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1.0 ABSTRACT

Mining activities in the Globe, Arizona area have generated an acidic

groundwater plume with a high Mn(II) concentration in an aquifer that feeds the

perennial reach of Pinal Creek. As a result of the Mn(II) contamination, manganese

oxides coat a majority of the streambed. The focus of this research was on how sunlight

effects the manganese redox cycle in a fresh water setting. The major objectives were to

determine if the manganese oxides are stable with respect to light or if they can be

photochemically reduced, and if light effects the rate of manganese oxide formation. In

the experiments performed less than 1% of the manganese present in the oxides was

released. The manganese oxides at Pinal Creek appeared to be stable with respect to

sunlight. It was not evident from the results of this study that light exposure lowered the

rate manganese oxide formation.
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2.0 INTRODUCTION

Acid mine drainage and heavy metal contamination are known problems in the

west, where the landscape is often scared from the aftereffects of mining activity. Waste

rock is piled on surrounding areas that lead to augmentations in drainage patterns.

Exposed sulfide and sulfate minerals in contact with rainwater or mine waste water can

produce sulfuric acid, which may lead to elevated concentrations of trace and/or heavy

metals. This contaminated water is a potentially devastating problem to the natural

surface and groundwater resources of the surrounding area.

Acid metal contamination in the Phial Creek basin has been investigated by the

United States Geological Survey since 1984. Copper mining is the principal industry of

the area which has been continually mined since 1882 (Brown et al., 1997). This activity

has created a groundwater contamination plume that is discharging into a perennial

stream. Research is now a collaborated effort between scientists at the USGS, Arizona

State University and The University of Arizona.

Of particular interest is a riparian stream, Pinal Creek, near the long time mining

community of Globe, Arizona. A section of the creek has perennial flow, which is fed by

the combining of contaminated shallow groundwater with deeper unpolluted

groundwater. In portions of the stream the water contains an approximate Mn(II)

concentration of 50 mg/L, as well as enhanced concentrations of trace metals such as

nickel and zinc. Some in-stream removal of the dissolved manganese occurs, as

manganese oxides can be seen throughout the creek system as several layers of black

crusts coating the streambed or as nodules beneath algae and plant material. From recent



12

research it is believed that the formation of the Mn(HI,IV)(hydr)oxides present at Pinal

Creek is microbially mediated (Marble, 1998).

The focus of this study is on whether or not sunlight effects the manganese

reduction/oxidation cycle in a fresh water setting. Photoreduction of the Mn(HI,IV) ion

in the oxide and subsequent release of the aqueous Mn(H) ion (photodissolution) is

known to occur in the ocean, as is a decrease in the manganese oxidation rate when

bacteria are exposed to sunlight (photoinhibition) (Sunda and Huntsman, 1990). The two

main hypotheses of this study are that light exposure of the Mn(HLIV)(hydr)oxides will

lead to: 1) manganese photodissolution and 2) a depressed rate of manganese oxide

production.

The two possible processes occurring at Pinal Creek resulting in manganese

photodissolution are direct and indirect photochemical reactions. A direct photochemical

reaction transpires when the chemical itself absorbs sunlight and then undergoes a

transformation (Leifer, 1988). An indirect photochemical reaction takes place when

another material (chromophore) absorbs sunlight that leads to the transformation of that

chemical (Zepp, 1982). The water types used in this study were chosen to determine if a

chromophore was present and whether it was incorporated within the sediment or

dissolved in the water.

Photoinhibition could also occur at Pinal Creek. In this process, sun exposure

slows down the metabolism of the bacteria and decreases the rate of manganese oxidation

(Sunda and Huntsman, 1988). This would lead to more manganese oxidation occurring

in the hyporheic zone or below plants and algae rather than at the sediment surface.
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The future of Phial Creek is uncertain. Pumping of the contaminated groundwater

has begun upstream of the head of flow in an attempt to avoid transport of the acid plume

to perennial reach and to reduce the amount of Mn(II) entering the stream. The head of

flow has already moved downstream. It is unknown what will happen to the Mn(III,IV)

(hydr)oxides over time. Are the oxides stable or will they photoreduce, releasing Mn(II)

and other metal ions sorbed to the surface back into the stream.

The specific questions addressed in this study are:

1) What is the long-term fate of the Mn(III,IV)(hydr)o)ddes with respect to light?

2) Will the Mn(III,IV)(liycir)oxides photoreduce in distilled deionized water?

3) Can it be determined if manganese photodissolution is a direct or indirect

photochemical reaction?

4) Will the ionic strength of the creek water have an effect on photoreduction?

5) Will natural organic matter enhance the photoreduction of manganese?

6) Does sunlight effect the rate of Mn(III,I'V)(hydr)oxide production?

The objectives of this study are addressed by several sets of photodissolution and

photoinhibition experiments. The photodissolution studies involve exposing a small

amount of Phial Creek sediment to light and darkness with three different water types,

distilled deionizeci water, artificial surface water, and artificial surface water with natural

organic matter. The photoinhibition study involves exposing Pinal Creek sediment and

artificial surface water spiked with Mn(II) to light and darkness and monitoring the

Mn(II) uptake.
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3.0 BACKGROUND

3.1 Pinal Creek Basin

The Pinal Creek drainage basin (Figure 3-1) is located in central Arizona and

includes the towns of Globe, Claypool and Miami. It drains an area of about 504 square

kilometers (Neaville and Brown, 1993). The elevation in the basin ranges from 670 to

2,400 meters above sea level with block faulted mountains and valleys (Stollenwerk,

1994). Copper has been mined from ore minerals contained within granite porphyry

since 1882 (Stollenwerlc, 1994; Brown and Favor, 1996).

The area aquifer (Figure 3-2) consists of two units. The upper aquifer is

composed of unconsolidated alluvium, such as altered igneous rock from the surrounding

area with about 0.3 weight percent of calcite. It is 300 to 800 meters wide, 20 kilometers

long and up to 50 meters thick and has a horizontal hydraulic conductivity of about 100

to 200 meters per day (Eychaner, 1989; Stollenwerk, 1994). The lower aquifer consists

of basin fill, 100 to 1,200 meters thick and 2 to 9 kilometers wide. It has a much lower

hydraulic conductivity of 0.03 to 0.1 meters per day and a higher calcite content of 1.5

weight percent (Eychaner, 1989; Stollenwerk, 1994).

Monthly temperatures vary from 6 to 29 °C, with extremes of -15 to 45 °C

(Sellers et al., 1985; Brown and Favor, 1996). Precipitation increases with altitude,

ranging from 34 centimeters per year in the valleys to 78 centimeters per year in the

surrounding mountains (Brown and Favor, 1996). The precipitation occurs mostly as

short intense summer rains or several day winter drizzles. The majority of aquifer

recharge happens during the winter and spring seasons (Stollenwerk, 1994).
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Streambeds in the basin are generally dry except during storm events and spring

runoff (Neaville and Brown, 1993). Perennial flow begins in Pinal Creek about 16

kilometers downstream from Globe. Low permeability rocks constrict the aquifer and

force groundwater to the surface. At Inspiration Dam from 1981 to 1996, the average

discharge of Pinal Creek was 0.42 cubic meters per second (Konieczld and Angeroth,

1997). Pinal Creek flows into the Salt River, which discharges into Roosevelt Reservoir.

This water is used for irrigation and as a supplemental water supply for Phoenix

(Stollenwerk, 1994).

Contaminated acidic ground water was first recognized in 1930 (Envirologic

Systems, Inc., 1983; Brown et. al., 1997). Contamination in the area was the result of

large-scale mining activities, which have occurred over the past hundred years. The

single largest source was probably Webster Lake, an unlined pond formed in 1940 by

waste piles that cut off drainage in Webster Gulch (Lind and Hem, 1993). The pond was

used to store water for different sources, such as dewatering of open pit mines. It existed

until 1988 as a result of being ordered drained by the U.S. Environmental Protection

Agency (Brown and Favor, 1996). In 1986 the lake contained 5.5 x 106 cubic meters of

water, a total dissolved solids concentration of 35,000 milligrams per liter, and a pH of

2.7 (Eychaner, 1988; Stollenwerk, 1994). The water also had dissolved iron

concentrations of 2,000 milligrams per liter and a sulfate concentration of 19,000

milligrams per liter (Brown et al., 1997).

As the groundwater plume travels northward some dilution occurs with

uncontaminated groundwater. The majority of acid contamination is contained within
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alluvium of the upper aquifer. The groundwater has been divided into three zones,

uncontaminated, acidic, and neutralized (Stollenwerk, 1994). The uncontaminated water

has a neutral pH, a low concentration of dissolved solids and contains dissolved oxygen.

The acid portion has little or no dissolved oxygen, a low pH and high dissolved metal and

sulfate concentrations (Stollenwerk, 1994). The neutralized water is characterized by

high calcium, magnesium, rnapganese, chloride and sulfate concentrations and a pH

greater than 5 (Stollenwerk, 1994). This formerly acidic water has come in contact with

calcium carbonate contained in the alluvium. In areas where the neutralization capacity

of the alluvium has been exhausted, the water has high metal concentrations and a pH

near 4 (Hem and Lind, 1994).

As the groundwater plume moves through the alluvium, iron, copper and zinc are

precipitated or sorbed to mineral surfaces and manganese is dissolved (Brown et al.,

1997). A process believed to occur between the ferrous iron in the plume and birnessite

(Mn02) found within the aquifer material. The possible redox reaction is given by the

following equation (Ficklin et al., 1991; Stollenwerk, 1994).

2 Fe(II) + Mn02 +4 H20 4-÷ 2 Fe(OH)3 + Mn(II)  +2 11+

The majority of iron appears to be retained in the ferrihydrate solid (Fe(OH)3) which is an

excellent sorbent for trace metals, but the result is a high dissolved manganese

concentration.

In the perennial portion of Pinal Creek contamination was first observed in 1962

(Envirologic Systems, Inc., 1983; Brown et. al., 1997). The stream is currently fed by a

mixture of neutralized and uncontaminated groundwater. The location of head of flow
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has changed over time and will probably continue to move downstream. Pumping has

begun upstream of the head of flow in an attempt to intercept the acid plume. The water

reaching the creek is rich in CO2 and the pH is near 6 (Hem and Lind, 1994). As CO2

degasses downstream the pH increases to about 7.5. Surface water contains a total

dissolved solids concentration in excess of 3,500 milligrams per liter and is near

saturation with respect to gypsum (Hem and Lind, 1994). Although the acidic plume has

not reached the creek, several heavy metal fronts have, including manganese, zinc, nickel

and cobalt (Stollenwerk, 1994).

Cemented crusts were first noticed in 1985 at Inspiration Dam. The general trend

for the stream above Inspiration Dam was the higher the pH the more manganese

precipitation that was found (Lind and Anderson, 1992). The dissolved manganese

concentration decreases downstream, this is due to dilution from incoming groundwater

and from manganese precipitation. It is estimated that 20% of the manganese is removed

by biogeochemical reactions taking place in the hyporheic zone (Harvey and Fuller,

1998). The hyporheic zone is defined as the near stream area where shallow groundwater

and stream water mix (Triska et al., 1989; Valett et al., 1990). At Pinal Creek it has been

determined that the residence time of water in the hyporheic zone is 15 minutes and the

average depth is at least 10 centimeters (Harvey and Fuller, 1998).

The study area for The University of Arizona is located around well group 600

(Figure 3-2). During the course of this study dissolved metal concentrations were

approximately 45 milligrams per liter for manganese, and around 0.5 milligrams per liter

for nickel and zinc. The pH ranged from 6.5 to 7.5 depending on the time of day and
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location. Manganese oxides generally appeared as coatings on rock surfaces that become

cemented together over time with a manganese oxide matrix. They were also observed as

nodules below plant and algae! materiaL A journal was kept to describe the physical

changes that occurred to the stream over the course of this study (Appendix C).

Analysis of the sediments at Pinal Creek indicates two main types, magnetic and

non-magnetic. Minerals contained in the magnetic portion have been identified as

hausmannite (Mn304), manganite (yMnO0H), Na-birnessite (Na4Mni4025 • 9H20), (Ca,

Mn, Mg)CO3, rancieite ((Ca, Mn)Mn409 • (3H20)), and takavelite ((Mn, Ca)Mn409 .

(3H20)). The non-magnetic portion contains manganese calcium oxides and some (Ca,

Mn, Mg)CO3 (Lind and Hem, 1993). These oxides will be collectively referred to as

Mn(111,1V)(hydr)o)ddes in this paper.

3.2 Ph otored u ction

The absorption of sunlight by molecules can lead to chemical transformations,

referred to as photochemical reactions. For many years the majority of photochemical

research was centered on the processes that occurred in the atmosphere, such as smog

formation. The focus of photochemical research has expanded to include studies on

photochemical reactions that take place in water (Zepp, 1982).

Photochemical reactions transpire when a molecule becomes excited from the

absorption of light. In the excited state the molecule is a more reactive species. There

are two types of reaction pathways the excited molecule can take to complete the

reaction. The first way is through a direct photochemical reaction. This occurs when the

excited molecule itself undergoes a chemical transformation. The second pathway, an
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indirect photochemical reaction, takes place when the excited molecule causes a

transformation in another molecule (Leifer, 1988). In an indirect photochemical reaction,

the excited molecule is often referred to as a chromophore. Some examples of

chromophores in the natural aquatic environment would be humic substances and

microorganisms (Zepp, 1982).

The following two step process is a possible illustration of the indirect

photoreduction of manganese.

OM + hv = OM*

Organic matter (OM), which can be dissolved in the water or sorbed to the oxide surface,

absorbs sunlight (hv) and makes the transition to the excited state (0M*).

OM* + Mn(IILIV) = oxidized OM + Mn(II)

If the excited organic matter comes in contact with Mn(IILIV), possibly by sorbing to the

oxide surface, an electron transfer may occur (Sulzberger, 1990). The newly reduced

manganese ion can then be released back into the water. The photoreduction process is

called manganese photodissolution.

3.3 Manganese Photochemistry In The Environment

From studies by Sunda and Huntsman (1988) in the southwestern Sargasso Sea,

they calculated a manganese dissolution rate twelve times higher with sunlight than in the

dark. The exact mechanism was not known, but they speculated toward two scenarios.

1) a light activated ligand to metal charge transfer between manganese oxides

and bacterial extracellular organic polymers associated with the oxides
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2) photochemical production of reductants such as 01 and H202 in the bulk

seawater or within bacterial manganese oxide aggregates

They also determined that manganese oxidation was microbially mediated and occurred

extracellularly. Oxides were deposited on acidic polymers surrounding the bacteria cells.

Photo inhibition was thought to be a more dominant process than photoreduction, leading

to the particulate manganese maximum below the photic zone. The high turnover rate of

particulate manganese was probably due to photoreductive dissolution of the manganese

oxides. It is apparent that manganese in seawater undergoes many redox cycles before

sinking (Sunda and Huntsman, 1988).

Sunda and Huntsman (1990) then looked at die! (day/night) variations in the

manganese redox cycle in the coastal waters of the Bahama Islands. They found that

variations in particulate manganese were due primarily to variations in the concentration

of manganese associated with manganese oxides. It was concluded that photoinhibition

of manganese oxidizing bacteria provided a plausible explanation for the decrease in the

rate of particulate manganese formation after sunrise, resulting in the observed diel

pattern (Sunda and Huntsman, 1990).

Sunda and Huntsman (1994) then compared the reductive dissolution of synthetic

54Mn-labeled oxides (from Mn042- oxidation) and natural 54Mn-labeled oxides formed in

seawater. With the synthetic oxides, sunlight increased the dissolution rate and would

continue to increase with the length of light exposure. This was the primary result of

manganese reduction by 11202. Natural oxides had 6 to 70 times higher dissolution rate

in light than in the dark, but were not effected by duration of light exposure or by the
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addition or removal of natural organic matter and H202. It appeared that both the

chromophore and reductant involved reside within the bacterial/manganese oxide

aggregate (Sunda and Huntsman, 1994).

Waite and Szymczak (1993) performed studies aboard a ship in the eastern

Caribbean on the effect of sunlight on the oxidation of Mn(II) and the reduction of

Mn(III,IV). They found rapid dissolution for manganese oxides exposed to light with a

linear dependency on the dissolution rate of organic content. Dark dissolution did occur

but at a considerably lower rate. Particulate manganese dissolution rates were greater

than particulate manganese formation rates (Waite and Szymczak, 1993).
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4.0 MATERIALS AND METHODS

4.1 Photochemical Study Overview

The focus of the photochemical study was on how light effected the manganese

reduction and oxidation cycle at Pinal Creek. In particular if the Mn(111,IV) oxides

were stable with respect to light and if light effected their rate of formation. This

involved exposing sediment to light and darkness during two studies. These studies are

referred to as photodissolution and photoinhibition.

4.2 Photodissolution Study

This study consisted of three sets of Mn(II) photodissolution experiments (Table

4-1). In each set a light and dark experiment was completed with a particular water type.

Light experiments were exposed to the solar simulator for up to 6 hours while dark

experiments were completely shielded from light for up to 6 hours (Figure 4-1a).

Temperature and pH were monitored for each experiment.

Table 4-1. Photodissolution Experiment Matrix

Light

Distilled deionized water

Light

Artificial surface water

Light

Artificial surface water with
Natural organic matter

Dark

Distilled deionized water

Dark

Artificial surface water

Dark

Artificial surface water with
Natural organic matter



a. photodissolution studies
fan
	

box cover 
-n,,ii,      

xenon
arc

lamp   

reaction vessel
Al           

stirrer         

‘r light table 

drawing not to scale

b. photoinhibition studies 
box cover         

25           

2 1	3	 I
	

6                   

light vessel ---_•,      cover                                        

dark
vessel

----n                                    

'i
light table    

xenon
arc

lamp

drawing not to scale

Figure 4-1. Photochemical experimental setup
1. primary condenser 2. liquid/gas filter 3. sunlens diffuser 4. filter holder
5. secondary condenser 6. 900 light tube



26

Distilled deionized water (DDW) was made by putting milli-Q water through

permanganate still to remove any remaining organic material. Artificial surface water

(ASW) was used to introduce water with the same ionic strength of Pinal Creek without

enhanced metal content. Natural organic matter was added to ASW because of its

suspected photo activated properties (ASW/NOM).

Table 4-2 contains an outline of the experiments performed in this study. For

each experiment approximately 800 ± 34 mL of water and 0.55 ± .06 grams of sediment

(<150 micron) were added to the reaction vessel and stirred continually to keep all

particles suspended. The reaction vessel was a 500 mL round bottom flask modified with

a 2-inch diameter UV grade quartz window (Figure 4-2a). A sample and duplicate, 8 mL

each, were taken every 30 minutes through a sampling tube by syringe and filtered with a

0.22 micron filter (Millipore Swinex). The sampling tube was rinsed out by taking 3 mL

by syringe before the 8 mL samples were taken. Temperature and pH (Fisher Scientific

Accumet® pH meter 925) values were monitored and recorded at each sampling interval.

Table 4-2. Outline of Photodissolution Experiments Performed

Date of Experiment Sediment Collection Date Water Type Exposure
10/8/97 10/6/97 DDW Light
10/13/97 10/6/97 DDW Dark
10/20/97 10/6/97 DDW Light
10/22/97 10/6/97 DDW Dark
3/9/98 2/20/98 AS W/NOM Light
3/11/98 2/20/98 AS WNOM Dark
4/21/98 4/17/98 DDW Light
4/22/98 4/17/98 DDW Dark
4/23/98 4/17/98 AS W Light
4/24/98 4/17/98 AS W Dark
4/27/98 4/17/98 AS W/NOM Light
4/28/98 4/17/98 AS WNOM Dark
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Samples were placed in bottles covered with aluminum foil to shield the samples from

light. Mn(II) analysis was performed on a graphite furnace atomic adsorption

spectrophotometer (GFAAS ) (Perken Elmer HGA-600).

4.3 Photoinhibition Study

The photoinhibition study consisted of a series of light and dark experiments.

Each set was conducted simultaneously inside the box cover as seen in Figure 4-1b.

Two different experimental vessels were employed during the course of this study. The

first type was a 250 mL jacketed beaker kept at 25 °C by a water bath. Magnetic stir bars

were used to maintain circulation. The second type was a 200 mL Buchner funnel

(Figure 4-2b) containing a porous glass lens through which sediment and water were

aerated with "breathing quality air" from a compressed gas tank.

Table 4-3 contains a list of all of the photoinhibition experiments performed.

Before each experiment, between 5 to 25 grams of wet sediment was placed in each

vessel with 100 mL of artificial surface water. Sediment and water were then allowed to

equilibrate (stirred or aerated) for several hours.

Table 4-3. Outline of Photoinhibition Experiments Performed

Date of Experiment Sediment Collection Date Vessel Used
2/10/98 12/17/97 Beaker
2/17/98 11/17/97 Beaker
2/24/98 2/20/98 Beaker
5/20/98 5/18/98 Beaker
7/23/98 4/17/98 Funnel
7/28/98 4/17/98 Funnel
8/4/98 7/22/98 Funnel
8/11/98 6/3/98 Funnel
8/13/98 6/3/98 Funnel
8/24/98 6/3/98 Funnel
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At the start of each experiment both containers were spiked with 100 micro liters

of 1M MnSO4 to give an approximate 55 mg/L Mn(II) concentration. The light beaker

was exposed to the solar simulator for up to 8 hours, while the dark was completely

shielded from light for the same amount of time. Samples (100 micro liters) were taken

every hour to monitor Mn(H) uptake. Samples were combined with 4 mL of 1% nitric

acid (trace metal grade, J.T. Baker, Inc.), giving a resultant pH of-4. Samples were then

analyzed for Mn(II) by a flame atomic adsorption spectrophotometer (FAAS) (Perken

Elmer AS-60).

4.4 Photochemical Setup

The solar simulator used to conduct photodissolution and photoinhibition studies

was purchased from the Spectral Energy Corporation. It consists of an LPS 255HR

power supply, a LH 151N/2 lamp housing containing a 1000-watt xenon arc lamp and a

series of lenses and filters (Figure 4-1). The xenon arc lamp produces a range of

wavelengths between 250 and 2200 nanometers (nm) (Figure 4-3). The primary

condenser collects the light from the arc lamp into a collimated beam. A liquid/gas filter,

filled with milli-Q (Millipore) water circulated by a water bath set at 7 °Celsius (C),

removes the wavelengths between 600-800 nm, in order to reduce heat generation. The

sunlens diffuser insures that the collimated light beam is diffuse and uniform. A multiple

filter holder can contain up to three glass optical filters, such as a band pass, short or long

wave or neutral density filter. For all experiments completed in this study an air mass 1

(AM-1) filter was used. This filter simulates one Earth atmosphere, in other words

sunlight at noon on the ground surface. The secondary condenser focuses the light beam
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on the ultra violet (UV) grade quartz window attached to the photodissolution reaction

vessel. The 900 light tube, used for photoinhibition experiments, contains a dichroic

mirror at 45° that reflects UV and visible light waves onto the beaker below and allows

the infra red (IR) to pass through and dissipate. Figures 4-3, 4-4 and 4-5 include

spectrums of a xenon arc lamp before and after the addition of lenses and filters with the

secondary condenser and the 90° light tube. These figures show only the qualitative

change in spectrum shape since values on the y-axis are not comparable. A wooden

cover with an exhaust fan was designed at The University of Arizona to protect the optics

and control light and temperature.

4.5 Labware And Plastic Bottle Preparation

Plastic bottles for sample collection were high-density polyethylene (HDPE)

(Nalgene). The following acid washing procedure was used to prepare glass labware and

plastic bottles. Items were rinsed at least three times with milli-Q water. Milli-Q water

was prepared by putting tap water through reverse osmosis followed by a Millipore

filtering system. Then lab items were rinsed in 10% nitric acid (reagent grade,

Mallinckrodt Chemical) solution. Finally, articles were thoroughly rinsed with milli-Q

water and allowed to dry at room temperature. Once dry, the labware was stored covered

or capped until used.

4.6 Sediment Collection

Sediment and stream water samples were collected from Pinal Creek monthly to

bimonthly during the period of experimentation. The main area of sediment collection

was located at Z — 9A (Figure 4-6), but sediment was also taken several hundred meters



zx to"'

1
-

-

-

6)(104

0
200

-

-

-

-

-

I
-

-

-

-

-

-

-

-

^

800	 1000

Secondary Condenser Off—Axis

Figure 4-4. Spectrum of solar simulator with secondary condenser

32



600
	

800
	

1000
Wavelegnth in rem

3.0x10

1.0x10

0 	

200

90 — Degree Spectrum

y

33

Figure 4-5. Spectrum of solar simulator with 900 light tube



Z - 11

N
4EZ - 9A

SetkaCoretta Driveway
Z - 0

----- Intermittent Reach

A Data Sites

Pringle Diversion Dam

Well Group 600

Z - 9

EXPLANATION
Perennial Reach

34

Ranch

0	 0.5	 1 KILOMETER \

Well Group 500 •R

Figure 4-6. Pinal Creek study site



35

upstream or downstream of this site. Sediment was obtained from the top several

centimeters of the streambed.

For photodissolution experiments, the sediment was wet sieved in the field and

the less than 150 micron (< 150 um) and 2 millimeter portions were kept. Sediment was

then placed in an acid washed jar with stream water and adequate headspace. Soft

nodules of oxides were collected for photoinhibition experiments and placed directly into

a tube or jar with stream water and adequate headspace. All containers were stored at

4 °C and opened weekly to prevent oxygen depletion for microbes.

Experiments were performed on recently collected sediment that was held less

than 12 days, and stored sediment kept for several weeks to months. Sediment was taken

directly from collection jars by a spatula and weighed for each experiment. A portion of

the sediment was magnetic and was included in experiments.

Sediment that was stored for photoinhibition experiments was checked for

biological activity before use. The sediment was then rinsed with ASW to reduce the

amount of Mn(II) present.

4.7 Artificial Stream Water

Artificial stream water (ASW) was used in these studies to introduce water with

similar ionic strength as Pinal Creek surface water. The recipe for the ASW was created

by Chris Fuller of the USGS (Harvey and Fuller, 1998) and is based on the major cations

and anions present in the stream (Table 4-2) (Gellenbeck and Hunter, 1994; Flinchbaugh,

1996). It was modified for use in the photochemical experiments by not adding the
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biological buffer (HEPES). The photochemical properties of this buffer were not known,

therefore it was left out.

Table 4-4. Major Ions in Artificial Steam Water

Ion Concentration (M)

Ca2+ 1.04 x 10-2

Mg2+ 6.30 x 10-3

K+ 1.40 x 104

SO42- 1.63 x 10-2

Cl 2.64 x 10-
3

HCO3 1 " 2.00 x 10-3

Na+ 3.70 x 10-3

The procedure followed to obtain the ion concentration found in Table 4-4 is

listed. Prepared salt solutions were made in volumetric flasks and stored in HPDE

bottles:

• 1 M KC1 (reagent grade, J.T. Baker, Inc.) by adding 0.3728 g to 5 mL milli-Q

water

• 1 M NaC1 (reagent grade, Mallinckrodt Chemical) by adding 1.4611 g to 25 mL

milli-Q water

• 0.1 M NaHCO3 (reagent grade, J.T. Baker, Inc.) by adding 2.1004 g to 250 mL

milli-Q water

• 1 M MgSO4 .7H20 (reagent grade, Mallinkrodt Chemical) by adding 12.324 g to

50 mL milli-Q water

• 0.1 M CaC122H20 (reagent grade, Fisher Scientific Company) by adding

0.7351 g to 50 mL milli-Q water
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• 1.722 g of CaSO4'2H20 (reagent grade, Mallincicrodt Chemical) was measured

and poured into a 1000 mL volumetric flask containing approximately 900 mL of milli-Q

water and stirred with a magnetic stir bar overnight.

When the CaSO4•2H20 had dissolved the following amounts where added to the

flask:

0.14 mL 1 M KC1

1.7 inL 1 M NaC1

20 mL 0.1 M NaHCO3

6.3 mL 1 M MgSO47H20

4 mL 0.1 M CaC12'2H20

The solution was stirred for an additional hour. Then the stir bar was removed and the

flask was filled to the 1000 mL mark with milli-Q water. Artificial surface water was

used immediately or stored in an capped HDPE bottle at room temperature.

Artificial surface water with natural organic matter (ASW/NOM) was made by

addition of approximately 10.3 mg of isolated organic matter to the 1000 mL volumetric

flask with the calcium sulfate and stirred overnight. The same procedure was then

followed as with the ASW. An approximate 5 mg/L resultant organic carbon

concentration was achieved.

The natural organic matter was obtained from Oak Ridge National Laboratory.

The NOM was isolated from a wetlands pond at the Clemson University Baruch Forest

Science Institute in Georgetown, South Carolina (Gu et al., 1994). The brown water had
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a high amount of NOM and was filtered through a 0.1 micron Amicon hollow-fiber filter,

passed through a cation exchange resin column and freeze dried (Gu et al., 1995).

4.8 Manganese Dissolution from Sediment

Manganese dissolution experiments were performed to determine the total amount

of manganese present in sediment collected for photochemical tests. This value was used

to normalize Mn(II) release for photodissolution experiments. A modified method

outlined by T. T. Chao in 1972 was used.

1) Wet sediment was dried overnight at 100 °C and dry sediment weight was

calculated

2) 20 mL of a solution containing 0.1 M hydroxylamine hydrochloride (reagent

grade, J.T. Baker, Inc.) and 0.01 M nitric acid (trace metal grade, J.T. Baker,

Inc.) was added to dry sediment

3) sediment and solution were shaken for several hours and left overnight to

separate

4) liquid was taken and diluted for Mn(l) analysis

Total manganese content (milligrams of manganese present per gram of sediment) was

determined by this equation:

mg Mn = [mg/L Mn(I)1 fmL solution addedl
g sediment	 [1000] [g dry sediment]

Mn(II) concentrations were corrected for pore water dissolved manganese. Manganese

content values for sediments used in all studies are listed in Appendix B.3.
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4.9 Data Analysis

Manganese concentrations were determined on a graphite furnace or flame AA.

When the value was greater than 2 mg/L, it was diluted gravimetrically to fit into the

calibration curve. The density of water was assumed to be 1 g/mL. Actual Mn(ll)

concentrations were given by the following equation:

Actual [Mn(II)] = AA [Mn(11)1 [g water + g sample!
[g sample]

The standard deviation (a) for Mn(II) concentrations was calculated from sample

duplicates and individual concentration readings for each duplicate. When duplicate

samples were not taken the standard deviation was determined from individual AA

readings. Standard deviations were determined in a Microsoft Excel spreadsheet.

Average Mn(II) concentrations for all experiments, their standard deviations, and the r2 of

the AA calibration curves are listed in Appendix B.1 and B.2.

Manganese removal rates for photoinhibition studies were assumed to be first

order. They were determined from semi-log plots of Ln ([Mn(II)] / [Mn(11)] 0) versus

time.

Ln [Mn(II)] = -kt  + b

Where k is the rate constant and b is the intercept. The linear regression, k, and standard

error of k were determined by a Microsoft Excel spreadsheet. The uptake rate was

calculated by taking the rate constant times the initial Mn(II) concentration.

Uptake rate = d IMn(II)1 = k [Mn(II)] 0

d t
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The standard deviation (a) for the uptake rate was determined by the following

equation:

02 = k2 * 0-2pAnom + [mnm]2 * 02k + 02k* 0-2[mnam

All points were not used to determine the rate constants because two distinct

slopes were often seen. The initial steeper slope was assumed to be due to sorption more

than oxidation, so the uptake rate was determined for the second slope. The actual points

chosen to determine the uptake rate, rate constants, and standard deviation of the uptake

rate and rate constants are in the Results section.
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5.0 RESULTS

5.1 Photodissolution

This study consisted of a series of light/dark experiment sets using three

different water types: distilled deionized water (DDW), artificial surface water (ASW),

and artificial surface water with natural organic matter (ASW/NOM). Mn(II) release, pH

and temperature were monitored during each experiment. Table 5-1 contains details for

each experiment performed.

5.1.1 Distilled Deionized Water

Three sets of DDW experiments were carried out. The first two sets used the

same sediment. The first of the sets took place on October 8 and 13, 1997. The sediment

containing Mn(LELIV)(hydr)oeddes was collected from Pinal Creek on October 6, 1997.

The experiment was run for 3 hours and is presented in Figure 5-1. Results are plotted in

micrograms of Mn(I1) released per milligram of Mn present in the sediment versus time.

There is a notable difference in Mn(II) release between the light and dark experiments.

In the light experiment the majority of Mn(II) was released within the first thirty minutes,

and continued to increase slightly during the rest of the experiment. While the dark data

had only a mild increase in Mn(II) throughout the entire experiment.

The second set was performed on October 20 and 22, 1997, two weeks after the

first set. The stirrer stopped several times during the course of the course of each

experiment, but was reset soon after. Results are presented in Figure 5-2. Little Mn(II)

was released in the light or dark experiment compared with the results of the first set.

The difference in Mn(II) release between these sets would suggest an aging process



Table 5-1. Photodissolution Study Experiment Data

Experiment Date Water Type Exposure Days Stored Location Collected
10/8/97 DDW Light 2 215 musZ-9A
10/13/97 DDW Dark 7 215 musZ-9A
10/20/97 DDW Light 14 215 m us Z-9A
10/22/97 DDW Dark 16 215 m us Z-9A
4/21/98 DDW Light 4 Z-9A
4/22/98 DDW Dark 5 Z-9A
4/23/98 ASW Light 6 Z-9A
4/24/98 ASW Dark 7 Z-9A
3/9/98 ASW/NOM Light 17 Z-9A
3/11/98 ASW/NOM Dark 19 Z-9A
4/27/98 ASW/NOM Light 10 Z-9A
4/28/98 AS W/NOM Dark 11 Z-9A

Experiment Date Amount Water Amount Sediment Initial T Final T
(mL) (g) (°C) (°C)

10/8/97 752 0.55 20.5 27.0
10/13/97 743 0.42 20.3 20.4
10/20/97 779 0.52 22.1 30.2
10/22/97 750 0.59 21.8 22.7
4/21/98 831 0.51 22.5 29.6
4/22/98 828 0.50 22.9 22.6
4/23/98 824 0.55 24.4 30.1
4/24/98 822 0.57 24.5 23.5
3/9/98 795 0.64 23.1 28.9
3/11/98 785 0.62 22.8 21.1
4/27/98 818 0.60 22.5 28.3
4/28/98 826 0.53 22.5 21.0

Experiment Date mg Mn per g sediment Initial pH final pH Mn release
10/8/97 105 6.3 6.7 <0.05%
10/13/97 105 6.0 6.5 <0.02%
10/20/97 105 6.4 7.0 <0.006 %
10/22/97 105 6.3 6.6 <0.004 %
4/21/98 45 5.1 6.4 < 0.12 %
4/22/98 45 5.6 6.3 < 0.14 %
4/23/98 45 8.0 8.2 < 0.1 %
4/24/98 45 8.0 8.2 <0.08 %
3/9/98 353 7.6 8.0 <0.004 %
3/11/98 353 7.7 8.1 <0.002 %
4/27/98 45 7.8 8.1 < 0.5 %
4/28/98 45 7.8 8.1 < 0.2 %

42
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Figure 5-2. Photodissolution experiments Oct 20 and 22, 1997, DDW
Open symbols for light exposure, closed symbols for dark exposure
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occurred during storage, possibly due to degradation of the chromophore or a change in

the crystal structure of the manganese oxide.

The third set was performed in April 21 and 22, 1998 with sediment collected

from Pinal Creek on April 17, 1998. Sediments were collected in the spring instead of

the fall, as in previous experiments. The sediments also had a lower percentage of

manganese present, this could have been due to a recent flood that deposited a fine layer

of silt on the creek bed. Results are plotted in Figure 5-3. The data in this set showed a

slight Mn(II) release, but there was little difference between light and dark. The lack of

variation could possibly be explained by the absence of a chromophore.

5.1.2 Artificial Surface Water

One set of ASW experiments was conducted. The same sediment was used as in

the April 21 and 22 experiments. Results are shown in Figure 5-4. The same protocol

was followed as in the previous experiments, except for the use of a different water type.

There is no apparent trend to the data, but in the light experiment Mn(II) release is

slightly greater than the dark Mn(II) release. The addition of the major ions found in the

stream did not seem to effect the overall Mn(n) release.

5.1.3 Artificial Surface Water With Natural Organic Matter

Two sets of light/dark experiments were performed with ASW/NOM. The

experiments from the first set were performed in March 9 and 11, 1998 with sediment

collected on February 20,1998 from Pinal Creek. The sediment had a higher amount of

extractable manganese than sediment used in other experiments. Results are shown in

Figure 5-5. The light set showed a continual release of Mn(II) during the experiment,
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while the Mn(II) concentration remained almost constant in the dark. The presence of

NOM enhanced Mn(H) release in the light.

The second set of experiments was carried out April 27 and 28, 1998 with

sediment collected on April 17,1998 from Pinal Creek. Results are in Figure 5-6. While

there was more scatter in the data, a notable difference between Mn(H) release for

sediment exposed to light versus darkness was seen again. Also, the overall release

(-0.5 %) was greater than with the March 9 and 11, 1998 experiment (-0.004%).

5.2 Photoinhibition

This study consisted of ten sets of light/dark experiments to determine if light

effected the rate of manganese oxidation by bacteria. All experiments were performed

with artificial surface water. After the addition of sediment the ASW was spiked with

1M MnSO4 to give an approximate 55 mg/L Mn(ll) initial concentration. If sediment

was stored in the refrigerator, the sediments were checked for bacterial activity several

days before an experiment. Light and dark experiments were run simultaneously and

samples were taken every 30 to 60 minutes to monitor Mn(H) uptake. Temperature and

pH were noted at the beginning and end of each experiment. Table 5-2 contains

information on each of the experiments performed.

The first four experiments took place inside jacketed beakers held constant at

—25 °C by a circulating bath and agitated by magnetic stir bars. The last six experiments

were conducted in Buchner funnels and aerated with breathing quality air. The change in

experiment setup was done for two reasons; 1) experiment environment would be more

representative of the creek environment and 2) more of the sediment particles would be



Table 5-2. Photoinhibition Study Experiment Data

Experiment Date Vessel Days Stored Location mg Mn per g sediment
2/10/98 Beaker 55 215 mus Z-9A 42
2/17/98 Beaker 92 Z-9A 21
2/24/98 Beaker 4 Z-9A 207
5/20/98 Beaker 2 Z-9A 192
7/23/98 Funnel 98 Z-9A 72
7/28/98 Funnel 103 Z-9A 72
8/4/98 Funnel 14 220 m ds Z-9A 0.88
8/11/98 Funnel 70 175 m ds Z-9A 35
8/13/98 Funnel 72 175 m ds Z-9A 35
8/24/98 Funnel 83 175 m ds Z-9A 35

Experiment Date Amount Water Amount Sediment Initial T Final T
(mL) (g) (°C) (°C)

2/10/98 - Light 200 16.6 25.3 25.6
2/10/98 - Dark 200 16.6 25.2 25.4
2/17/98 - Light 100 21.4 25.9 26.1
2/17/98 - Dark 100 21.3 25.3 25.4
2/24/98 - Light 100 22.2 26.1 26.0
2/24/98 - Dark 100 22.3 25.1 25.2
5/20/98 - Light 100 21.3 24.9 24.8
5/20/98 - Dark 100 21.3 24.9 24.8
7/23/98 - Light 100 6.33 22.3 30.0
7/23/98 - Dark 100 6.35 20.9 23.2
7/28/98 - Light 100 6.41 22.6 30.2
7/28/98 - Dark 100 6.40 21.9 23.9
8/4/98 - Light 100 7.36 22.8 29.8
8/4/98 - Dark 100 7.37 22.0 23.6
8/11/98 - Light 100 7.01 21.5 28.4
8/11/98 - Dark 100 7.00 20.8 22.8
8/13/98 - Light 100 7.42 21.8 27.8
8/13/98 - Dark 100 7.49 20.5 22.5
8/24/98 - Light 100 5.63 22.7 29.3
8/24/98 - Dark 100 5.64 21.8 24.0

48
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Table 5-2. Photoinhibition Study Experiment Data -- Continued

Experiment Date Initial pH Final pH Rate Constant Mn Uptake Rate
(min" ) (nM/s)

2/10/98 - Light 7.1 6.8 0.00037 ± 0.000059 5.6 ± 0.89
2/10/98 - Dark 7.1 6.5 0.00046 ± 0.000090 7.2 ± 1.4
2/17/98 - Light 6.9 6.9 0.00032 ± 0.000090 4.9 ± 1.4
2/17/98- Dark 7.0 7.0 0.00082 ± 0.000097 11.6± 1.4
2/24/98 - Light 5.8 5.9 0.00050 ± 0.000073 7.9 ± 1.2
2/24/98 - Dark 5.9 5.9 0.00048 ± 0.000154 5.0± 1.6
5/20/98 - Light 6.1 6.0 0.00029 ± 0.000079 4.5 ± 1.2
5/20/98 - Dark 6.1 6.0 0.00058 ± 0.000083 7.5 ± 1.1
7/23/98 - Light 7.2 6.1 0.00111 ± 0.000120 12.0 ± 1.3
7/23/98 - Dark 7.4 6.3 0.00116 ± 0.000119 12.1± 1.2
7/28/98 - Light 8.0 6.6 0.00057 ± 0.000222 5.3 ± 2.1
7/28/98 - Dark 7.8 6.4 0.00074 ± 0.000068 7.1 ± 0.65
8/4/98 - Light 8.4 8.5 0.00017 ± 0.000029 3.0 ± 0.52
8/4/98 - Dark 8.4 8.5 0.00011 ± 0.000021 1.8 ± 0.35
8/11/98 - Light 7.6 6.4 0.00016 ± 0.000022 2.1 ± 0.28
8/11/98- Dark 7.4 6.2 0.00019 ± 0.000034 2.7 ± 0.48
8/13/98 - Light 7.6 6.3 0.00015 ± 0.000060 2.3 ± 0.90
8/13/98 - Dark 7.6 6.4 0.00021 ± 0.000042 3.1 ± 0.62
8/24/98 - Light 8.1 7.6 0.00152 ± 0.000175 18.5 ±2.1
8/24/98 - Dark 8.2 8.0 0.00162 ± 0.000116 19.6± 1.4
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suspended, allowing for more uniform exposure to the light source.

The first experiment was performed on February 10, 1998. The nodules of

manganese oxide used were collected on December 17, 1998 from Pinal Creek. The

results are plotted as a semi-log plot of Mn(II) concentration (mg/L) versus time (Figure

5-7). The light exposed sediment was fit to give a 1st order Mn(II) uptake rate of 5.6 ±

0.89 nM/s. The 1st order rate was calculated as the slope on a semi-log plot times the

initial manganese concentration. Sediment in the dark had a higher uptake rate of 7.2 ±

1.4 nM/s. The pH dropped slightly during both experiments, with a slightly greater drop

for the dark experiment.

Figure 5-8 contains results of the experiment performed on February 17, 1998.

Nodules of manganese oxide were collected on November 17, 1997 from Pinal Creek.

The uptake rate for light exposed sediment was 4.9 ± 1.4 nM/s, while the dark exposed

sediment uptake rate increased to 11.6± 1.4 nM/s. The pH remained constant during

both experiments. The sediment to water ratio was increased from the previous

experiment.

In Figure 5-9 the results are presented for the experiment performed on February

24, 1998. Nodules of manganese oxide were collected on February 20, 1998 from Pinal

Creek. Sediment and water were placed in beakers and stirred the afternoon before the

experiment to allow the microbes to adjust to the environment. The light exposed

sediment had a Mn(II) uptake rate of 7.9 ± 1.2 nM/s. In the dark beaker the uptake rate

was only 5.0 ± 1.6 nM/s. The pH was just below 6 for both of the experiments. The
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lower pH could be due to hydrogen desorption from the sediment or oxidation processes

occurring during the night before the experiment.

Results for the experiment on May 20, 1998 are in Figure 5-10. The nodules of

manganese oxide were collected on May 18, 1998 from Pinal Creek. The sediment and

ASW were set up in the beakers 18 hours before the experiment. The uptake rate for

light exposed sediment was 4.5 ± 1.2 nM/s, while the dark exposed sediment had an

uptake rate of 7.5 ± 1.1 nM/s. The pH remained fairly constant at about 6 during both

experiments.

Figures 5-11 and 5-12 contain results of experiments performed on July 23 and

28, 1998. These experiments took place in Buchner funnels. Sediment and ASW were

set up two hours before the experiment. The sediment used in of the both sets was

collected on April 17, 1998 from Pinal Creek. The temperature in the light exposed

funnel rose about 8 °C during both light tests, while it rose only 2 °C in the dark. The

Mn(II) uptake rate for the first set was12.0 ± 1.3 nM/s in the light and 12.1 ± 1.2 nM/s in

the dark. The pH dropped from about 7 to 6 during the experiment. When the same

experiment was repeated 5 days later, the uptake rate decreased to 5.3 ± 2.1 nM/s in the

light and 7.1 ± 0.65 nM/s in the dark. The pH dropped from about 8 to 6.5 in this

experiment.

Results of the experiment carried out on August 4, 1998 are in Figure 5-13.

Sediment (< 1 mm) was collected July 22, 1998 from Pinal Creek. Sediment and ASW

were set up two hours before the experiment. Temperature in the light funnel rose 7 °C

and the Mn(II) uptake rate was 3.0 ± 0.52 nM/s. In the dark, the temperature rose less
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than 2 °C and the uptake rate was 1.8 ± 0.35 nM/s. The pH remained fairly constant at

8.5. This sediment had a very low manganese content, which could correspond with less

microbial activity.

The next set of experiments was performed on August 11 and 13, 1998, results are

in Figures 5-14 and 5-15. The sediment used for both experiments was collected on June

3, 1998 from Pinal Creek. The temperature rose about 6 °C in the light and 2 °C in the

dark. The light uptake rates were comparable at 2.1 ± 0.28 nM/s and 2.3 ± 0.90 nM/s.

The dark uptake rates were slightly higher at 2.7 ± 0.48 nM/s and 3.1 ± 0.62 nM/s. The

pH dropped just about a unit, from 7.5 to 6.5, from beginning to end of both sets of

experiments.

The last experiment was performed on August 24, 1998. Results are plotted in

Figure 5-16. The sediment that was used in the previous experiment was crushed with a

mortar and pedestal to reduce particle size and increase surface area for this experiment.

In light funnel temperature rose about 6 °C and the uptake rate was 18.5 ± 2.1 nM/s. In

the dark funnel the temperature rose about 2 °C and the uptake rate was 19.6± 1.4 nM/s.

Increasing the surface area to particle size ratio resulted in an order of magnitude increase

in the uptake rate. The rate increase was attributed to either increased adsorption due to

the larger surface area or an increased rate of oxidation.
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6.0 DISCUSSION

6.1 Photodissolution

In this study Mn(III,IV)(hydr)oxides from Pinal Creek were exposed to the solar

simulator with different water types to determine if manganese photodissolution would

transpire. The purpose of the experiments was to ascertain if the deposited Mn(III,IV)

(hydr)coddes will be stable over time or if photodissolution would occur.

Photodissolution has been observed for manganese oxides by dissolved organic

substances in seawater (Sunda et. al., 1983).

Sunda and Huntsman theorized about the mechanism occurring in the indirect

photoreduction of manganese. One possibility is a light activated ligand to metal charge

transfer between the manganese oxide and the bacterial extracellular organic polymers

associated with the oxide. A second possibility is the photochemical production of

reductants such as H202 and 02 in the water or within the bacterial manganese aggregate

(Sunda and Huntsman, 1988). The first possibility is likely to occur at Pinal Creek since

oxide production is microbially mediated. Because these Mn(IILIV)(hydr)oxides are

microbially produced, it was hypothesized that microbial excretion incorporated in the

oxide could act as a chromophore, causing photoreduction. To test this hypothesis the

oxides were exposed to light with no dissolved chromophore present in the water. In the

October 8 and 13, 1997 experiment set (Figure 5-1), photodissolution appears to occur.

But when experiment set was repeated on October 20 and 22, 1997, photodissolution did

not occur (Figure 5-2). The main difference between the two experiment sets was that

the sediment sat in the laboratory for a week and a half between the experiment sets.
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This would suggest that some process took place within the sediment between the

experiment sets that changed the release of Mn(II). It is also interesting to note in the

October 8 and 13, 1997 experiment that a majority of light induced Mn(II) release is

within the first thirty minutes, and the dark control was not performed until five days

later. This release may have been due more to desorption than photodissolution.

Scientists studying iron hydroxide deposits that line an acid mountain stream in

Colorado, found that they aged over time. The hydroxides became less photoreactive the

further they were collected downstream from the source of contamination. This decrease

in photoreducibility corresponded with a reduction in the amount of active surface sites

for sorption and/or a change in those surface sites. This change was resulted with a

decrease in the sorption capacity of organic ligands and an increase in crystallinity over a

3-week period (Hmcir and McKnight, 1998). A similar aging process could be

happening with Pinal Creek Mn(III,IV)(hydr)wddes. Conversely, the microbial

population could have changed over this time period. If the microbes were not producing

extracellular organic polymers, less chromophore would be available for the

photodissolution process. In future experiments scanning electron microscope (SEM)

images of the manganese oxides should be taken to detect if there is any obvious

difference of the oxide surface between experiments. Cell counts would also be useful to

determine if there is any change in abundance of microorganisms.

The experiment performed on April 23 and 24, 1998 with artificial surface water

(Figure 5-4) did not appear to have an effect on the rate of photoreduction compared to a

corresponding experiment with distilled deionized water (April 21 and 22, 1998, Figure
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5-3). There is more scatter in the April 23 and 24 data set compared with the April 21

and 22 experiment (same sediment), but there is no trend to the manganese release. It is a

slightly lower Mn(II) release with artificial surface water (—.1%) than with distilled

deionized water (—.12%).

The results of these four experimental sets infer that an internal chromophore was

needed for photoreduction of the manganese oxides to occur. This assumption was

checked by the addition of natural organic matter, a known photoreactive substance

(Sunda and Huntsman, 1994) to the artificial surface water. The presence of NOM

enhanced manganese photoreduction. This is readily seen in Figures 5-5 and 5-6. The

dark manganese release remains fairly constant at during the entire experiment, but the

light manganese release increases throughout. Waite and Szymczalc found rapid

dissolution rates (2 % per hour) for pre-formed radiolabeled manganese oxides added to

eastern Caribbean water and exposed to sunlight. Manganese photodissolution was

linearly dependent upon the dissolution rate of the organic content of the waters.

Manganese dissolution rates decreased or went to nothing in the dark (Waite and

Szymczak, 1993). There was not a rapid manganese dissolution seen with Pinal Creek

Mn(IILIV)(hydr)oxides, but total manganese dissolution was enhanced from 0.1 % to 0.5

% in the April 27 and 28 experiment with the addition of organic content to the ASW.

Dissolved organic matter levels at Pinal Creek have not measured on a regular

basis because of the high dissolved manganese concentration, but have been estimated

around 5 mg/L as C. There are numerous plants, algae, and mosses growing in amongst



66

the manganese oxides, so organic matter may be produced in close proximity of

manganese oxidizing bacteria.

Manganese photoreduction in the experiments performed in this study was most

likely the result of indirect photochemical reactions. The exact mechanism can not be

determined because from the limited number of experiments performed.

One of the more important questions of this study was, what will be the long-term

fate of the Mn(IILIV)(hydr)oxides at Pinal Creek. Will the creek be a source of dissolved

manganese or are the deposits stable? The Mn(DI,TV)(hydr)oxide deposits present at

Pinal Creek appear to be stable with respect to light. Less than 1% of the Mn(II) present

in the oxides was released in all the experiments included in this study. These results

suggest that a major manganese release is not likely to happen as a result of

photoreduction. This outcome is not surprising since the oxide deposits have been visible

for over twenty years and seem to be a permanent part of the creek. Potentially proving

the photodissolution hypothesis negative actually has a positive effect for the Pinal Creek

system. If the oxides were to continually release large amounts of manganese and other

sorbed trace metals, even after the source of contamination was turned off, the

consequence could be devastating for Roosevelt Reservoir. Although photoreduction

may not be important, if the system went anoxic there would still be the possibility for

manganese release.

6.2 Photoinhibition

Photoinhibition transpires when manganese oxidizing bacteria are exposed to

light. The exposure causes them to decrease their metabolism and results in a slower rate
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of manganese oxidation. This has been observed in the coastal water of the Bahama

Islands with day rates 1120 to 1170 th of the maximum nighttime rate (Sunda and

Huntsman, 1990). In this study Mn(III,IV)(hydr)oxides from Pinal Creek and artificial

surface water were spiked with 1 M MnSO4 and manganese uptake under light and dark

conditions was monitored. Only the total manganese uptake was measured. This

includes a combination of different processes, such as sorption, abiotic oxidation and

biotic oxidation. No attempt was made to distinguish between total and biotic manganese

oxidation.

Figure 6-1 contains the rates for each of the photoinhibition experiments

performed in this study in the order in which they were completed. The majority of

experiments show little difference between light and dark rates. Four experiments do

exhibit some difference between the light and dark rates, two of which have a slightly

higher uptake rate in the dark.

Several times photoinhibition experiments were repeated with the same sediment

to check reproducibility. The fifth and sixth experiments (Figure 6-1) are an example of

this (sediment collected on April 17, 1998 from Z-9A). The light and dark rates are close

within each experiment but there is a 50 % decrease in rate between the experiments.

Experiments eight and nine were completed with sediment collected on June 3, 1998

from Pinal Creek 175 meters downstream from Z-9A. The rates between the

experiments, as well as between the light and dark, are similar. These results suggest

sediments can vary by time in storage or location, with little difference between light and

dark uptake rates.
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The last experiment had a much higher uptake rate relative to the other

experiments in the study. The sediment was ground before experiment. It is likely that

this enhanced abiotic oxidation and/or sorption of Mn(11) by the creation of fresh oxide

surfaces. This suggests that uptake of Mn(II) is controlled by surface area.

Although photoinhibition was not observed, these sets of experiments give an

opportunity to look at the importance of different environmental factors. These include

initial Mn content of sediment, location where sediment was collected (pH of water),

number of days in storage, time of year sediment was collected. Figure 6-2 contains the

rates for each experiment compared to with average milligrams of manganese contained

within a gram of sediment determined by manganese dissolution before the experiment.

Rates are comparable between sediments having a either a higher or lower manganese

content. This contradicts experiments conducted by other researchers at the UA. They

found an increase in uptake rate with an increase in Mn content (Marble, 1998). More

experiments are necessary to determine if a correlation exists between the uptake rate and

Mn content of the sediments.

The rates for each experiment were plotted against their location of collection at

Pinal Creek in Figure 6-3. Site Z-9A (pH 7) appears to be more microbially active with

higher uptake rates than the other upstream (pH just below 7) and downstream sites (pH

just above 7). Lower rates are seen at the more downstream sites, excluding the rate from

the experiment with ground sediment.
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Figure 6-4 compares the uptake rates with the number of days the sediment was

stored before an experiment. Sediment kept over 100 days had a similar uptake rate to

sediment collected less than 10 days before an experiment. It was not known and

unlikely that the same types and numbers of bacteria remained constant in the sediment

over its time in storage. For future experiments it is recommended that cell counts be

taken to determine the abundance and type of microorganisms present in the sediments.

Therefore more uniform experiments can be performed.

The month in which the sediments were collected is plotted against the uptake

rate in Figure 6-5. The season in which the sediments were obtained from the creek does

not appear to have an effect on the rate.

Although the variables investigated do not indicate any trend with uptake rate or

show definite signs of photoinhibition, they do give a good estimate of the natural

variability of the manganese removal rate. The mean removal rate for the experiments

was 5.9 ± 3.4 nM/s. Given the liquid to solid ratio used in these experiments, this rate is

higher compared to other published manganese removal rates of 0.3 to 7.0 nM/h (Sunda

and Huntsman, 1987).

6.3 Future Research

The experiments performed in the photodissolution study answered all but one of

the research questions. In future experiments, 11202 could be added to the reaction vessel

to help determine the indirect mechanism involved. Only fresh sediment that is

biologically active should be used in experiments to more accurately represent the stream

system. An additional study could be done with artificial surface water containing
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natural organic matter and Pinal Creek sediment to isolate the wavelength of light

activating the chromophore.

The photoinhibition study could be continued with an emphasis on the microbes

involved. The sediment in the study was assumed to have a similar bacteria population

between the fractions for each light and dark set, but this may have not been the case.

Future studies should pay more attention to the microbes and may be able to find a

discernable trend.

If these same types of studies are repeated in the future, the experiments should be

redesigned to be more like the natural environment. Actual in-field experiments should

be performed whenever possible.
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7.0 CONCLUSIONS

Mn(IILIV)(hydr)oxides present at Phial Creek appeared to be stable with respect

to sunlight. Less than 1 % of the manganese contained within the oxides was released

during the course of the experiments performed. With distilled deionized water a small

amount of manganese photoreduction seemed to occur, but was not reproducible. The

manganese release may have been due more to manganese desorption. No effect on

photodissolution was seen by the presence of ions contained in artificial surface water.

Manganese photodissolution was enhanced by the addition of natural organic matter to

the artificial surface water. Manganese photodissolution that transpired was likely the

result of an indirect photochemical reaction. The exact mechanism for this reaction can

not be determined from the experiments performed in this study.

. The set of manganese uptake rates from the photoinhibition study reflect the

natural variability of the Mn(1.11,IV)(hydr)oxide sediments. The majority of experiments

showed little difference between the light and dark uptake rates. Uptake rates were

compared to the month in which the sediment was collected, the location of collection,

manganese content, and the number of days in storage before use. A discernable trend in

uptake rates was not found by these comparisons. The last experiment was performed

with ground sediment and had higher uptake rates. This enhanced rate was probably due

to sorption from the creation of fresh oxide surfaces. From the results of this study, the

Mn(IlLIV)(hydr)oxide sediments did not show a pattern of photoinhibition.



77

APPENDIX A

Actinometry

An actinometer is used to quantify the intensity of a light source. This

measurement is one of the problems facing the photochemist. The data is necessary to

determine kinetics and mechanics of photochemical reactions (Taylor, 1971).

There are three main types of actinometers: radiometric devices, photoelectric

devices and chemical systems. Radiometric devices respond to temperature changes and

can convert light energy to thermal energy. Photoelectric devices consist of phototubes

and photovoltaic cells that change light energy into a current. A chemical system uses a

photochemical reaction with a known quantum yield. The chemical actinometer is

simpler and has less sources of error than the other techniques. Solutions are generally

easy to make and analyze. The measurements take place in the reaction vessel used in

the study eliminating addition sources of error (Taylor, 1971).

The potassium ferrioxalate actinometer is one of the most studied systems

(Taylor, 1971). It has the advantage of quantum yields that are not very sensitive to light

intensity, temperature, concentration and wavelength (Murov et al., 1993). The solutions

method is relatively fast and easy to use.

The following is a list of the necessary solutions for the potassium ferrioxalate

actinometer modified from Murov and Flaschka.

• 0.2% by weight 1,10-phenanthroline in water
• solution should be stored in dark
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• Buffer solution
• 82 g Na0Ac-3H20
• 10 mL concentrated H2SO4
• diluted to 1 L with water

• Ferric sulfate solution Fe2(SO4)3
• 100 g Fe2(SO4)3.nH20
• 55 mL conc. H2SO4
• diluted to 1 L with water

• Standardized 0.1 M EDTA
• 37.29 g EDTA
• diluted to 1 L with water

• Standard solution of K2C204

Before making the standardized solution of K2C204, the ferric sulfate solution

must be titrated to determine the actual amount of iron present. The ferric sulfate

solution is typically about 80 % pure. This titration is carried out easier if the ferric

sulfate solution is diluted, approximately 1 to 250, so that the pH is about 2. Titrate the

Fe2(SO4)3 solution with standardized EDTA (Murov et al., 1993). Use 0.2 g of salicyclic

acid per 100 mL solution as an indicator and buffer the solution with 0.3 g of glycine per

100 mL solution (Murov et al., 1993; Schwarzenbach et al., 1969). It is helpful if the

temperature is raised slightly to 35- 40 °C and the titration is carried out slowly.

Remember that 0.1 mL 0.1 M EDTA = 0.5585 mg Fe (Flaschka, 1959).

Once the iron concentration has been determined the potassium oxalate solution

can be made. It should be six times the molarity of the ferric sulfate solution,

approximately 1.2 M K2C204. Actinometer solution can easily be made by adding 50 mL

each of the ferric sulfate and potassium oxalate solutions to a 1 L flask and diluting to the

mark with milli-Q water. Be careful not to mix the two stock solutions, but once they
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have been combined the actinometer solution should be shielded from light and kept for

no longer than a month. (Murov et al., 1993).

The following is the proceedure to make intensity measurements modified from

Murov.

1. Add K3Fe(C204)3 solution to reaction vessel

2. Irradiate for a given time to give an absorbance between 0.2 and 1.8

3. Mix solution and pipet 1 mL into 10 mL flask

4. Add 2 mL of phenanthroline solution

5. Add 1/2 naL of buffer solution

6. Dilute to water mark with milli-Q and mix

7. Prepare a blank with non-irradiated actinometer with the above procedure

8. Let each sample develop color for 10 minutes

9. Measure absorbance of solution versus water at 510 nm

If the value for the blank solution is greater than 0.06 a new solution should be

used. Light intensity is calculated by the following equation (Murov et al., 1993).

I (einsteins/min)
	 =	 A V7 V3

d 4)A, t

A	 =	 absorbance at 510 nm corrected for blank absorbance

V2	 =	 liters of actinometer solution irradiated

V3	 =	 volume of flask, 10 mL

c	 =	 the extinction coefficient for ferrous 1-10-phenanthroline complex at 510
nm, 111 x 1 04 L/(mol cm)
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d	 =	 the path length of the absorbance cell used to measure A, 1 cm

4», 	=	 quantum yield of the wavelength used for ferrous production

t	 =	 minutes of irradiation time

V1	 =	 milliliters of irradiated solution withdrawn, 1 mL

Intensity measurements were made in August 1998 for the solar simulator used in

the photodissolution and photoinhibition studies. Results are listed in the following

tables. Glass optical filters were used to isolate the wavelengths in addition to the AM-1

filter that was used in all experiments.

Table A-1. Secondary Condenser Intensity Results

Wavelength L actinometer irradiation time A quantum yield Intensity

325 695 5 0.331 1.23 3.37 x 10 -5

350 732 5 0.753 1.21 8.20 x 10-5

450 626 5 1.734 1.07 1.83 x 10-4

Table A-2. 900 Light Tube Intensity Results

Wavelength L actinometer irradiation time 	A	 quantum yield Intensity

350 100 2 1.553 1.21 5.78 x 10-5

450 100 0.5 0.791 1.07 1.33x 104



APPENDIX B

EXPERIMENT DATA

The following data tables contain information from the photodissolution and

photoinhibition experiments performed in this study. Manganese concentrations were

determined by flame or graphite furnace AAS and the r2 for the calibration curve is given.

Average Mn(II) values and their standard deviations were calculated in a Microsoft Excel

spreadsheet from individual AA readings for each sample and duplicate (when taken).

The number of readings used to calculate these values is given as n.

B.1 Photodissolution Studies

Table B.1. October 8 and 13, 1997 -- distilled deionized water.

Time
(min)

Light Dark
r2 Ave WIT) St Devi'

(ug/L)	 Mn(1)
ug Mn(II)

per mg Mn
r2	 Ave Mn(D[; St Devb

(ng/I.,)	 Mn(1)
ug Mn(11)

per mg Mn
0 0.9980 68.3 2.12° 0.259 0.9980	 13.9	 0.416 0.0683

30 0.9995 110 0.00258 0.407 0.9980	 16.1	 0.252 0.0771
60 0.9995 125 0.00283 0.453 0.9980	 19.2	 0.900 0.0903
90 0.9995 127 0.00152 0.450 0.9980	 26.6	 4.87 0.122
120 0.9995 134 0.00554 0.464 0.9980	 25.5	 1.18 0.115
150 0.9995 142 0.00606 0.480 0.9980	 26.0	 2.33 0.114
180

..
0.9995 139 0.00266 0.460 0.9980	 32.1	 1.19 0.137

n=6
b
n=4
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Table B.2. October 20 and 22, 1997 -- distilled deionized water.

Time
(min)

Light Dark
r2 Ave Mn(II)

(ug/L)
St Deva

Mn(H)
ug Mn(H)

per mg Mn
2	 Ave WIC St Deva

r	 (ug/L)	 Mn(11)
ug Mn(11)

per mg Mn
0 0.9992 1.90 0.424 0.00790 0.9992	 2.05	 0.919 0.00720

30 0.9992 2.95 0.778 0.0120 0.9992	 1.95	 0.495 0.00670
60 0.9992 6.10 1.70 0.0243 0.9992	 2.75	 0.354 0.00930
90 0.9992 3.25 0.354 0.0127 0.9992	 2.95	 0.0707 0.00970
120 0.9992 10.1 0.283 0.0386 0.9992	 3.90	 0.0283 0.0126
150 0.9992 7.15 0.919 0.0267 0.9992	 9.10	 5.52 0.0287
180 0.9992 9.15 2.19 0.0334 0.9992	 5.10	 0.141 0.0157
210 0.9992 6.90 0.566 0.0246 0.9992	 6.40	 0.566 0.0192
240 0.9992 13.1 1.77 0.0454 0.9992	 6.25	 0.0707 0.0183
270 0.9992 7.65 0.495 0.0259 0.9992	 7.55	 0.495 0.0215
300 0.9992 7.35 0.495 0.0243 0.9992	 10.1	 1.20 0.0279
330 0.9992 8.35 0.636 0.0269 0.9992	 7.45	 0.919 0.0201
360 0.9992 9.60 0.707 0.0301 0.9992	 8.10	 0.849 0.0213

a...--A

Table B.3. April 21 and 22, 1998 -- distilled deionized water.

Time
(min)

Light Dark
r2 Ave Mn(H) St Deva

(ug,/L)	 Mn(IMn(II)
ug Mn(11)

per mg Mn r 
2 Ave Mn(11; St Deva

(ug/L)	 WU)
ug Mn(I)

per mg Mn
0 0.9997 44.3 3.32 0.611 0.9999 53.7	 5.52 0.753

30 0.9997 63.3 1.91 0.854 0.9999 56.2	 4.17 0.769
60 0.9997 66.4 0.424 0.875 0.9999 67.3	 5.30 0.899
90 0.9997 76.6 0.919 0.984 0.9999 61.9	 4.67 0.808
120 0.9997 71.2 1.20 0.893 0.9999 89.0	 15.3 1.13
150 0.9997 77.8 3.46 0.951 0.9999 79.5	 8.34 0.987
180 0.9997 82.7 2.90 0.985 0.9999 83.2	 0.778 1.00
210 0.9997 90.9 2.40 1.05 0.9999 77.6	 1.27 0.913
240 0.9997 99.4 2.90 1.12 0.9999 86.5	 2.55 0.990
270 0.9997 85.3 4.81 0.936 0.9999 93.8	 3.39 1.04
300 0.9997 93.0 3.46 0.990 0.9999 90.5	 1.41 0.977
330 0.9997 102 0.141 1.06 0.9999 109	 3.25 1.15
360

a	 .

0.9997 101 8.13 1.01 0.9999 88.2	 4.24 0.896
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Table B.4. April 22 and 23, 1998 -- artificial surface water.

Time
(min)

Light Dark
r2 Ave Mn(II) St Dee

(ug/L)	 Mn(H)
ug Mn(II)

per mg Mn r 
2 Ave MOT, St Dee

(ng/L)	 Mn(II)
ug Mn(11)

per mg Mn
0 0.9997 61.5	 0.424 0.781 0.9999 60.9	 4.38 0.743

30 0.9997 71.2	 3.11 0.882 0.9999 59.9	 8.91 0.714
60 0.9997 61.8	 0.141 0.748 0.9999 48.3	 1.41 0.563
90 0.9997 58.3	 2.40 0.689 0.9999 51.0	 1.41 0.579
120 0.9997 63.5	 3.96 0.717 0.9999 56.2	 2.97 0.623
150 0.9997 65.9	 5.52 0.740 0.9999 53.1	 5.23 0.574
180 0.9997 64.7	 4.17 0.707 0.9999 53.4	 3.25 0.562
210 0.9997 59.4	 1.63 0.632 0.9999 53.4	 2.47 0.546
240 0.9997 73.1	 4.38 0.757 0.9999 54.7	 1.70 0.545
270 0.9997 73.4	 5.59 0.737 0.9999 57.4	 2.33 0.555
300 0.9997 81.8	 4.67 0.799 0.9999 61.2	 7.99 0.574
330 0.9997 71.7	 0.0354 0.679 0.9999 60.6	 5.59 0.551
360 0.9997 75.5	 1.41 0.693 0.9999 55.2	 4.10 0.488ar. =A

Table B.5. March 9 and 11, 1998 -- artificial surface water with NOM.

Tune
(min)

Light Dark
r2 Ave Mn(II) St Dee

(ug/L)	 Mn(II)
ug Mn(II)

per mg Mn
1.2	 Ave MIR St Dee

(ug/L)	 Mn(II)
ug Mn(II)

per mg Mn
0 0.9998 30.6 3.39 0.0136 0.9998	 24.8	 0.594 0.0112

30 0.9998 40.0 10.4 0.0173 0.9998	 15.5	 0.0849 0.00687
60 0.9998 40.3 4.05 0.0170 0.9998	 15.7	 0.00707 0.00678
90 0.9998 43.2 2.02 0.0178 0.9998	 16.1	 0.212 0.00675
120 0.9998 51.0 1.54 0.0205 0.9998	 19.0	 4.87 0.00776
150 0.9998 58.9 1.36 0.0230 0.9998	 15.9	 0.113 0.00632
180 0.9998 67.7 0.474 0.0258 0.9998	 22.8	 9.33 0.00883
210 0.9998 77.0 0.841 0.0285 0.9998	 28.7	 5.02 0.0108
240 0.9998 91.6 7.93 0.0329 0.9998	 15.6	 0.276 0.00568
270 0.9998 97.7 2.12 0.0341 0.9998	 18.8	 3.75 0.00664
300 0.9998 103 3.54 0.0347 0.9998	 18.6	 3.44 0.00637
330 0.9998 110 2.12 0.0359 0.9998	 25.6	 1.38 0.00852
360

a_ _ A
0.9998 127 2.12 0.0401 0.9998	 22.4	 0.184 0.00719
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Table B.6. April 27 and 28, 1998 -- artificial surface water with NOM.

Time
(min)

Light Dark
1.2 Ave Mn(11)

(ug/L)
St Dev'
Mn(II)

ug Mn(II)
per mg Mn

r2	 Ave Mn(1T St Dey'
(ug/1)	 Mn(ll)

ug Mn(11)/
mg Mn0 0.9999 59.4 0.636 0.685 0.9997	 77.5	 7.71 1.02

30 0.9999 137 65.8 1.54 0.9997	 83.4	 10.1 1.07
60 0.9999 141 2.40 1.55 0.9997	 81.2	 1.13 1.02
90 0.9999 178 13.4 1.91 0.9997	 88.9	 0.424 1.09
120 0.9999 176 10.0 1.84 0.9997	 92.5	 3.89 1.11
150 0.9999 205 9.48 2.09 0.9997	 99.7	 0.919 1.16
180 0.9999 220 25.2 2.18 0.9997	 105	 10.3 1.20
210 0.9999 273 10.7 2.64 0.9997	 128	 6.01 1.41
240 0.9999 377 96.1 3.54 0.9997	 108	 3.11 1.16
270 0.9999 332 50.6 3.03 0.9997	 123	 0.0707 1.28
300 0.9999 403 138 3.57 0.9997	 134	 4.67 1.36
330 0.9999 422 127 3.63 0.9997	 125	 3.54 1.23
360 0.9999 361 29.1 3.01 0.9997	 125	 9.90 1.19
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B.2 Photoinhibition Studies

Table B.7. February 10, 1998.

Time
(min) r2

Light Dark
Ave Mn(1)

Ong/14
St Deva

Mn(II)
Ln

EMnAlnoi
Ave Mn(II)

(mg/1 )
St Deva

Mn(i1)
Ln

[Mn/Nino]
0 0.9999 54.5 0.400 0.00 57.0 0.231 0.00

30 0.9999 50.0 0.231 -0.0862 51.0 0.231 -0.111
60 0.9999 50.2 0.231 -0.0822 47.8 0.231 -0.176
90 0.9999 49.0 0.231 -0.106 47.8 0.231 -0.176
120 0.9999 47.7 0.400 -0.133 44.9 0.400 -0.239
150 0.9999 44.5 0.400 -0.203 40.9 0.400 -0.332
180 0.9999 44.0 0.231 -0.214 43.2 0.231 -0.277
210 0.9999 44.6 0.462 -0.200 44.2 0.231 -0.254
240 0.9999 44.2 0.462 -0.209 39.2 0.656 -0.374
270 0.9999 46.8 0.231 -0.152 43.3 0.400 -0.275
300 0.9999 44.1 0.400 -0.212 39.2 0.231 -0.374
330 0.9999 45.4 0.231 -0.183 41.4 0.231 -0.320
360 0.9999 44.4 0.231 -0.205 41.7 0.400 -0.313
390 0.9999 43.0 0.231 -0.237 41.6 0.231 -0.315
420 0.9999 43.6 0.462 -0.223 41.0 0.231 -0.329
450 0.9999 42.5 0.400 -0.249 37.9 0.400 -0.408
480 0.9999 40.1 0.400 -0.307 39.8 0.462 -0.359

n=3
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Table B.8. February 17, 1998.

Time
(min) r2

Light Dark
Ave Mn(11)

(mg/L)
St Deva

mn(il)
Ln

[Mn/Mn]
Ave Mn(II)

(mg/L)
St Deva

mnap
Ln

[Mn/IVInj
0 0.9999 66.3 0.0897 0.00 55.8 0.134 0.00

30 0.9999 51.2 0.166 -0.258 47.0 0.144 -0.172
60 0.9999 48.0 0.243 -0.323 44.2 0.231 -0.233
90 0.9999 46.0 0.144 -0.366 40.8 0.206 -0.313
120 0.9999 49.3 0.146 -0.296 43.3 0.0882 -0.254
150 0.9999 48.1 0.0715 -0.321 39.8 0.112 -0.338
180 0.9999 49.5 0.186 -0.292 37.5 0.166 -0.397
210 0.9999 45.0 0.0635 -0.388 40.7 0.0502 -0.316
240 0.9999 45.0 0.119 -0.388 35.7 0.189 -0.447
270 0.9999 46.1 0.214 -0.363 34.9 0.150 -0.469
300 0.9999 42.5 0.126 -0.445 36.5 0.244 -0.424
330 0.9999 43.6 0.110 -0.419 38.0 0.165 -0.384
360 0.9999 47.4 0.181 -0.336 31.9 0.104 -0.559
390 0.9999 48.7 0.195 -0.309 36.6 0.208 -0.422
420 0.9999 41.2 0.143 -0.476 31.7 0.105 -0.565
450 0.9999 44.5 0.0420 -0.399 32.7 0.0634 -0.534
480 0.9999 41.1 0.109 -0.478 30.3 0.466 -0.611

n=

Table B.9. February 24, 1998.

Time
(min) r2

Light Dark
Ave Mn(II)

01104
St Deva

Mn(11)
Ln

[MnIMnol
Ave Mn(11)

(mg/1 )
St Deva

Mn(II)
Ln

[MnAlnoi
0 0.9999 51.7 0.127 0.00 40.7 0.0865 0.00

60 0.9999 48.8 0.198 -0.0577 34.5 0.154 -0.165
120 0.9999 49.4 0.190 -0.0455 32.8 0.171 -0.216
180 0.9999 47.0 0.366 -0.0953 29.6 0.108 -0.318
240 0.9999 42.4 0.152 -0.198 27.8 0.0973 -0.381
300 0.9999 46.1 0.172 -0.115 30.2 0.0678 -0.298
360 0.9999 42.9 0.0880 -0.187 27.4 0.113 -0.396
420 0.9999 41.9 0.247 -0.210 30.1 0.138 -0.302
480 0.9999 39.7 0.184 -0.264 26.5 0.0799 -0.429

n=3
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Table B.10. May 19, 1998.

Time
(min) r2

Light Dark
Ave WU)

(mg/1 )
St Deva

Mn(11)
Ln

[Mnfisine]
Ave Mn(II)

(mg/L)
St Deva

Mn(II)
Ln

[Mn/Nina]0 0.9998 60.8 0.241 0.00 42.8 0.0478 0.00
60 0.9998 50.9 0.122 -0.178 38.5 0.155 -0.106
120 0.9998 47.2 0.276 -0.253 39.2 0.0681 -0.0879
180 0.9998 45.6 0.270 -0.288 36.4 0.233 -0.162
240 0.9998 46.4 0.299 -0.270 36.4 0.156 -0.162
300 0.9998 45.6 0.283 -0.288 37.2 0.286 -0.140
360 0.9998 45.0 0.117 -0.301 32.0 0.134 -0.291
420 0.9998 42.5 0.0866 -0.358 32.6 0.155 -0.272
480

.--1
0.9998 44.8 0.172 -0.305 31.8 0.401 -0.297

Table B.11. July 23, 1998.

Time
(min) r2

Light Dark
Ave MOP

(mg/L)
St Deva

mnup
Ln

[Mn/Mnd
Ave Mn(11)

(mg/L)
St Deva

Mn(L1)
Ln

[Mn/Mnd
0 0.9999 68.7 1.24 0.00 68.1 4.07 0.00

60 0.9999 54.8 1.17 -0.226 52.1 0.820 -0.268
120 0.9999 42.9 1.20 -0.472 41.6 0.389 -0.493
180 0.9999 35.5 1.05 -0.660 34.3 0.184 -0.688
240 0.9999 32.3 0.460 -0.755 31.0 0.120 -0.788
300 0.9999 29.9 0.0919 -0.832 29.9 0.177 -0.824
360 0.9999 28.1 0.0212 -0.894 26.8 0.297 -0.932
420 0.9999 27.3 0.651 -0.924 26.0 0.290 -0.963
480

a...._,
0.9999 32.9 0.304 -0.737 38.5 0.622 -0.571

Table B.12. July 28, 1998.

Time
(min) r2

Light Dark
Ave Mn("I1)

(mg/L)
St Deva

Mn(II)
Ln

fivinAvinel
Ave Mn("111)

Ong/14
St Deva

mu(ll)
Ln

[Mnaino]
0 0.9999 58.0 0.495 0.00 57.0 0.445 0.00

60 0.9999 41.3 0.113 -0.338 41.0 0.255 -0.328
120 0.9999 34.3 0.509 -0.524 39.3 5.87 -0.372
180 0.9999 30.8 0.544 -0.631 31.7 0.134 -0.586
240 0.9999 27.0 0.0636 -0.764 30.7 2.09 -0.619
300 0.9999 25.7 0.205 -0.815 28.2 0.438 -0.703
360 0.9999 25.2 0.884 -0.832 27.3 0.205 -0.738
420 0.9999 24.7 0.410 -0.855 26.6 0.127 -0.762
480a____, 0.9999 25.7 1.04 -0.812 25.51 0.0849 -0.804
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Table B.13. August 4, 1998.

Time
(min) r2

Light Dark
Ave Mn(II)

(mgrO
St Deva

Mn(11)
Ln

fMn/Mnol
Ave Mn(11)

(mg/1 )
St Deva

Mn(11)
Ln

EMnAlnel
0 0.9998 59.9 0.827 0.00 57.3 0.219 0.00

60 0.9998 58.7 0.346 -0.0214 55.4 0.707 -0.0331
120 0.9998 57.9 1.69 -0.0341 54.3 0.417 -0.0543
180 0.9998 57.4 1.78 -0.0434 54.9 0.544 -0.0433
240 0.9998 56.2 0.424 -0.0638 53.9 0.0141 -0.0616
300 0.9998 55.4 0.283 -0.0782 54.0 0.636 -0.0603
360 0.9998 55.2 0.530 -0.0819 53.2 0.212 -0.0736
420 0.9998 54.2 0.0212 -0.0998 52.6 0.170 -0.0857
480

a..._,
0.9998 55.4 0.827 -0.0782 53.2 0.219 -0.0735

Table B.14. August 11, 1998.

Time
(min) r2

Light Dark
Ave Mn(I)

(nig/L)
St Deva

Mn(11)
Ln

[Mn/Nino]
Ave Mn(11)

(mg/L)
St Deva

Mn(II)
Ln

[Mn/Mno]
0 0.9998 52.5 0.707 0.00 52.6 0.255 0.00

60 0.9998 45.8 0.467 -0.137 47.0 0.0919 -0.112
120 0.9998 42.9 0.240 -0.203 45.5 0.297 -0.145
180 0.9998 41.8 0.0636 -0.229 44.3 0.346 -0.172
240 0.9998 41.9 0.361 -0.227 44.9 0.276 -0.158
300 0.9998 41.2 0.0778 -0.242 44.9 0.0212 -0.158
360 0.9998 41.1 0.00707 -0.245 44.0 0.262 -0.179
420 0.9998 40.3 0.184 -0.265 43.1 0.198 -0.200
480 0.9998 40.4 0.0636 -0.262 42.8 0.0566 -0.207

a

Table B.15. August 13, 1998.

Time
(min) r2

Light Mork
Ave Mn(II)

Ong/14
St Deva

Mn(II)
Ln

WillaInol
Ave Mn(II)

(mg/1 )
St Deva

mnap
Ln

[Mn/Mno]
0 0.9998 56.3 0.170 0.00 55.2 0.0849 0.00

60 0.9998 49.8 0.226 -0.121 49.0 0.410 -0.119
120 0.9998 46.7 0.191 -0.186 46.7 0.495 -0.167
180 0.9998 46.3 0.403 -0.195 46.2 0.0636 -0.176
240 0.9998 45.4 0.325 -0.214 46.8 0.290 -0.165
300 0.9998 45.6 0.0707 -0.209 46.4 0.976 -0.173
360 0.9998 45.5 0.382 -0.211 44.7 0.233 -0.209
420 0.9998 45.8 0.269 -0.206 44.1 0.205 -0.225
480

.	 -
0.9998 45.6 0.297 -0.209 44.7 0.445 -0.211
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Table B.16. August 24, 1998.

Time
(mm) r2

Light Dark
Ave Mn(H)

(1112/1 )
St Deva

ivinm
Ln

[MniMnoi
Ave Mn(II)

(mg/L)
St Deva

Mn(l)
Ln

EMB/Mnol
0 0.9998 60.5 0.240 0.00 59.6 0.962 0.00

60 0.9998 39.9 0.559 -0.416 40.0 0.502 -0.398
120 0.9998 32.9 0.566 -0.609 33.9 0.0354 -0.565
180 0.9998 29.1 2.76 -0.732 30.1 1.64 -0.683
240 0.9998 25.7 0.693 -0.855 27.6 0.629 -0.769
300 0.9998 23.9 0.919 -0.927 24.2 0.297 -0.904
360 0.9998 21.6 0.530 -1.03 22.7 0.403 -0.966
420 0.9998 21.9 0.219 -1.01 20.9 0.0566 -1.05
480 0.9998 20.4 0.0566 -1.09 20.3 0.212 -1.08

..=4
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B.3 Manganese Dissolution

Table B.17. Sediment characteristics for photodissolution studies.
Date Of

Collection
Sediment
Location

Size
Fraction

Percent
Moisture

Percent
Manganese

mg Mn per
g of Sediment

10/6/97
2/20/98
4/17/98

215 m us Z-9A
Z-9A
Z-9A

< 150 um
<150 um

<150 um

70.8
87.4
62.2

10.5
35.3
4.47

105
353
44.7

Table B.18. Sediment characteristics for photoinhibition studies.
Date Of Sediment Size Percent Percent mg Mn per

Collection Location Fraction Moisture Manganese g of Sediment
11/17/97 Z-9A all 34.7 2.09 20.9
12/17/97 215 m us Z-9A all 45.9 4.20 42.0
2/20/98 Z-9A all 67.3 20.7 207
4/17/98 Z-9A all 24.4 7.23 72.3
5/18/98 Z-9A all 70.5 19.2 192
6/3/98 175 m ds Z-9A all 38.9 3.49 34.9

7/22/98 220 m ds Z-9A <1 mm 14.7 0.0882 0.882
us — upstream

ds = downstream
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APPENDIX C

Pinal Creek Journal

May 20, 1997

A storm event earlier in spring left behind deposits in many areas of the

creek bed composed of unconsolidated small gravel rich in potassium

feldspar. The majority of deposition took place between site Z — 9A and

175 meters downstream of Z — 9A. Areas parallel to the stream have only

a small amount of vegetation, usually salt cedar. In-stream vegetation

occurs as distinct islands.

July 31, 1997

Recent deposits of small gravel at site Z — 9A and 175 meters downstream

of Z — 9A are becoming coated with manganese oxides. In some areas the

gravel is semi-consolidated by the oxides. Water speedwell is the main

component of the stream biomass.

October 6, 1997

Deposits described in previous months at Z — 9A and 175 meters

downstream of Z — 9A are becoming more consolidated. Stream channel

has changed 215 meters upstream of Z — 9A as a result of storm flow

down a side gully in late August. The event brought in boulders, gravel
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and tree branches that partially blocked and widened the stream.

Unconsolidated soft manganese oxides are forming on the new deposits at

this site.

November 17, 1997

A second branch of the creek is beginning to develop 290 meters upstream

of Z — 9A, but ends after about 60 meters before rejoining the main

channel. Vegetation is more prevalent in the stream and does not appear

just as islands. Sediment at site Z — 9A and 175 meters downstream of

Z — 9A is consolidated, hard to break apart.

December 17, 1997

The second branch, starting 290 meters upstream of Z — 9A„ has become

more defined and rejoins creek about 75 meters downstream from its

departure. Small cottonwood trees and other bushes are sprouting up

along the sides of the stream.

February 20, 1998

A recent storm flow originating upstream of the perennial portion of Pinal

Creek has resulted in a fine layer of silt covering sediment and vegetation

in the majority of the stream. Vegetation in-stream and along the side of

the creek is becoming more established. Second branch channel (290
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meters upstream of Z — 9A) has moved farther downstream before totally

rejoining the main stream at about 175 meters upstream of Z — 9A.

April 17, 1998

Sediments are completely consolidated in most areas. Soft sediment can

found underneath plant material. Water speedwell has brown leaves,

probably due to lack of sun from silt coverage in February. A storm

sometime during the winter caused a hill slope to slide partially into

stream 750 meters downstream of site Z— 9A. This brought down fresh

gravel rich in potassium feldspar. Manganese oxides have coated the

gravel in the stream flow. Beautiful wildflowers are blooming on the

landslide slope.

May 18, 1998

Sediment is consolidated in most areas. Vegetation is well established in

and out of the stream. Saw a healthy frog on hanging out on vegetation

island 760 meters downstream of Z — 9A.
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