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1.0 ABSTRACT 

The surface water composition of Pinal Creek has been affected by input of a low-

oxygen ground water plume with high metal concentrations, particularly manganese and 

copper, and low pH. The pH of the stream water increases from approximately 6.0 to 

7.8 downstream of the point of entry, which may affect the rate of manganese oxide 

precipitation. The purpose of this study was to determine the role of gas exchange 

processes on the observed downstream increase in pH at Pinal Creek. A finite-difference 

model was developed to calculate downstream changes in concentration of volatile solutes 

in small streams. Gas exchange rate constants used in the model were estimated using 

propane tracer techniques. Modeled simulations of dissolved oxygen and dissolved 

inorganic carbon transport in a 2.6 km reach at Pinal Creek, Arizona closely matched 

field observations. Based on the carbon balance and alkalinity balances, it can be 

concluded that downstream changes in pH can be sufficiently explained by acid/base 

chemistry of carbonate and C02 degassing. Laboratory batch studies conducted in the 

laboratory using Pinal Creek water indicated that biological activity may be an important 

control on the precipitation of the black manganese oxides that were observed to coat the 

sediments in Pinal Creek. 



2.0 INTRODUCTION 

2.1 Questions 

The surface water composition of Pinal Creek has been affected by inputs of a 

low-oxygen ground water plume with high metals concentration, particularly manganese-

II, and low pH. The source of the contamination is the dry acid mine drainage pond, 

Webster Lake, located in the upper portion of the drainage basin. Surface water 

concentrations of Mn(II) are in the milli-molar range (Longsworth and Taylor, 1992). 

The pH of the stream water generally increases from 6.5 to 7.8 from the upper limit of 

perennial flow to Inspiration Dam, approximately 5.5 kilometers downstream 

(Longsworth and Taylor, 1992). In addition, black crusts of amorphous manganese 

oxyhydroxides coat the stream sediments in areas of perennial flow. This study focuses 

on the gas exchange processes at Pinal Creek and how they relate to observed changes 

in surface water chemistry. Specifically, can the observed pH increase be explained on 

the basis of C02 degassing, or are their other contributing factors such as biological 

inputs or manganese redox chemistry? 

The formation of manganese crusts on the stream sediments indicates that soluble 

Mn(II) is being oxidized to insoluble Mn(III, IV). Manganese oxidation under abiotic 

conditions in open water is slow if it occurs at pH less than 8.6 (Morgan, 1965). 

Therefore, another question of this study is: What are the most probable mechanisms for 

the precipitation of the amorphous manganese oxyhydroxides observed in the stream 

sediments? Variables considered in this study include pH, temperature, and variable 
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sediment loads. The possibility of biological mediation of the process is also considered. 

2.2 Objectives 

A model was developed for the calculation of downstream changes in 

concentration of volatile solutes and considering ground water inflow. Gas exchange 

rates were determined using volatile tracer techniques. The gas exchange rates for 02 

reaeration and C02 degassing were then used in the model to calculate dissolved oxygen 

and inorganic carbon balances within a 2.5 kilometer study reach at Pinal Creek. These 

calculated values were then compared to field measurements obtained during the tracer 

experiment. The contribution of non-carbonate species to controlling alkalinity and pH 

were determined using the thermodynamic equilibrium model MINTEQA2 (Allison et al., 

1991) and water quality data reported by Longsworth and Taylor (1992). 

Batch experiments using Pinal Creek water at two different temperatures (10°C 

and 20°C) and two pH values (7.0 and 8.5) and varying concentrations of stream 

sediments (filtered, unfiltered, and 150 g/L^o) were conducted to determine the most 

probable mechanisms for manganese precipitation. The potential of biologically mediated 

oxidation of Mn(II) was considered by addition of biological inhibitors once precipitation 

of manganese commenced. 
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3.0 BACKGROUND 

3.1 Study Site and Previous Work 

3.1.1 Hydrogeology 

The Pinal Creek drainage basin is located in the Upper Salt River ground water 

area and includes the cities of Globe, Miami, and Claypool (Figure 3-1). The drainage 

basin covers an area of 505 km2 and ranges in elevation from 303 m above mean sea 

level (MSL) at its maximum to 278 m at Inspiration Dam (Eychaner, 1991). The ground 

water aquifer located in the drainage basin comprises 170 km2 of the area including 17 

km2 of unconsolidated alluvium located over the Gila Conglomerate. The Gila 

Conglomerate is characterized by its calcareous cement (Walter and Norris, 1991). The 

alluvium consists of material derived from the surrounding uplands and includes detritus 

of igneous, metamorphic, and sedimentary origin (Walter and Norris, 1991). The 

surrounding uplands are comprised of Precambrian granites and younger Tertiary dacites 

(Wilson et al., 1959) and have been the source of copper and other metals for the several 

mines in the region since the late 1800s (Peterson, 1962). Mining activities in the basin 

have initiated a complex series of geochemical reactions within the aquifer resulting in 

contamination of both ground and surface waters within the basin (Eychaner, 1991). 

Most notable in the stream water is the presence of high dissolved Mn(II) concentrations 

and the oxyhydroxide precipitates coating much of the sediments in the stream. The US 

Geological Survey (USGS) began quantitative studies of the site in 1983 (Eychaner, 

1991). 
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3.1.2 Study Area 

The study area for this work is located in the upper 3 km of the perennial flow 

of Pinal Creek from Setka Ranch to the Pringle diversion dam (Figure 3-2). The study 

reach was divided into 10 sub-reaches with 11 end-points numbered Z-l to Z-l 1 in June, 

1994 by the USGS and University of Arizona for extensive water quality study. A 

twelfth sampling point (Z-0) was located at the Coretta Driveway and was used as an 

upstream control point. Five of the 11 end-reach sampling points (Z-l, Z-4, Z-6, Z-9, 

and Z-l 1) used by the USGS were used as sampling points during fieldwork conducted 

in June and August for this study. The locations of the sampling points used in this work 

are indicated on Figure 3-2. 

3.2 Transport Modeling 

3.2.1 Gas exchange 

In this study, propane was added to Pinal Creek as a volatile tracer to measure gas 

exchange rates for the study area. The transfer of volatile constituents such as oxygen, 

carbon dioxide, or propane across an air-water interface has been shown to take place as 

a simple first order kinetic process dependent on the saturation deficit (D) of the gas in 

solution and rate constant (k) with the following rate equation 

^ = -kD, (3-1) 
dt 

(Tsivoglou, 1967). Several models have been introduced to estimate the rate constant. 

The earliest such model was the two-film model (Lewis and Whitman, 1924). This 
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model described rate of mass transfer of a gas across the air-water interface as 

proportional to the rate of diffusion of the gas across laminar films of each phase located 

at the interface, that is, k <* Dm, where Dm is a molecular diffusion coefficient. The rate 

constant, k, is a function of the mass transfer constants across the liquid and the gas films 

(kL and kj. 

^  t - k -  (3-2) 

where H is the dimensionless Henry's Law constant. However, this model assumes 

tranquil water surface conditions and laminar flow in the bulk solution and may not be 

appropriate for field conditions. 

Renewal models were the next step in describing gas exchange across the air-water 

interface. The same principle applied in that exchange is assumed to take place across 

two adjacent phase layers. The difference is that in surface renewal models, sectors of 

the liquid film are replaced by new liquid from the bulk phase and mixing of the bulk 

phase is accomplished through turbulent mixing. Several renewal models have been 

developed, including the penetration model (Danckwerts, 1951), the film penetration 

model (Dobbins, 1956), and the surface-renewal-damped eddy diffusivity model (King, 

1966). The difference in the models is in the rate and mechanism of surface renewal. 

The dependence of the rate of exchange varies from k « D° to k « D1. 

Kinetic theory has also been used to describe the rate of gas exchange (Krenkel 

and Orlob, 1963; and Tsivoglou, 1967). The model is based on collision frequency and 
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velocity of gas molecules on both sides of the phase boundary. These models are mostly 

theoretical and use several parameters that cannot be measured or estimated in the field. 

Several physically-based models have been developed to predict the gas exchange 

rate coefficients for stream reaeration. Most models attempt to predict the gas exchange 

constant based on measured flow conditions including flow velocity, depth, width, and 

slope. Genereux and Hemond (1992) showed that eighteen of such equations fail to 

predict k accurately under spatially and temporally varying conditions in a small stream 

in Tennessee. 

A convenient empirical method for determining k was first introduced by 

Tsivoglou et al. (1965) and involved the slug injection of a volatile tracer and a 

conservative tracer followed by sampling of the tracer at downstream points to catch the 

rise, peak, and fall of the concentration of the tracers. The rate constant is then 

calculated as a function of time between the arrival of peak concentrations and the ratio 

of peak concentrations of both the volatile and conservative tracers. The method has 

since been modified (Tsivoglou, 1967; Yotsukuraetal., 1983; Duran and Hemond, 1984; 

and Kilpatrick et al., 1989) and generally involves a constant rate injection of both the 

volatile and conservative tracer followed by sampling downstream. The constant rate 

injection technique has the advantage that fewer samples are needed, which can save 

considerable time during analysis (Kilpatrick et al., 1989). A variety of tracers have been 

shown to be useful in this technique. Tsivoglou et al. (1965) used krypton-85 and 

tritium. Genereux and Hemond (1990, 1992) used propane and ethane in small streams 
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in Massachusetts and Tennessee. Longsworth (1992) recently used propane to measure 

gas exchange rates at two reaches at Pinal Creek. 

3.2.2 C02 /02 /pH modeling 

Stream solute transport modeling has been discussed by several authors (for 

examples see Zand et al., 1976; Bencala et al.; 1984 and Kimball et al., 1994.) Jackman 

et al. (1984) evaluated several conservative solute transport models and one transport 

model that considered sorption of aqueous species to streambed sediments. The sorption 

model was shown to work well using a linear and reversible adsorption (i.e. equilibrium) 

model. Fischer et al. (1979) described a simple model that considered first-order decay 

of a solute and McCutcheon (1989) described a similar model for gas exchange of a 

volatile solute. However, both these models neglect the effects of ground water inputs. 

Relatively little work has been done to describe the transport of volatile solutes 

in small streams where ground water inflow is important. Genereux and Hemond (1990) 

developed a model for the transport of naturally occurring radon-222 in a small stream 

in Massachusetts. Their model predicted the concentration of radon-222 in ground water 

inflow to a stream based on stream mass balance of water, propane tracer, and naturally 

occurring radon-222. Heekyung et al. (1995) used a similar approach to determine in-situ 

biodegradation rates of toluene in East Drainage Ditch in Massachusetts in order to assess 

relative importance of abiotic versus biotic processes. 

Steady-state transport modeling was used in this study to determine the effects of 

gas exchange and ground water inflow on the changes in pH of a contaminated stream. 
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The approach used in this study was to adapt the advection-ground water inflow and gas 

exchange model of Genereux and Hemond (1990), and to consider the acid/base 

chemistry of C02 in water. The acid-base reactions of the carbonate species were 

considered to be instantaeous; therefore, concentrations of individual carbonate species 

were calculated based on thermodynamic equilibrium, pH, and total inorganic carbon. 

Ground water inputs between sampling points were estimated based on instantaneous 

stream discharge measurements. In addition to C02, O2 was modeled because of its 

potential importance in manganese oxidation. 

3.4 Manganese Precipitation 

Several studies have been conducted on the rate of precipitation of manganese 

from solution. Examination of the manganese precipitates at Pinal Creek revealed that 

the predominate form is (Mnllllo^Cao 15)Mn|IV|409*3H20 (Lind, 1991). The mechanism 

of manganese precipitation is generally believed to involve surface catalysis on minerals 

such as y-FeOOH (Sung and Morgan, 1981) or autocatalysis on manganese precipitates 

(Morgan, 1965 Hem, 1964 and Hem, 1981). It has been shown that the oxidation of 

Mn(II) at pH below 8.7 under sterile conditions is extremely slow (Morgan, 1965 and 

Stumm and Morgan, 1981). Diem and Stumm (1984) reported that no oxidation occurred 

in homogenous solutions of Mn and NaHC03 (pH = 8.4 and T = 20°C) and no signs 

of precipitation were observed for a period of 6-7 years. Diem and Stumm noted that the 

oxidation rates often encountered in field conditions are generally orders of magnitude 

faster and may involve a combination of mechanisms including biological oxidation and 



20 

autocatalysis. 

The biological oxidation of manganese has been studied for years in water 

treatment (Frischherzetal., 1985; Czekalla et al., 1985; and Vandenebeele et al., 1992), 

in seawater (Sunda and Huntsman, 1988 and Sunda and Huntsman, 1987), and in 

freshwater systems (Gregory and Staley, 1982). It is generally known that biological 

oxidation of manganese can be mediated by a wide range of organisms including bacteria, 

fungi, and yeasts (Mulder and VanVeen, 1968). 
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4.0 METHODS 

4.1 Experimental Techniques 

4.1.1 Solute transport in streams 

In this study, the fate of volatile solutes is modeled using propane as a tracer. 

The governing equation for one-dimensional solute transport in a stream or river with 

exchange with ground water is 

d£ QdC _ J_ 
dt A dx A 

H a d * *  
L d x 2 

+ —(C\ - Q ± r (4-1) 
A L dx 

where C is the concentration of the solute in the aqueous phase, CL is the concentration 

of the solute in the ground water, t is time, Q is the stream discharge, x is the distance 

along flowpath, A is the cross-sectional area perpendicular to x, DL is the longitudinal 

dispersion coefficient, qL is the ground water inflow rate per length, and r is the reaction 

term (Genereux and Hemond, 1990). The reaction term may be positive for inputs or 

production, negative for loss or decay, or 0 for a conservative species. Since advection 

is the dominant mass transport mechanism in a small fast-moving stream, longitudinal 

dispersion can be neglected (McCutcheon, 1989). Therefore, assuming steady state 

conditions and neglecting longitudinal dispersion, equation 4-1 reduces to 

0 = -QH£ - — (C, - O ± r. (4-2) 
A dx A L 

Figure 4-1 depicts each of the terms along a stream reach. 
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Figure 4-1. Representation of transport model for a stream reach. 
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4.1.2 Gas exchange rate constants 

The dissolution or degassing of a gas in a liquid can be described by the following 

reversible first order reaction, 

*<»> - <4-3> 

At equilibrium, the gas phase and liquid phase concentrations can be related using 

Henry's Law. The driving force of the reaction in an open body of water will be the 

difference between the equilibrium aqueous concentration, based on Henry's Law, and 

the actual concentration of the gas in solution, or 

D = C* - C. (4"4) 

D is the saturation deficit and the superscript (*) denotes the equilibrium concentration 

and is a function of temperature, ionic strength, total pressure, and partial pressure of 

the gas above the liquid. A positive D refers to a solution that is deficient with respect 

to the gas and a negative D indicates the solution is over-saturated with respect to the gas. 

The first order rate equation for the reaction in equation 4-3 can then be expressed as 

4£ = -dD = (4_5) 

dt dt 

which, when integrated from D0 to D and t=0 to t=t, becomes 

In— = -kt. (4-6) 
A, 

The rate constant (k) is referred to as the gas exchange rate constant or the reaeration 

constant for the case of oxygen. 



24 

4.1.3 Determination of gas exchange rates using propane 

The gas exchange rate of a volatile tracer can be determined by using equations 

4-2 and 4-6. Assuming the concentration of the propane tracer in ground water and air 

is negligible, equation 4-2 becomes 

0 
dCa 

—CB kCE (4-7) 
A dx A 

where CP is the concentration of propane in the stream water. Following Tsivoglou et 

al. (1965) and Genereux and Hemond (1990), an equation is derived to compute kP and 

q!. based on dilution of a conservative tracer such as CI 

lid 
(C» >Cch (4-8) 

SCr'C<)B J 

where t, is travel time between points A and B, and Cc is the concentration of the 

conservative tracer. 

In this study, qL was estimated based on velocity gaging at the reach endpoints A 

and B. It was assumed that no losses of stream water to ground water occurred in 

gaining reaches. In that case, (CcQ)A = (CcQ)B for a conservative solute injected 

upstream of point A and B, and equation 4-8 becomes 

1 
In 

((CPQ)A\ 

(CpQ)b 

(4-9) 

For a reach that loses water on a net basis, it was assumed that no inflow occurred 

at any point along the reach. Therefore, Cc does not change along the stream reach. 
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Equation 4-8 then becomes 

k = —In 
( C N  

v 'pb j  

(4-10) 

The ratio of k for two gasses has been shown to be constant. Kilpatrick et al. 

(1989) reported that for propane and oxygen, 

—i = 1.39 (4-11) 

and for carbon dioxide and oxygen, 

TO, = 0.894. (4-12) 

Using propane as the volatile tracer, combining equations 4-11 and 4-12 with the equation 

4-9 or 4-10 results in, 

k„ = -In 
( (CPQ)A\139 

SCpQ)B) ' 
(4-13a) 

-In 
CB 

1.39 

(4-13b) 

"-co, lid 
f(CP(?)/124 

(.CPQ)B 

(4-13c) 
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and 

(4-13d) 

Equations 4-13a and 4-13c are for a gaining reach and equations 4-13b and 4-13d are for 

a losing reach. 

Temperature effects on gas exchange rates can be significant. For the purpose of 

comparing rate constants for different reaches or streams, the rate constants are corrected 

to a common temperature using the following familiar equation, 

where T is temperature in degrees Celsius and 9 is a temperature coefficient (Metzger, 

1968). Streeter et al., (1936) reported a 9 value of 1.0159 for use in streams. 

4.1.4 Modeling dissolved oxygen and inorganic carbon 

A finite difference form of equation 4-2 was used to model downstream changes 

of solute concentrations due to gas exchange and ground water inflow 

where the over-bars indicate reach average values (e.g. Q = [QA + Qb|/2). For 

dissolved oxygen, the reaction term may be written as is in equation 4-6. It was assumed 

that, for a gaining reach, q,,Ax = AQ or (Q„ - QJ and, for a losing reach, qL = 0. 

Therefore, substituting equation 4-6 into 4-15 and solving for C„ yields 

kT - V*™ (4-14) 

(4-15) 
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«?2 ~ <?!> C. 
c + - —) + kt(C0 - -^) 

«?, + <?,)/2 2 ' 2 2 c„ = 12 !£lfl . (4-16) 
1 + «?2 - (?|) . fe, 

«?2 + <?i) 2 

for a gaining reach and 

^ + *tfc- - % 
C> ^ <4"l7) 

1 + —-
2 

for a losing reach. 

For total dissolved inorganic carbon, the acid/base chemistry of carbonic acid and 

complexation of carbonate species to dissolved metals must be considered. MINTEQA2 

results indicate that for all sampling points, H2C03' and HC03 contributed approximately 

95% of the total carbon. The remaining approximately 5% consisted of CaHC03' and 

MgHC03'. All other complexes were determined to contribute less than 1 % to the total 

carbon. Therefore, total inorganic carbon was assumed to consist of only the carbonate 

species and the calcium and magnesium complexes: 

(cT = [co21 * [H2co3] + [Hco;] + [CO32-] 4 LG) 

+ [CaHCOj] + [MgHCO*] 

Dissolved C02 and H2C03 are collectively referred to as H2C03", of which approximately 

99.7% is dissolved C02 at a pH of most natural waters (Stumm and Morgan, 1981). 

First and second acid dissociation constants (K, and K2) are well known for the diprotic 
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acid, H2C03* and are a function of temperature (Stumm and Morgan, 1981). Fractional 

values ao, a,, and a2, defined as the fraction of total carbon in the (H2C03*), (HC03), 

and (C03
2) protonated form, respectively, and are a function of Ki (-log(K,) = 6.381), 

K-2 (-log(K2) = 10.377), pH, and activity coefficients calculated using MINTEQA2 

(Allison et al., 1991). Assuming loss of carbon from the stream occurs only as CO, 

degassing, the reaction term can be written as 

dCT d[COJ . 
- «[co2r - «0cr). (4-19) 

Substituting equation 4-19 into the reaction term in equation 4-15 and solving for C„ as 

above yields 

«?•> - <?,) CA C,ccn 
C. + —(C, - —) +• kt,([C07y - -i-2) 

«?, + <?,)/2 1 2 ' 2 2 
C„ = (4-20) 

j + «?2 - QO , 

(Q2 
+ C.) 

for a gaining reach and 

C4 * WCco, ~ 
C« " toa C"2') 

for a losing reach. 
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4.2 Field Procedures 

4.2.1 Travel time measurement 

Time of travel between sampling points was estimated using dye tracer techniques. 

The method involves the slug injection of a solute at the injection point, followed by 

measurement of the rise and fall in concentration of the dye at sampling points 

downstream. Travel time from the injection point to the sampling point may then be 

estimated as either the time to peak concentration, or time for half of the mass of the 

tracer to pass by the sampling point (Kilpatrick and Wilson, 1982). 

A small slug of dye was introduced on the morning of August 1, 1994. The slug 

of dye consisted of 2.0 g Rhodamine-B dye mixed with approximately 8 L of stream 

water in a plastic container at the side of the stream. The dye was allowed to completely 

dissolve in the water prior to injection. The travel time was estimated by following the 

peak concentration of the dye along the stream and noting the time of arrival of the peak 

at the sampling points. A sampling plan for each site was produced based on this 

estimation and the approximate spread of the dye slug (See Appendix A). 

Actual travel times were determined using a larger dye injection. The dye was 

prepared as in the first dye injection, with the exception that 10.4 g of Rhodamine-B was 

used. The dye slug was introduced at 19:00 on August 1, 1994 by mixing with 

approximately 8 L of stream water as explained above. Samples were collected at each 

sampling point according to the sampling plan. Samples were collected in a 2 L plastic 

beaker that was swept back and forth across the sampling point. A pre-labeled 30 mL 

acid washed HDPE plastic bottle was then rinsed three times with sample water from the 
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beaker. The bottle was then filled with water from the beaker and capped. The samples 

were placed on ice until taken to the University of Arizona. 

4.2.2 Propane injection 

Gas exchange rates were measured using a constant rate injection of propane. The 

point of injection for propane was made approximately 50 m upstream from the first 

sampling point to allow complete lateral mixing across the stream channel. Natural grade 

propane (95% pure) from Matheson Gas was used as the volatile tracer. The propane 

injection pit was constructed using sand bags filled with sand and gravel from the banks 

of the stream. The propane diffuser, which was constructed of 3/8" brass tubing fitted 

with 9 porous stainless steel cups 1" 1 x 0.25" d, was placed in the pit approximately 0.3 

meters below the water surface. A sheet of plastic was placed over the pit to allow the 

propane to stay in contact with the water a few moments longer, increasing the efficiency 

of the diffusers. The propane injection was started at approximately 18:30 on August 1, 

1994. Using a two-stage regulator with a rotameter flow meter, the pressure and flow 

rate were adjusted and allowed to equilibrate to 50 psi and 0.24 L/sec. Following these 

final adjustments, no further adjustments to the pressure and flow rate were made until 

the propane was turned off at 04:30 on the morning of August 2, 1994. Two propane 

sampling rounds were conducted during the injection period. At each round, five 60 ml 

amber bottles were rinsed in the stream and placed in a 2 L plastic beaker. The beaker 

and the bottles were then dipped into the center of the stream and swept back and forth 

across the sampling point allowing the bottles to fill slowly. In general, the mouth of the 

beaker extended from the water surface to the streambed. Therefore, samples represented 
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Figure 4-2. Experimental setup for the propane injection field study. 
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a vertically as well as horizontally mixed sample. Once the bottles were filled, the water 

level in the beaker was kept over the top of the bottles and each bottle was capped while 

it was still submerged in the beaker. This allowed samples to be collected without any 

headspace. Samples were immediately placed on ice until transported to the University 

of Arizona. Upon arrival at the University at approximately 11:00 August 2, the samples 

were placed in a temperature of 2°C and remained at that temperature until analyzed the 

following day. 

4.2.3 C02/02/pH modeling 

Carbon and oxygen balances for each reach were calculated based on equations 

4-16, 4-17, 4-20, and 4-21 and were compared to field measurements. Dissolved oxygen 

measurements were taken at sampling points Z-l, Z-6, and Z-ll during each of the 

propane sampling rounds. Saturated dissolved oxygen levels were calculated based on 

water temperature and elevation of sampling point above sea level (McCutcheon, 1989). 

The upper boundary limit of the equation was chosen to be the initial measured dissolved 

02 concentration at site Z-1. Each reach was discretized by dividing into subsections that 

each had a t, = 1 min. For gaining reaches, June, 1994 ground water data supplied by 

the USGS for Clo2 were used to calculate the inputs of ground water along the reach. 

On losing reaches, D," was assumed to equal D,. 

A similar approach was used for the carbon balance along the study reach. 

Saturated concentrations of dissolved CO, were calculated based on temperature and 

average barometric pressure (CRC, 1992). The dissolved C02 deficit as computed from 

MINTEQA2 was negative at each sampling point, indicating that degassing occurs along 
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the entire study area. Actual dissolved C02 was calculated using MINTEQA2, from 

alkalinity an pH measurements taken between 6:00 and 9:30 on the morning of August 

2, 1994 (Table C-l, Appendix C). Since acid-base reaction times are on the order of 

usee or faster, carbonate speciation was assumed to be in equilibrium (Brezonik, 1993). 

Dissolved C02 was assumed to equal the concentration of H2C03" since H2C03 comprises 

less than 0.3% of the total H2C03' (Stumm and Morgan, 1981). MINTEQA2 was also 

used to determine the concentration of C02 in the ground water from June, 1994 ground 

water data collected by the USGS and The University of Arizona. As with the oxygen 

balance, the measured concentration at Z-l was chosen as the initial boundary condition 

of the model. Subsequent concentrations were then calculated using equation 4-20 and 

4-21 as described for oxygen. 

The contribution of non-carbonate species to the alkalinity of the system was 

determined at each sampling point using the August and June, 1994 alkalinity and pH 

measurements (Table C-l, Appendix C). Using MINTEQA2, The alkalinity 

measurements were entered as total CaC03 alkalinity. The measured pH was indicated 

as the equilibrium pH. Background ionic strength was calculated using average stream 

water composition (Longsworth and Taylor, 1992). 

4.3 Laboratory Procedures 

4.3.1 Rhodamine-B dye analysis 

Upon arrival at The U.A. Hydrology Lab on August 2, 1994 at 11:30, samples 

were placed at 2°C until analyzed on August 5, 1994. The samples were allowed to set 

up-right on a level table to allow any stream sediment to settle out. Samples were 
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removed from the cold room and allowed to come to room temperature prior to analysis. 

In order to minimize effects due to temperature change, the samples were brought to 

23 °C for analysis by placing the sample bottle in a controlled temperature bath for three 

minutes. Samples (approximately 3 mL) were transferred from the sample bottles glass 

cuvette for analysis with a plastic Eppendorf pipette. The samples were analyzed on a 

Hitachi model F-3010 spectrofluorimeter. Optimum excitation and emission wavelengths 

were determined to be 553-556 /im and 577-585 fim respectively. Excitation and 

emission wavelengths of 556 and 577 /*m respectively were selected for analysis. The 

spectrophotometer was calibrated using twelve standards ranging from 0.1 ppb to 5.0 

ppm. For samples with intensity readings below 20.0, high mode was used. Total 

analysis time was sixteen hours. 

4.3.2 Propane analysis 

Propane samples were analyzed using a Varian model 3740 Gas Chromatograph 

(GC) with a Flame Ionization Detector (FID). The column in the GC was constructed 

of six feet of 1/8" ID metal tubing packed with Propak Q 80/100 mesh. Instrument 

temperatures were as follows: Column temperature, 80°C; injector temperature, 150°C; 

Ion detector temperature, 210 C; and carrier gas (N2) pressure, 30 psi. Propane peak 

time was approximately 1.2 minutes. A second large peak of unknown origin passed 

through at 4.5 minutes. 

The preparation of standards is complicated by the volatility of propane. 

Therefore, it was necessary to use a gas tight syringe when transferring saturated 

solutions between bottles and when injecting the headspace into the GC. Standards were 
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prepared by first filling standard bottles completely with a known amount of Milli-Q 

water. A saturated solution of propane was made by bubbling propane in a beaker of 

Milli-Q water for one hour inside a plastic glove bag. An artificial 5 ml headspace was 

created in the standard bottles using a 10 ml disposable syringe with an 18 ga needle. 

A measured amount of the saturated solution was then injected into the standard bottle 

using an airtight syringe. The standard bottle was shaken and the headspace was 

transferred from the 10 ml syringe into the standard bottle. Calculation of headspace 

concentration was then made using Henry's Law and mass balance, 

C V 
r _ T Vial 

"S ~ + Vm <4"22> 
VHS v  

KH 

where CHS is the headspace concentration in /zg/L, Q is the total concentration of the 

sample in /zg/L, Vvul is the vial volume in mL, VHS is the headspace volume in mL, and 

Kh is Henry's constant for propane in water (C,/Cw). Henry's constant for propane at 

zero ionic strength, 25°C and 1 atm is 28.94; and the concentration of the saturated 

solution at 25°C and 1 atm is 62.3 mg/L (CRC, 1992). 

Two calibration curves were constructed for analysis of the stream samples using 

standards from 1/zg/L to 500/zg/L. One curve was constructed using 1 ml injections of 

headspace gas into the GC. The concentration range (CHS) for this method was 45 to 450 

/zg/L. A second calibration curve for the rage of 750 to 4250 /zg/L was made using 0.5 

ml injections of headspace gas. 

The propane calibration procedure was subject to large amounts of error. The 
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preparation of standards involved the combination of assumptions and transfer procedures, 

which could have attributed to less than actual concentrations. It was assumed that a 

completely saturated aqueous solution of propane was achieved in a propane environment 

and that the saturated solution remained at a constant concentration during the two hour 

period in which standards were produced. The propane environment may have not been 

pure since a small opening in the glove bag may have allowed outside air to be 

introduced. However, the pressure inside the glove bag was kept higher than the pressure 

outside. Loss of propane from the saturated solution may have occurred during transfer 

from the stock solution to the standard, either from the syringe or through the puncture 

hole in the silica septa. The resulting calibration curves showed considerable variability, 

and r2 values were 0.93 and 0.87 respectively for the high and low concentration curves. 

Because the small peaks produced during the analysis of samples from Z-9 and Z-11 were 

not integrated by the integrator, the peak mass method was employed to determine 

concentrations of these samples and the resulting regression line was force through zero. 

The two calibration curves used in this work are included in Appendix B. 

Each sample was placed at room temperature two hours prior to analysis on the 

GC. A 5 ml artificial headspace was injected into the sample 1 hour prior to analysis and 

placed in an oven set at 30°C (temperature after one hour = 25°C). One 0.5 or 1.0 ml 

injection of headspace was injected per bottle into the GC. Headspace concentrations 

were determined from the calibration curves. Sample concentrations were then calculated 

using equation 4-22. Calculated concentrations were then averaged for each set of 

samples. 
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4.3.3 Manganese precipitation experiment 

Manganese precipitation studies were conducted in laboratory batch experiments 

to determine most probable mechanisms for manganese precipitation. In order to simulate 

the variability of conditions found within the study reach, the batch experiments were 

conducted at two temperatures (10°C and 20°C) and two pHs (7.0 and 8.5). In addition, 

to determine the most probable location in the water column of precipitation, experiments 

were conducted using filtered stream water, unfiltered stream water, and unfiltered stream 

water with added sediment. 

Stream water was collected from sites Z-0 (Correta Driveway) and Z-l 1 (Pringle 

diversion dam) on December 1, 1994 between 06:00 and 07:30. Three 6 L 

polypropylene containers of stream water were collected at each site. During the 

collection of the second container at Z-0, a vehicle crossed the stream approximately 30 

m upstream causing increased turbidity. The turbid water was allowed to pass before 

resuming sample collection. However, an increased amount of algae was noted in the 

second and third container compared to the first container collected at Z-0. The initial 

temperature of the stream water was 2°C at Z-0 and 10°C at Z-l 1. Sediment for the 

experiment was collected on the same day at 08:00 from the dry streambed located 

adjacent to the 300 group ground water monitoring wells. The water and the sediments 

were returned to the University of Arizona and placed in a refrigerator at 4°C. 

Batch experiments for pH = 8.5 were set up using water collected from Pringle, 

and pH = 7.0 experiments were set up using stream water collected from the Correta 

Driveway. Each experiment was set up using 1 L volume of stream water buffered with 



5xlO"3 mole of HEPES (pH = 7.0) or Tris (pH = 8.5) (Good et al., 1966). The final 

pH was adjusted by accomplished using HC1 or NaOH. Filtered experiments were set 

up with stream water that was filtered with a 0.45 /tm Millipore hydrophilic filter (type 

HAWP04700) prior to addition of the hydrogen ion buffer. Sediment for the experiment 

was washed and sieved using tap water and rinsed thoroughly with Mill-Q water. 

Washed sediments were dried at 108°C for one day. Grain-size distribution for the 

washed sediments are listed in Table 4-1. One-hundred fifty grams of washed and dried 

sediment was added into three batch experiments at each pH and temperature. The 

experiments were then placed in two constant temperature baths to maintain temperatures 

at 10°C and 20 C. A sterile plastic pipette was placed through the top of each 

experiment and was connected to an air source of UPC grade air (Figure 4-3). 

Samples were collected by withdrawing 6 ml of water from the experiment. A 

portion of the sample (3 ml) was used to rinse a 0.22 fim Mill-Q filter (type 

GSWP002500). The remainder of the sample (3 ml) was filtered into a 30 mL plastic 

bottle to which 10 fiL of 10 3M HC1 had been added to acidify the sample to a pH 

between 2 to 3. The samples were then stored at 4°C until analyzed. 

In order to determine if oxidation of Mn(Il) was microbially mediated in this 

experiment, sodium azide (NaN3) was added after nine weeks at a concentration of 5 mM 

to one of the three replicates at pH = 7.0 with added sediment at both temperatures. 

Because of the high concentrations of Mn in the samples, each sample had to be 

diluted prior to analysis by placing 400 fj.L of sample using a calibrated Eppendorf pipette 

into a 25 mL volumetric flask with 2 to 3 drops of concentrated HC1. The flask was 
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Table 4-1. Grain size distribution of washed sediment used in manganese precipitation 
batch studies. Percents are average of two separate analyses. 

Diameter Weight Percent 
(mm) 

>  3 . 6 9 2  3 4 . 6  

1 . 9 8 1  -  3 . 6 9 2  9 . 0 4  

0 . 9 9 1  -  1 . 9 8 1  1 3 . 6  

0 . 4 9 5  -  0 . 9 9 1  1 8 . 5  

0 . 2 4 6  -  0 . 4 9 5  1 7 . 7  

0 . 1 2 4  -  0 . 2 4 6  4 . 9 5  

0 . 0 6 1  -  0 . 1 2 4  1 . 2 1  

<  0 . 0 6 1  0 . 7 3  
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Figure 4-3. Experimental setup for manganese precipitation experiments. 
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filled with Milli-Q water. The diluted samples were analyzed on a Perkin Elmer Atomic 

adsorption spectrophotometer with a tlame detector. Standards of 0.5, 1.0, and 2.0 ppm 

Mn were used for calibration. 



5.0 RESULTS 

5.1 Field Study 

5.1.1 Travel time measurement 

In general, the approach of the dye cloud at a sampling resulted in a sharp rise in 

the concentration, which was followed by a more gradual decline as the dye cloud passed 

through (Figure 5-1). The dye cloud became more spread out as it traveled downstream 

presumably because of dispersion. In addition, the tailing end of the dye response curve 

became increasingly jagged and exhibited multiple peaks. This may be the result of 

analytical error caused by sorption of the dye to the plastic bottle or stream sediments in 

the sample. However, the fact that the scattering of peaks is more pronounced in the 

tailing end of the dye response curves suggests another source. Braiding of the stream 

channel could have resulted in non-uniform concentrations in the main channel near areas 

of braided channel inputs. It was observed during the August field study that as the bed 

slope decreased, the number of braided channels increased since the June field study. 

This change in channel morphology was most likely due to a storm event that occurred 

a week prior to the August field study. Braiding was most pronounced between Z-9 and 

Z-ll and to a lesser extent between Z-6 and Z-9. 

Travel time on August 2, 1994 from injection point to sampling point ranged from 

2.25 minutes at Z-l (45 m from the injection point) to 93.0 minutes at Z-l 1 (2650 m 

from the injection point). Dye recovery as calculated using velocity discharge 

measurements from the afternoon of August 2 at Z-l 1 was 27% compared to 65% at Z-4. 

Dye recovery at Z-l was 53%. Stream velocity gauging discharge measurements 
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Figure 5-1. Dye response curves for August travel time experiment. Lines connecting 
data points are added for clarity. 
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obtained during the afternoon of August 2 indicated net loss from Z-1 to Z-4 and Z-9 to 

Z-ll. Net gain of flow was measured from Z-4 to Z-6 and Z-6 to Z-9. Table 5-1 

summarizes the travel time, dye recoveries, and stream channel discharges. 

5.1.2 Gas exchange 

Propane concentrations for each sampling point, for each of the sampling rounds, 

are summarized in Figure 5-2. Propane degassing rate constant corrected to 20°C (kp,20) 

ranged from 6.88 hr' from Z-l to Z-4 (round 2) to 1.16 hr' from Z-6 to Z-l 1 (round 2). 

The kp20 for Z-6 to Z-9 was calculated to be approximately zero, suggesting that the 

variability of the propane analysis was too great to predict kP between these two sampling 

points. 

Gas exchange rate constants for 02 and C02, calculated using equations 4-13a 

through 4-13d, ranged from 6.99 to 1.99 hour ' and 6.25 to 1.78 hour1 for round 1 

respectively and 9.49 to 1.64 hour' and 8.49 to 1.46 hour1 for round 2 respectively. 

Table 5-2 shows the gas exchange rate coefficients for both 02 and C02 (k02 2a and kc02.2o) 

used in the 02 and carbon balance models corrected to 20° C. 

5.2 Gas Exchange Modeling 

The results of the application of the model derived in chapter 4 (Equation 4-16 

and 4-17) to propane data for both sampling rounds are presented in Figure 5-3. For this 

example, it was assumed that ground water concentrations of propane were negligible and 

that atmospheric concentration was also negligible. Modeled propane concentrations in 

most cases were within 10% of the average sample concentration. Since the gas 

exchange rate coefficients used in the model were calculated based on field samples of 
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Table 5-1. Summary of travel time field data from August 2, 1994. Stream discharge 
from field measurements by the USGS. 

Site 
Stream 

Discharge 
(mVs) 

Travel Time 
(min) 

Dye Recovery 
(%) 

Z-l 0.103 2 . 25 53 

Z-4 0.0957 11.8 65 

Z-6 0.136 31.5 45 

Z-9 0.204 49.5 34 

Z-11 0.170 93.0 27 
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Figure 5-2. Propane concentrations measured during reaeration study conducted 
at Pinal Creek on August 2-3, 1994. 
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Table 5-2. Calculated gas exchange rate constants for propane, 02, and C02 for August 
2-3, 1994 field experiment. Range based on ± 1 standard deviation of propane data. 

^P,20 

Reach hr1 Range 

Round 
Z-1 -

1 
Z-4 3 .42 2 . 71 - 4.05 

Z-4 - Z-6 5 . 03 4 . 93 - 5.13 

Z-6 - Z-9 -1 . 15 -3 . 44 - 0.20 

Z-9 - Z-ll 2 . 26 2 . 12 - 2.34 

Z-6 - Z-ll 1 .43 1. 39 - 1.48 

Round 
Z-1 -

2 
Z-4 6 . 83 6. 53 - 7.12 

Z-4 - Z-6 2 . 47 2 . 13 - 2.79 

Z-6 - Z-9 -0 .04 -1. 51 - 0.98 

Z-9 - Z-ll 1 .43 1. 21 - 1.62 

Z-6 - Z-ll 1 . 18 1. 10 - 1.25 

1^02,20 J^C02,20 
Reach hr"1 Range hr-1 Range 

Round 
Z-1 -

1 
Z-4 4 .75 3 . 77 - 5 .63 4 . 25 3 . 37 -• 5.04 

Z-4 - Z-6 7 .00 6 . 86 " 7 .13 6 . 25 6 . 13 -• 6.38 

Z-6 - Z-9 -1 .59 -4. 78 - 0.277 -1 .42 -4. 28 -• 0.248 

Z-9 - Z-ll 3 . 14 2 . 95 - 3 . 32 2 .81 1. 58 -• 3.61 

Z-6 - Z-ll 1 .99 1. 93 - 2.05 1 .78 1. 65 -• 2.39 

Round 
Z-1 -

2 
Z-4 9 .49 9 . 07 - 9.89 8 .49 8. 11 -• 8.85 

Z-4 - Z-6 3 .44 2 . 95 - 3 . 88 3 .08 2 . 64 -• 3.46 

Z-6 - Z-9 -0 . 06 -2 .10 - 1. 36 -0 .05 -1 .88 - 1.21 

Z-9 - Z-ll 1 .99 1. 68 - 2 . 26 1 . 78 1. 50 -• 2.02 

Z-6 - Z-ll 1 .64 1. 52 - 1.74 1 .46 1. 36 -• 1.57 
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Figure 5-3. Results of propane modeling. Symbols indicate field measurements and 
lines indicate model results. 
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propane, modeling of propane is useful only as a check of the numerical approach used 

in this study. 

Model results for dissolved oxygen (D.O.) are presented in Figure 5-4. Field 

measurements of D.O. increased from Z-l to Z-l 1 and ranged from 5.9 to 8.0 and 6.55 

to 8.0 for round 1 and round 2 respectively. Model results were within 10% of the 

measured concentrations. Maximum difference was 5.6% at Z-11, round 2 and minimum 

difference was 0% at Z-6, round 1. The peak observed in the second round model results 

is due to relatively high k,w from Z-1 to Z-4 where there was assumed no input of low-

oxygen ground water followed by a much lower ko2 from Z-4 to Z-6 where a large 

ground water input was observed. The peak was not observed in the first round model 

results since the higher estimation of k02 for Z-4 to Z-6 was able to "compensate" for the 

large input of low-oxygen water. It is unknown if the peak is only an artifact of the 

model since field measurements of dissolved 02 for Z-4 are not available. 

MINTEQA2 calculations for each sample point used the alkalinity titrations and 

pH measurements taken on the morning of August 3. Results indicated that total 

dissolved carbon (Q) decreased from Z-l to Z-4 and increased from Z-4 to Z-ll. 

Dissolved C02, on the other hand, decreased from Z-l to Z-l 1 which indicated that C02 

is degassed along the entire study reach. It was also determined that non-carbonate 

species contributed less than 1 % to the total alkalinity. A comparison of total carbon and 

dissolved C02 calculated from field measurements (measured) to modeled results is shown 

in Figure 5-5. Modeled results followed measured trends and were within 13% (Z-9) of 

measured results. Minimum difference between modeled and measured results was 



Round 1 

20 40 60 80 100 

Round 2 

20 40 60 

Travel Time (min) 
80 100 

Figure 5-4. Results of dissolved oxygen balance, 
and lines indicate model results. 

Symbols indicate field measurements 



53 

oz^^ 

0 20 40 60 80 100 

20 

10 — 
-O 

Z11 

0 20 40 60 80 100 
Travel Time (min) 

Figure 5-5. Comparison of CT and C02 calculated from field measurements (symbols) 
and modeled results (lines) for August 3 data. 



calculated at Z-l 1 (4.0%). Since dissolved C02 is proportional to Q times cto, which is 

relatively constant along the study reach, percent errors in C02 and Cr are virtually the 

same. 

5.3 Manganese Precipitation Experiments 

Figure 5-6 shows the measured aqueous concentrations of Mn(II) versus time for 

each of the 12 sets of hatch experiments. It was assumed that total dissolved Mn 

consisted of only Mn(II), since the more oxidized Mn(lII) and Mn(IV) are not usually 

observed as aqueous species in natural waters (Morgan, 1965). Net loss of manganese 

in the batch experiments during the first two months of the experiment ranged from 0 to 

62%. Using the student "t" test, it was determined that statistically significant loss 

occurred only in the experiments at pH - 8.5 at 20°C (all three sediment 

concentrations), pH = 8.5 at 10°C with 150 g of added sediment, and at pH = 7.0 at 

20°C with 150 g sediment added. Dark brown precipitates were observed to form within 

hours of the start of the experiment in the solutions buffered at pH = 8.5 at both 

temperatures. The aqueous Mn(Il) concentration in these experiments subsequently 

decreased from an average of 64.0 to 13.5 mg/L during the tirst two months. This trend 

also occurred in the experiments buffered at pH = 8.5 at IO C, however, except with 

much less decrease in aqueous Mn(Il) concentration. The brown precipitate was found 

to occur in the pH = 7.0 buffered solutions; however, smaller amounts of precipitates 

formed only after solutions were re-buffered at 7.0 with 5xl03 M HEPES and the Mn(ll) 

concentration did not significantly change during the first month of the experiment. 

A fine black precipitate was found to form after one month in the experiments 
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Figure 5-6 (continued). 



100 

80 — 

60 — 

40 — 

20 — 

0 

100 

80 

58 

pH = 8.5 

Unfiltered 

I 

pH = 8.5 
T = 20°C 
Unfiltered 

60 — 

40 — 

20 I 

1000 2000 
Time (hours) 

3000 

Figure 5-6 (continued). 



100 

80 — 

59 

pH = 8.5 
T = 10°C 
Filtered 

6 0  — '  

TjSTT f 

40 

20 

0 

100 

80 

it 

ik 

pH = 8.5 
T = 20°C 
Filtered 

60 — 

40 

1 
20 

T 

1000 2000 
Time (hours) 

3000 

Figure 5-6 (continued). 



100 
60 

pH = 8.5 

Sediment 

80 

pH = 8.5 
T = 20°C 
Sediment 

60 

40 — 

20 — 

1000 2000 
Time (hours) 

3000 

Figure 5-6 (continued). 



61 

with pH = 7.0 at 20 C with added sediment, and after two months in the experiments 

buffered at pH = 7.0 at 10 C with added sediment. The occurrence of the precipitates 

coincided with an average of 53% loss of aqueous Mn(II) in both cases. The addition 

of NaN3 to the experiments conducted at pH = 7.0 and 20°C with added sediment 

appeared to have stopped the production of the black precipitates, though small amounts 

were observed prior to and after the addition of NaN3. Conversely, the addition of NaN3 

did not appear to have any effect on the decline of aqueous Mn(II). 
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6.0 DISCUSSION 

6.1 Field Study 

6.1.1 Travel time measurement 

The dye data could not be used to measure discharge or dilution along the study 

reach because of the high loss rate (Kilpatrick and Cobb, 1985). The requirement for 

complete recovery, however, is not necessary for travel time measurements. Even with 

high loss rates, as observed in this field study, the data are sufficient for accurate travel 

time measurements (Wilson et al., 1986). Figure 6-1 shows the mass recovered at each 

of the five sampling points. Except for the unexpectedly low recovery at Z-l, the mass 

recovery versus time can be fit fairly well with a log-normal relationship, with an 

intercept at the injection point of approximately 10 g. This loss could be attributed to 

such mechanisms as sorption to organic or inorganic sediment in the stream or 

photochemical reduction of the dye (Wilson et al., 1986). The unexpectedly low 

recovery at Z-l may be due to the sampling schedule for the point. Rapid samples were 

taken at 30 second intervals. The peak dye concentration may have passed through the 

sampling point between any two of the sampling times resulting in erroneous dye 

response curve from which recovery is calculated. Another possible explanation is that 

the dye cloud may have not had sufficient time to completely mix laterally across the 

stream channel. The calculated mixing length (L^) required for complete lateral mixing 

from a single slug of dye introduced at the center of flow is 

L0 = 0.0270 VH'2 , (6-1) 
0 d^s1!2 

where v is the average stream velocity in m/s, w is average width of flow in m, d is 
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Figure 6-1. Dye recovery versus time indicating a near first order loss of 
Rhodamine-B dye. Lines connecting data points are added for clarity. 



average depth of flow in m, and s is the bed slope in m/m (Kilpatrick et al., 1989). The 

values used in equation 6-1 are located in Table C-2, Appendix C. The L0 for this 

experiment was calculated to be 120 m. The distance between the injection point and Z-1 

was 45 m. The field observations, however, agree with the former case. The peak 

concentration of the cloud was observed to pass between the fifth and sixth samples, 

making the error of the calculated travel time less than 30 seconds. 

6.1.2 Gas exchange rate 

The results of the propane analysis show a consistent loss of propane over the 

study reach. Standard deviations of duplicates collected at each sampling point during 

each sampling round were generally less than 25 %. Exceptions include Z-9 samples from 

both sampling rounds that had standard deviations of 47.5 and 40.7% and round 2 

samples from Z-6 with a standard deviation of 32%. The calculated kP from Z-6 to Z-9 

could not be estimated accurately, most likely due to the large standard deviation of the 

propane results at Z-9. As a result, it was decide to discard Z-9 as a reach endpoint in 

subsequent gas exchange calculations. The high variability in propane results can be most 

likely attributed to sampling and/or analytical errors. 

Gas exchange rates for 02 and COz calculated from kp were reasonable within the 

range of reported values from similar field studies conducted on other streams (Genereux 

and Hemond, 1990; Genereux and Hemond, 1992; Parker and Gay, 1987; and 

Longsworth 1991). An attempt was made to relate reaeration (k^) to physical 

characteristics of the stream. A unitless friction coefficient (f) was calculated for each 

reach as 
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/ - &g~-* (6-2) 
V 2  

where g is gravitational acceleration (9.81 m/s:), is the hydraulic radius, s is bed 

slope, and v is average velocity. The hydraulic radius for relatively wide, shallow 

streams can be estimated as the average flow depth (Ritter, 1986). Values used in 

equation 6-2 are located in Table C-2, Appendix C. As Figure 6-2 shows, excluding the 

ko2,2o values for Z-6 to Z-9 and Z-9 to Z-l 1 and using Z-6 to Z-l 1 an approximate 1:2 

relationship between f and average ko2 20 for both sampling rounds appears valid (r2 = 

0.90). This should, however, not be taken as proof of the relationship as the resulting 

relationship relies on only three observations and would require several more field studies 

under varying stream conditions to verily the relationship. Nevertheless, the potential 

exists that reaeration at Pinal Creek and other similar streams may be estimated based on 

this friction coefficient. 

6.2 C02/02/pH Modeling 

The transport model reproduced the observed trends in downstream changes in 

concentrations of both dissolved 02 and C02. Underestimates could have resulted from 

errors in the estimation of certain parameters in the model. A sensitivity analysis 

approach was used to examine the role of errors that gas exchange rate constants and 

estimations of ground water inputs had on model results. Figures 6-3 and 6-4 show the 

effects of varying gas exchange rate constants using the highest and lowest values of 

measured propane data to compute gas exchange (Table 5-2). During the first sampling 

round the highest and lowest k values for Z-l to Z-4 differed by a factor of 1.5. The 
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resulting range of modeled 02 values differed only slightly (Figure 5-3). The kc02 values 

differed by a factor of 1.2 and 1.1 for Z-l to Z-4 and Z-4 to Z-6 respectively again 

resulting in only minor changes in modeled results. The results indicate that the model 

is relatively insensitive to changes of k. 

The model underestimates both the dissolved oxygen and C02 (CT) concentrations 

(Figures 5-3 and 5-4). The cause is most likely due to a poor estimation of ground water 

inputs along the reaches. The model assumed that ground water inputs could be 

estimated from velocity gauged discharge data by computing the difference in discharge 

between upstream and downstream endpoints. This approach, however, neglects the fact 

that a reach can both gain and lose water between two endpoints. The expected result 

is an underestimation of ground water inputs. To assess the sensitivity of the model to 

underestimations of ground water inputs, ground water input data from the June, 1994 

Br' tracer study (Table C-3, Appendix C) were used. June ground water input data were 

based on Br tracer studies conducted by the USGS and University of Arizona. 

Subsequent model runs artificially increased the ground water inputs along the reaches 

by multiplying the June data by factors of 1.25 and 1.5. The updated model calculations 

for C02 and Q bracketed the observed values (Figure 6-5), suggesting a high degree of 

sensitivity of model output to estimates of ground water inflow. The model for dissolved 

O2 were also sensitive to ground water inflow (Figure 6-6), due to the fact that the 

ground water, having low-oxygen concentrations (Appendix C, Table C-l), results in 

only dilution of 02 concentrations. 

Earlier work on stream transport concentrated on solutes that exhibited loss or 
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production due to interaction with sediments or shallow ground water (Bencala et al., 

1984 and Kimball et al., 1994). More recent works have determined rates of decay or 

inputs of volatile solutes based on downstream changes in concentration of the same 

solute (Genereux and Hemond, 1990 and Heekyung et al., 1995). This model is an 

attempt to combine these previous works into a model that may be useful in predicting 

volatile solute transport in Pinal Creek as well as other similar streams. 

The results of the MINTEQA2 calculations indicated that contributions of non-

carbonate species to the alkalinity were less than I %. Other species that may contribute 

to alkalinity are orthosilicate (Si(OH)4|, sulfides, borates, and organic acids. However, 

these species are found in much lower concentrations than the carbonate species and 

contribute little to the alkalinity. It was observed that much of the algal growth found 

in the stream in June was washed away prior to the August field experiment. As a result, 

the concentration of dissolved organic substances was neglected in alkalinity 

concentrations. Assuming no carbonate minerals precipitate along the study reach, 

alkalinity can be considered a conservative quantity, since the loss or the addition of 

dissolved C02 does not change the charge balance of the system (Stumm and Morgan, 

1981). Therefore, downstream changes of alkalinity can be calculated based on mixing 

of ground water and surface water 

_ Alk/@A * (6.3) 

Q. 

where Alk is the carbonate alkalinity (Stumm and Morgan, 1981). August surface water 

alkalinities were calculated using equation 6-3 and ground water data from June (Table 
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Table 6-1. Calculated alkalinity by mixing of ground water and surface water (August, 
1994). 

Site 
Measured 

Alkalinity 
(meq/L) 

Calculated 
Alkalinity 
(meq/L) 

Z-l 1. 26 — 

Z-41 1.32 1.26 

Z-6 1.41 1.38 

Z-9 1.58 1.60 

Z-ll1 1.70 1.58 

'Assumes no ground water input along reach. 



C-1, Appendix C) and August discharge measurements (Table 5-1). Table 6-1 shows that 

downstream changes in alkalinity can be explained by mixing of surface and ground 

water. As a result of this, and because CT can be modeled based on ground water inputs 

and C02 degassing, it can be concluded that the downstream increase in pH can be 

explained on the basis of carbonate chemistry. Furthermore, Mn(ll) oxidation to Mn(lII, 

IV) and biological inputs can discounted from appreciably contributing to the pH balance 

at Pinal Creek. 

6.3 Manganese Precipitation Experiments 

Equilibrium speciation in the batch experiments were calculated using MINTEQA2 

(Allison et al., 1986). Background concentrations of aqueous components were obtained 

from Longsworth and Taylor (1992) and are included in Table C-4, Appendix C. The 

equilibrium pH was set at the respective buffered level. Partial pressures of 02 and C02 

were set at 0.22 and 103 5 atm, respectively (i.e. in equilibrium with the atmosphere). 

Initial Mn(II) concentrations were specified as measured from the first sample set 

obtained at the beginning of the experiment. The solid phases rhodochrosite (Mn(II)C03) 

and mangenite (Mn(III)OOH) were allowed to precipitate if saturation indicies indicated 

oversaturatuion. The model "precipitated" rhodochrosite at pH = 8.5 and mangenite at 

pH =7.0. This suggested that the brown sediments observed at pH = 8.5 were 

rhodochrosite and that the precipitates at pH=7 were and oxidized manganese 

oxy hydroxide. 

Further analysis indicated that the precipitates found at pH = 8.5 were most likely 

rhodochrosite. Addition of hot HC1 to oven dried precipitates resulted in relatively quick 



75 

dissolution accompanied with slight effervescence as would be expected for 

rhodochorosite (Klein and Hurlbert, 1977). This suggests that as pH increases in the 

stream manganese carbonates may precipitate. Lind and Hem (1993) report that Mn-

carbonates formed in similar studies using ground water collected from the 500 group 

wells. They also note that as much as 20% of the Mn-rich cemented crusts were mixed 

carbonates of Ca, Mn, and Mg in the downstream surface waters at Pinal Creek. The 

authors suggest the Mn held in the carbonates can enter into redox reactions with Fe-

oxides precipitates on the carbonate surfaces. 

The formation of the black precipitates at pH = 7.0 suggests that oxidation of 

Mn(II) occurred. Analysis of the precipitates under the scanning electron microscope 

(SEM) indicate that they are Mn-oxyhydroxides, though oxidation states of the Mn in the 

precipitates was not determined. The precipitation of the Mn-oxyhydroxides at a pH of 

7 and not at pH of 8.5 was unexpected since Morgan (1965) indicated that oxidation of 

Mn(II) below pH = 8.6 was slow and no precipitation occurred for several weeks in 

laboratory batch studies. Diem and Stumm (1984) have shown that, for a pH range of 

natural waters, homogeneous solutions of Mn(II) in the presence of dissolved oxygen and 

C02, can remain un-oxidized for years unless mediated by Mn-reducing bacteria or 

precipitation of MnC03 in heterogeneous solutions. Uren and Leeper (1978) found that 

microorganisms are most effective at oxidizing Mn(II) at a pH range of 6 to 8. 

Vandenabeele et al. (1992) show that Mn oxidizing communities formed in 1 to 2 months 

in their experiments. The results of this study are then consistent with these later results 

suggesting that biological activity may play a role in the oxidation of Mn(Il) at pH = 7.0 
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under the conditions of the experiment. Sodium azide (NaN3) was added to one of the 

triplicate batch experiments to further ascertain if biological activity was indeed 

responsible. No observable change was noted in the rate of decrease of Mn(II) from 

solution in the experiment conducted at 20 C. However, at 10°C, the NaN3 was added 

before any significant precipitation was noted. Within the next several weeks the two 

experiments without NaN3 showed an approximate 50% decrease in aqueous Mn(ll) 

concentration followed by precipitation of Mn-oxyhyroxides. The NaN3 control 

experiment showed no significant change in Mn(Il) concentration or signs of 

precipitation. These observations suggests that biology plays a role in the nucleation of 

Mn-oxyhyroxides and that the ensuing precipitation is at least partially autocatalytic. 

Hem (1981) and Morgan (1967) have shown the effects of the presence of pre-existing 

Mn-oxides on the oxidation rate of Mn-oxide. The results of this study suggests that Mn-

oxidizing bacteria initiated the process and provide autocatalytic sites for further oxidation 

and precipitation. An SEM of the precipitates (Figure 6-7) shows Mn-oxides forming 

hemisperical caps around a central nucleus. The photos are similar to those of other 

manganese oxidizing microbes (Vandanebeele et al., 1992). The results of these studies 

may provide insight into the process of Mn removal at Pinal Creek, and suggest that 

microbial oxidation of Mn(Il) could have contributed to the formation of the manganese 

crusts. 
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Figure 6-7. Scanning electron microprobe of black manganese sediments. Note 
hemispherical caps around nucleus. 
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7.0 CONCLUSIONS 

A model was developed to calculate downstream changes in concentration of 

volatile solutes in small streams and consider gas exchange, ground water inflow, and 

acid/base chemistry of volatile species. Modeled results were compared to field 

measurements of dissolved oxygen and dissolved inorganic carbon along a 2.6 km reach 

at Pinal Creek, Arizona. Based on the carbon balance and measured alkalinity it can be 

concluded that downstream changes in pH at Pinal Creek can be explained by acid/base 

chemistry of carbonate and C02 degassing. 

Gas exchange rate constants for use in the model were determined in the field 

using propane tracer techniques. A positive relationship between the gas exchange rate 

and streambed friction was demonstrated, potentially eliminating the need for repeated 

time-consuming volatile tracer studies at the site. Ground water inputs along each reach 

were estimated based on velocity gauging discharge measurements. Model results showed 

relative low senstitivity to changes in gas exchange rate constants and a high degree of 

sensitivity to changes in ground water inflow rate. 

Batch studies conducted in the laboratory using Pinal Creek water indicated that 

biological activity may be important in the precipitation of black manganese oxides 

observed to coat the sediments in Pinal Creek. This observation appears most significant 

<n regions of mid-pH (6-8). At higher pH (>8) carbonate precipitation may be the 

dominant removal mechanism of manganese. The results of the batch studies give insight 

to the importance of microbial activity in stream chemistry. 



APPENDIX A: August Field Sampling Schedule 



Travel Time Sampling Schedule: 
August 2, 1994 

Z-l 
18:00 40 x 30 second samples 
18:20 5 x 2 minute samples 
18:30 5 x 5 minute samples 
Last sample: 19:00 
Total: 50 Samples 

Z-4 
18:00 10 x 1 minute samples 
18:10 40 x 30 second samples 
18:30 20 x 1 minute samples 
18:50 10 x 2 minute samples 
19:10 8x5 minute samples 
Last Sample: 19:50 
Total: 88 samples 

Z-6 
18:00 4 x 5 minute samples 
18:15 45 x 1 minute samples 
19:00 15 x 2 minute samples 
19:30 6 x 5 minute samples 
20:00 3 x10 minute samples 
Last sample: 20:30 
Total: 73 samples 

Z-9 
18:00 2 x 10 minute samples 
18:20 5x 2 minute samples 
18:30 30 x 1 minute samples 
19:00 5x 2 minute samples 
19:10 10 x 5 minute samples 
20:00 10 x 10 minute samples 
Last sample: 21:00 
Total: 62 samples 

Z-l 1 
18:00 2 x 20 minute samples 
18:30 3 x 10 minute samples 
19:00 5 x 5 minute samples 
19:30 20 x 2 minute samples 
20:10 10x5 minute samples 
21:00 5 x 10 minute samples 
22:00 3 X 20 minute samples 
Last sample: 22:40 
Total: 48 samples 

Propane Sampling Schedule: 
August 2-3, 1994 

Z-l 22:00 and 02:00 
Z-4 22:20 and 02:20 
Z-6 22:45 and 02:45 
Z-9 23:00 and 03:00 
Z-ll 23:50 and 03:50 



APPENDIX B: Propane Standard Curves 
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APPENDIX C: USGS/University of Arizona June and August Field Data 
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Table C-l. Pinal Creek surface water and ground water chemistry. 
Surface water data collected on the morning of August 3, 1994 following 
field experiments. Ground water data collected June, 1994. 

Reach 
Endpoint 

Temperature 
(°C) 

pH 
(SU) 

Alkalinity 
(meq/L) 

Surface water 

Z-l 21 6.78 1. 26 

Z-4 23 6 .98 1.32 

Z-6 29 7.00 1.41 

Z-9 25 7.20 1. 58 

Z-11 20 7.64 1.70 

Ground water 

Z-l 15 5.87 1.32 

Z-4 15 5.88 1. 30 

Z-6 15 6.04 1.75 

Z-9 15 6.31 3 .12 

Z-11 — — 
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Table C-2. Stream channel dimensions and discharges data. The friction coefficient (f) 
is calculated using June surveyed width data and August width data from stream gauging. 

Reach Width 
(•) Velocity Discharge Slope f 

June August (•/s) (»3/s) (•/•) June August 

Z1-Z4 1.83 2.42 0.52 0.10 0.0097 0.30 0.23 

Z4-Z6 2.44 3.06 0.53 0.12 0.010 0.28 0.21 

Z6-Z9 3.05 4.66 0.59 0.17 0.0097 0.22 0.13 

Z9-Z11 3.66 4.25 0.75 0.19 0.0089 0.12 0.074 

Z6-Z11 3.35 4.46 0.76 0.15 0.0092 0.11 0.056 



Table C-3. August and June, 1994 ground water inflows 
used in model. August data estimated from change in 
stream discharge. June data calculated from dilution of Br 
tracer. 

QL QI, 
Reach (m3/s) ( m 3/s) 

Z1 • - Z4 0. O i l  -0 .  0 0 7 " 1  

Z4 • - Z6 0 . 0 4 6  0 .  0 4 0  

Z6 -•  Z l l  0. 0 5 4  0 .  0 3 4  

'''Negative indicates net loss along 

reach. A value of zero was used 

in the model for ground water 

inputs. 



Table  C-4.  Background solute 
concentrations in mg/L from Longsworth 
and Taylor (1992) used in MINTEQA2 
calculations. 

Mg 140 

Na 100 

K 5.3 

SO 2300 

CI 115 

Si 56 

Ba 27 

Cd 5.0 x 10"3 

Cu 28 X 10"3 

Fe 81 X 10"3 

Ni 745 x 10": 

Ag 14 x 10"3 

Sr 23 x 10~3 

Zn 48 x 10"3 

Li 270 x 10": 
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