7/02 789.78 620.48 2.69 14.97

Mean

Standard deviation

--

J-5a	 12/19/02 42835.89 1303.76 71.37 70.32

Mean
Standard deviation --

--

--

-- --

--

J-5a	 1/22/03 6481.40 679.07 7.44 26.13 6785.79 718.75

Mean
Standard deviation --

--

-- --

--

--

J-5a
2 /26 /03

J-5b

8420.75
9445.03

814.20
1598.44

12.87
13.53

24.15
24.67

Mean
Standard deviation

8932.89

--

1206.32

--

13.20 24.41
--

J-5a
3 /31/03

J-5b

27282.67
11230.08

20.35
1158.38

0.87
11.80

5.40
24.52

Mean
Standard deviation

19256.38
--

589.36
--

6.34
--

14.96
--

J-5a 4/30/03
J-5b

21301.41
21361.31

42.99
73.12

10.10
26.45

5.80
16.11

Mean
Standard deviation

21331.36
--

58.05
--

18.28
--

10.96
--

J-5a 5/29/03
J-5b

13330.38
22726.06

106.14

597.96

9.26
41.98

4.69

33.75

Mean 18028.22 352.05 25.62 19.22
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Table C-3: Metal concentrations in Surface Water samples collected from Pinal Creek, Arizona
from January 2002 - May 2003. See Endnote for Fe values.

Location
Sample

Date pH

Metal Concentration

Location
Sample

Date pH

Metal Concentration
Mn

(mg/0
Ni

(pg/L)
Zn

(pg/L)
Mn

(mg/L)
Ni

(pg/L)
Zn

(pg/L)

1/23/02 7.07 0.03 4.88 7.79 1/23/02 1.01 16.06

2/28/02 2.86 25.18 2/28/02 0.92 12.09

3/19/02 7.56 0.02 3.66 4.73 3/19/02 6.84 0.80 9.95

4/22/02 7.13 0.01 2.82 4/22/02 6.78 0.91 9.57 3.05

5/9/02 0.01 3.54 5/9/02 0.83 8.48

5/20/02 7.28 0.01 2.84 5/20/02 6.62 1.06 8.29

6/21/02 0.01 3.23 6/21/02 1.24 7.76

6/26/02 6/26/02 1.14 7.25

HFB 7/8/02 6.99 LR-1 7/8/02 6.69

7/22/02 6.94 7/22/02 6.66

8/19/02 7.22 8/19/02

12/19/02 6.94 12/19/02

1/22/03 0.02 1.07 4.83 1/22/03 1.43 13.71 4.79

2/26/03 0.01 ND 0.01 2/26/03 1.06 7.74 3.25

3/31/03 0.01 ND ND 3/31/03 1.06 4.62 2.01

4/30/03 0.02 1.88 2.99 4/30/03 1.11 6.97 4.55

5/29/03 0.09 1.91 2.06 5/29/03 1.70 8.00 3.72

1/23/02 6.10 2.50 28.43 1 /23 /02 1.60 14.98 2.99

2/28/02 7.13 2.04 22.38 2/28/02 1.63 12.29 26.24

3/19/02 6.91 1.80 20.61 5.91 3/19/02 6.66 1.34 10.15

4/22/02 7.03 1.42 17.16 4/22/02 6.67 1.67 10.24

5/9/02 6.89 1.10 14.69 5/9/02 1.56 9.51

5/20/02 6.78 1.13 14.76 5/20/02 6.64 1.94 9.90

6/21/02 1.41 18.35 6/21/02 1.87 9.03

6/26/02 1.29 17.27 6/26/02

Z5.7 7/8/02 30.24 287.10 7-5 7/8/02 6.64

7/22/02 7/22/02

8/19/02 8/19/02 6.59

12/19/02 12/19/02

1/22/03 4.17 43.41 4.94 1/22/03 3.08 13.14 4.70

2/26/03 4.04 39.78 6.31 2/26/03 2.48 9.01 4.02

3/31/03 3.51 36.57 6.19 3/31/03 2.52 7.51

4/30/03 3.09 34.49 5.60 4/30/03 2.57 9.77 7.07

5/29/03 5.08 56.06 9.86 5/29/03 2.98 10.60 7.55

ND = Non-detect (< 1 ppm)

Note: USGS values reported as:
Fe < 130 ppb

Zn < 20 ppb

Ni <90 ppb

(data courtesy of James Brown, USGS, Tucson, AZ)
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APPENDIX D

PINAL CREEK PHOTOGRAPHS

Photographs taken at Pinal Creek during the study period

are included on the attached CD
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APPENDIX E

ICP-MS DATA

ICP-MS Raw Data Reduction Steps

The following steps were taken to obtain metal concentrations from the raw
ICP-MS data counts:

1.) Start with raw data counts from ICP-MS for each metal analyzed, Mn,
Fe(56), Fe(57), Ni, Zn, and internal standard Tb; calibration standards
0.005, 0.01, 0.05, 0.1, 0.5, 1.0, 5.0 and 10.0 mg/L; and blanks.

2.) Normalize with respect to Tb counts by the formula:
= counts for samples, blanks, and calibration standards / Tb counts

3.) Apply "blank" correction for background-subtracted value.
Correct calibrations and samples for background by subtracting average
of all appropriate blanks normalized with respect to Th from: 1) metal
calibration standard value normalized with respect to n values and 2)
sample value normalized with respect to Tb values

4.) Construct plots and determine regression lines.
Y(counts) = bx([metal standard]) ANOVA single variable regression
statistics used to fit best line through data — plot of calibration
concentrations (mg/L) vs. metal calibration counts after blank correction.
Obtain equations of lines, and R2 values.

5.) Final normalized calibration/background corrected concentrations
obtained by the formula:
= unit conversion * dilution factor * sample value normalized for average
background / X variable coefficient (slope of line from regression
statistics).
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APPENDIX F

ADDITONAL METHODS USED IN STUDY

ATR/FTIR Experiment

This experiment was performed before the batch experiments to

determine if Mn-oxidation could be confirmed using a flow-through system that

passed directly to a Ge crystal loaded into the Spectrophotometer as described in

Section 6.1.4. The same equipment was used for this experiment as described in

that section also.

For the ATR-FTIR experiment, a total of 10 liters of GB1 growth media

were prepared using the stock and vitamin solutions. One 4-L bottle contained

only growth media, while the other 4-L bottle contained growth media with the

addition of 100 iiM Mn2+. An additional 2-L growth media was prepared for the

bioreactor. The containers were autoclaved for 40 minutes at 121°C and allowed

to cool.

An overnight bacterial culture was prepared to grow the P.putida cells. All

of these procedures were done under a laminar flow hood. One bacterial colony

from the plate was placed into a test tube containing 5-mL growth media that

was previously autoclaved together. The test tubes were then shaken for 20

hours using a constant temperature shaker table set at 150 rpm and 30°C.

1.6-L growth media without Mn from the 2-L bottle was put in the

bioreactor. The bioreactor contained: tubing attached to a bottle with 0.1 M

H2SO4 as acid, one with 0.1 M NaOH as base, the 2 4-L bottles with media, saline

solution (NaC1), ethanol, and a pH probe. This entire system was autoclaved all

together.

The bioreactor containing 1.6-L media was inoculated with 1.6-mL of the

solution (1:1,000 dilution rate per Brian Clement) from the overnight culture test
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tube under a laminar flow hood. The Ge crystal was cleaned with ethanol and

then washed with 1-L 0.1 M NaC1 saline solution. The background spectra of

germanium crystal, crystal with media, media alone, and media with manganese

were taken. The saline solution was used to rinse the Ge crystal after each

spectral collection before the experiment started. The bacteria were allowed to

grow in the bioreactor for about 24 hours before the bacteria and solution were

allowed to flow into the ATR and along the Ge crystal.

Initial bioreactor conditions included the following parameters: Temp

30°C, pH 7.2, flow rate 0.15 mL/min, and stirring with a propeller at 150 rpm to

ensure adequate mixing. Spectra were initially recorded every few hours.

The biofilm was not growing as quickly or as well as was expected at the

beginning of the experiment. Unfortunately, after the 11th day of the experiment,

an air bubble entered the flow cell, consequently removing any biofilm cells that

were attached to the germanium crystal surface. Initial plans to change flow into

the bioreactor from the 4-L of solely growth media to the bottle containing 100

pIVI Mn2+ (as MnSO4) did not occur as a result, nor was effluent collected. Due to

this occurrence, it was decided to the batch experiments discussed in Chapter 3

of this thesis.

Rate Experiments

Experiment 1

Rate experiment 1 was a trial run to determine if metal uptake by material

on a single slide from the field could be measured in the laboratory. Thus, many

factors were not carried out that would otherwise be completed in subsequent

experiments. For this rate experiment, only one double-set of slides was used,

which was present at site Z5.7 in Final Creek from May 20th to July 8th, 2002.
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Experiment configuration

A tall 90-ounce plastic container was used to hold the 2-L of water added.

The slides were suspended in the solution using a 22-gauge wire attached to a

wooden rod across the top of the container, and acclimated in the water for

approximately 20 hours. A small stir bar was placed in the bottom of the

container to ensure thorough mixing of the solution throughout the experiment

duration. Air and CO2 was bubbled into the container, controlled by mass flow

meters.

Solution Composition

Pinal Creek water obtained from site Z5.7 on July 8th, 2002 was filtered

through 0.22 pm filters. Metals added to the container included Mn at a final

concentration of approximately 40 mg/L, Zn at 1.4 mg/L, and Ni at 0.44 g/L.

Experiment Length
Rate Experiment 1 was run for 338 hours.

Solution removal

Solution was removed from the container several times daily. The 6-mL

removed each sample time was filtered with 0.45 pm disposable filters and

placed into 5-mL vials and acidified to 1% HNO3. For each removal, pH and

water temperature were measured. The meter was calibrated daily. Duplicate

samples were taken every 13 samples.

Problems 

Significant problems occurred with the stir plate used. Often times, the

stir bar would completely stop. In an attempt to alleviate the problem, the set-up

was moved to a different location halfway through the experiment. Filamentous
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fungus starting growing on the suspended slides 4 ays after the start of the

experiment.

The pH levels did not stay consistent throughout the experiment. This

could be due to fluctuating CO2 levels due to the mass flow controllers. After the

experiment was started, some material from the slides was detached, and thus

floated in the water for the duration of the experiment.

Metal Analysis 

It was proposed to use FAA to measure total Mn, Fe, Ni, and Zn for each

aliquot. With the given Mn results, it became apparent that there was actually a

release of the metal. Thus, the aliquots were not analyzed for all metals.

Furthermore, a few samples were analyzed for zinc concentrations, which

also fluctuated greatly. This indicates that there was a problem with the

experiment, possibly that the microorganisms were stressed due to the spiking of

the water with metals.

Solution Loss Rate

After completion of the experiment, the container was filled with water up

to the original level. The amount of water lost was determined by removing

water down to the next marking. The evaporation rate was calculated by using

this mass of water removed and the time of marking. This information is used to

determine the total metals in solution based on a per volume basis.

Metal concentration in solution

Metals present in solution were determined by multiplying the

appropriate volume of water by the metal concentration given by the FAA.
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Metal uptake by biofilms

Due to the trial nature of this experiment, a factor not considered for this

experiment was starting metal concentrations within the biofilm. Thus, a control

slide was not used and therefore the starting concentrations of metals were not

considered in the calculations. However, given the large variability in biofilms, if

a control slide were used that was in the same area as that chosen for the

experiment, and in the creek for the same length of time, it would virtually be

impossible to know for certain whether that slide is indicative of that used for the

experiment. This is potentially a large issue in these experiments.

Conclusions

With the Mn results and pH fluctuations, it was decided that this rate

experiment needed altering. It is possible that because the slides were in the

refrigerator for approximately two weeks before being used for the experiment,

they were either dormant or not viable at that time. Furthermore, it is very

possible that the levels of Ni and Zn added were toxic to the microorganisms,

thus, there was no measurable uptake of metals, and that actual release of metals

occurred.

Experiment 2

For rate experiment 2, only Mn was added, and it was started three days

after collecting the slides from the field. A slide holder containing 11 half-slides

that was present at site Z5.7 in Pinal Creek from July 22nd to August 19th, 2002

was used in this rate experiment.



Experiment configuration

A tall 90-ounce plastic container was used to hold the 2.3-L of water

added. The holder was suspended in the solution using a 22-gauge wire

attached to a wooden rod across the top of the container. Acclimation of the

slide holder and the 11 slides in filtered creek water occurred for approximately

64 hours before addition of the manganese. A small stir bar was placed in the

bottom of the container to ensure thorough mixing of the solution throughout

the experiment duration. Air and CO2 was bubbled into the container, controlled

by mass flow meters.

Solution Composition

Creek water obtained from site Z5.7 on August 19th, 2002 was filtered

through 0.22 pm filters. Manganese was added to the solution to obtain a final

concentration of about 37 mg/L.

Experiment Length

Rate Experiment 2 was run for 197 hours.

Solution removal

Solution was removed from the container several times daily. The 6-mL

removed at each sample time was filtered with 0.45 pm disposable filters and

placed into 5-mL vials and acidified to 1% HNO3. For each removal, pH and

water temperature were measured. The meter was calibrated daily. Duplicate

samples were taken every 10 samples.
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Problems

The pH levels stayed fairly consistent throughout the experiment,

although not as stable as had hoped.

Metal analysis 

Total Mn was measured using FAA.

Solution Loss Rate

For this experiment, the volume change in the container was assumed to

only be due to removal during sample times. Thus, 6-mL was subtracted from

the previous total volume in the container to determine the solution loss rate.

Metal concentration in solution

Metals present in solution were determined by multiplying the

appropriate volume of water by the metal concentration given by the FAA.

Metal uptake by biofilms

The exact starting concentrations of metals within the biofilms were again

unknown. This experiment presented results as the mg Mn present in solution

over the starting mg Mn. The starting mass was found by averaging the values

for mg Mn in solution from time 2 to time 5, a value of approximately 84.57 mg.

Conclusions 

The results obtained when plotting C/C 0 versus time on a semi-log plot

indicate that this rate information is similar to those found by past research on

Pinal Creek with respect to abiotic uptake rates. The equation of the line given

from the data is y = -0.0018x + 1.0152, with an R2 of 0.8909.
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Photon Induced X-ray Emission (PIXE)

PIXE was used on one half-slide present in Pinal Creek at site Z5.7 in Pinal

Creek from July 22nd to August 19th, 2002 to determine the metal distributions on

the slide. The resolution for this technique was 5x5 mm to around 1x1 cm. X-ray

and alpha backscattering techniques were used.

PIXE charges off an ion beam (2 mm square beam) and uses a thin piece of

carbon placed over the sample for conductance. Results indicate that in an area

where the beam hit the slide, 57 pg Mn/cm2 was present, as well as showing that

Mn was typically present closest to the slide, i.e., not on the top-edge of the

material farthest away from the slide. Only one sample was investigated with

this technique, but it is possible it could be very useful in these type of studies.
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