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ABSTRACT

Pinal Creek, Arizona has been contaminated bv discharge
of acidic (pH = 5.8 - 6.3) and metal-rich ground water that
was released from mining activities. In the stream, pH
increases from approximately 6.0 t0 7.8, while dissolved
Mn(IXI) decreases from approximately 70.0 to 50.0 mg/L over 3
km downstream of the point of groundwater discharge. It was
hypothesized that the spatial variation of in-stream pH 1is
controlled by CO, gas-exchange and affects transport of
dissolved Mn(II) cthrough pH-dependent microbial oxidation in
hyporheic zones. An existing transport model was extended to
include carbonate equilibria, CO, degassing and pH-dependent
Mn (II) removal processes and applied to ©predict the
alkalinity-inorganic carbon (C,;)-pH balance and transport of
Mn(II) in natural stream based on field and laboratory
experiments. The simulation results reproduced the overall
trends of alkalinity, C,, and pH, and were in good agreement
with dissolved Mn(II) in downstream concentrations. A multi-
parametric sensitivity analysis (MPSA) was used to identify
the relative sensitivity of predictions to physical and
chemical parameters used in the extended transport model.
MPSA results imply that CO, degassing and pH-dependent
microbial oxidation are the most important factors
controlling the spatial variation in pH and reactive uptake

of dissolved Mn(II) in the stream system.
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Using stream tracer injections, streambed sediments and
aquatic vegetation areas were identified as physical-storage
zones within the stream where biogeochemical reactions were
enhanced. The traditional one-storage transport model was
extended to describe the hyporheic processes associated with
two independent transient storage zones. The extended model
was used to evaluate the applicability and accuracy of one-
storage transport model to two-storage stream system. One-
storage transport model has very strict limitation 1in its
application for the two-storage stream system and is only

valid if two retention times of transported solutes are very

close (Tr,/Tr2 = 1.0).

The presented field and modeling approaches, which
include model extension for the processes of CO. degassing and
pH-dependent biogeochemical reactions, and generalized
sensitivity analysis can improve our understanding of
transport of metal contaminants in natural stream-aguifer

system.
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CHAPTER 1

INTRODUCTION

1.1. Motivation for Research

Contamination of ground water by waste generated from
mining activities and extraction of metals from ore deposits
is a problem in many parts of world. Groundwater
contamination plumes are transported through sub-surface
aquifer systems depending on hydrologic and geochemical
conditions and interact with surface aquatic systems, such as
lakes, rivers, and small streams. The discharge of
contaminated ground water 1into a stream system, an oXic
environment, can provide totally different hydrologic and
biogeochemical conditions for the contaminants. The
contaminants 1n stream water are transported more rapidly
than in a sub-surface aquifer ‘system and undergo various
biogeocchemical reactions associated with the stream system.
Contaminants 1in stream water can flow into water reservoirs
which may be used as a water resource for the surrounding
area and can seriously affect the water quality. Therefore,
the interaction between contaminated ground water and a

stream system, and the transport processes of the discharged
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contaminants in a stream have been an important topic for the
last several decades.
The surface stream water of Pinal Creek, Arizona, has

been contaminated by discharge from an alluvial-shallow

groundwater plume with low dissolved oxygen (0.05 mg/L), low
pH and high Mn(II) (70 - 80 mg/L) concentration (Longsworch
and Taylor, 1992). The primary source of this contamination

was the acid-mine drainage basin, Webster Lake, located :in
the upper portion of the drainage basin. Based on field
studies, a decrease of dissolved manganese concentration (4-
15 mg/L/Km) and an increase of in-stream pH (6.0 to 7.8) have
been observed for the perennial portion of Pinal Creek. In
addition, large amounts of black manganese precipitates can
be observed on the bottom sediments. The manganese
precipitation is sometimes associated with vegetation zones,
which consist of various aquatic plants present on small sand
bars within the stream and distributed along the stream
banks. The basin-scale geochemical mass balance for dissolved
manganese and the field observations have been explained by
manganese oxidation which is enhanced in hyporheic zones
(Figure 1.1) (Harvey and Fuller, 1998).

The Dbiogeochemical transformation of manganese is
coupled with the fate of other trace metal contaminants
(e.g., cobalt and nickel), through sorption mechanism coupled

to the reactive surfaces of hyporheic sediments coated with

manganese oxides. Therefore, improved understanding and
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Figure 1.1. Schematic diagram illustrating factors that

enhance oxidation of manganese to form oxide coating

on sediments of the hyporheic zone (Harvey and Fuller,

1998)




modeling of the processes that control the transport of
manganese are key to being able to predict the fate and
transport of heavy metals in Pinal Creek and other small
stream systems with similar hydrologic and biogeochemical
conditions.

The specific questions arising from the Pinal Creek sit
are:

1. What is the main process responsible for the spatial
variation of in-stream pH, a key variable in metal
chemistry 7

2. Is there any relationship between the spatial variation

of pH and removal processes of dissolved manganese

within the perennial portion of the stream?
3. 1s there any limitation in applying one storage-zone
transport model for natural stream systems that have wo

independent transient storage zones?
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1.2 Questions, Hypotheses, and Approaches

1.2.1 Modeling of CO, Degassing and pH in a

Stream-Aquifer System

Question:

How can we explain the increase of in-stream pH from
approximately 6.0 to 7.8 over 3 km downstream of the point of
groundwater inflow? If pH is controlled by multiple processes
simultaneously, what is the relative significance of each

process involved in the spatial variation of pH?

Hypothesis:

Mass-transfer limited CO. degassing is the key process In
controlling the stream pH in a small stream system receiving
groundwater inflow with high dissolved CO.. The relative
significance of the processes involved depend on hydrologic

conditions.

Approach:

In order to describe CO. degassing during transport in a
stream system, a transport model was extended to include
carbonate speciation and mass-transfer limited CO. degassing.
The volatilization rate constant was determined from volatile

tracer experiments. The model was used to predict in-stream
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pH using the relationship between alkalinity, total inorganic
carbon, and pH (Figure 1.2). A sensitivity analysis approach
was used to evaluate the relative significance of <the

processes involved in the extended transport model.

1.2.2 Transport Modeling of Dissolved Manganese

involving pH-dependent Microbial Processes

Question:

Is there any relationship between the spatial variations
of pH and removal processes of the dissolved manganese? ZIf
so, how 1s the transport of dissolved manganese affected by

manganese removal processes in hyporheic zone, which 1is

controlled by pH variation?

Hypothesis:

The biogeochemical uptake of dissolved manganese 1is

=

controlled by bacterially-mediated Mn(II) removal processes
in hyporheic sediments, and these removal processes are

strongly dependent on pH.

Approach:
A transpeort model was extended to include pH-dependent
removal processes in hyporheic sediments. The model was used

to predict the fate and transport of dissolved manganese in
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the stream system. A sensitivity analysis approach was used
ro evaluate the relative significance of the processes
involved in the pH-dependent transport model, especially the
effect of pH variation along the study reach on the transport

of dissolved manganese.

1.2.3 Limitations of A One Storage-zone Transport

Model in Natural Stream System

Question:

Are physical and geochemical hyporheic processes active
in vegetation zones as well as in streambed sediments? If so,
is the one-storage transport model still applicable to the
stream system associated with two different types of
transient storage zones? What 1s the key variable to
distinguish the transport processes occurring in one- and

two-storage stream systems?

Hypothesis:

The vegetation zones are one of the compartments 1in a
stream system, in which the transported solutes can be
exchanged with the main channel. This compartment can be
characterized by prolonged retention time of solutes and
abundant reactive surface for biogeochemical reactions. The

application of a one-storage transport model in a two storage
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stream system is not feasible if the two transient storage

zones have distinct physical characteristics.

Approach:

Bromide tracer injection tests at the field site and
laboratory chemical analysis were conducted to demonstrate
that vegetation zones are active hyporheic zones in a small
stream in addition to streambed sediments. A transport model
was extended to describe a two-storage stream system. The
one-storage transport model was evaluated in terms of its
applicability for modeling transport in the two-storage

Stream system using the extended two-storage transport model.




CHAPTER 2

BACKGROUND

2.1 Description of Pinal Creek Basin

The Pinal Creek drainage basin is in central Arizona
about 100 km east of Phoenix. The Pinal Creek basin is a
typical alluvial basin of the southwest (Figure 2.1). The
major features are sparse vegetation cover on the desert
slopes, a broad alluvial plain with a riparian area near the
streambed, and ephemeral streams (washes) that only £flow
during heavy storm events and spring snow melt from the
mountains. Annual precipitation ranges from 340 to 780 mm yr™
with 1ncreased values associated with higher elevations
(Brown and Favor, 1996). The basin covers S00 km and slopes
from 2400 m above sea level in the mountains to 835 m at
Inspiration Dam in the north (Figure 2.1). The sub-surface
aquifer consists of consolidated basin £fill overlain by
unconsolidated alluvium and occupies approximately 170 km"
(Eychaner, 1991). The unconsolidated alluvium occurs along
Miami wash and Pinal Creek. It is up to 50 m thick and 200 -
800 m wide, and conveys the majority of the flow through the
aquifer (Eychaner, 1991). The alluvium consists predominately

of weathered igneous rock fragments and mineral eroded from

the surrounding highlands. The hydraulic conductivity of the
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alluvium is 100 - 200 m day -, with flow rates estimated at S
mday* (Eychaner, 1989)

Residents in the basin use the aquifer for drinking
water and some agricultural production, and the perennial
reach 1is utilized by cattle and wildlife. Ultimately, the
water flows to Roosevelt Lake where it i1s used for irrigating
croplands, as well as to supplement the Phoenix metropolitan
area‘s drinking water supply.

Copper-mining activities over the past century have
contaminated the aquifer which has been designated as a State
of Arizona Superfund site. Pinal Creek has been designated as
a USGS Toxic Substances Hydrology Program site. Acidic mine
drainage over the past century resulted from oxidation of
sulfide minerals, ore processing, and other mining activicies
in the basin. Unlined surface water Impoundment of acidic
waste water were significant contaminant sources. The single
largest source was likely Webster Lake (Figure 2.1) which
existed from about 1940 to 1988 (pH of lake water was between
2 and 3).

Contaminated acidic ground water was first recognized in
the regional agquifer in the 1930‘'s, and perennial stream flow
in Pinal Creek is known to have been affected by discharge of
contaminated groundwater. An acidic plume with a pH of about
4 has moved about 15 km through stream alluvium of Miami Wash
and Pinal Creek. The acidic part of the plume contains large

concentrations of SO,, calcium (Ca), 1iron (Fe), manganese




(Mn), copper (Cu), aluminum (Al), and zinc (2Zn). The plume is
neutralized and pH increases to between 6 and 7 as it moves
down-gradient, mainly through reaction with calcium
carbonate. The neutralized contaminated ground water 1s
characterized by high dissolved solids (SO, 2,200 mg/L; Ca 500
mg/L), pH between 5.5 and 6, elevated pCO. resulting Ifrom
neutralization of the acidic plume by carbonate minerals, and
elevated concentrations of dissolved Mn, cobalt (Co), nickel
(Ni) and Zn. The metal contaminants in the ground water plume
are discharging into the stream system. A typical chemical

composition of Pinal Creek water is presented in Table 2.1.

2.2 Manganese Chemistry

Manganese is the fifth most abundant metal on the
surface of the earth. Although it can exist in any one of
seven different redox states, 1in nature Mn is most commonly
found with an oxidation state of II, III, or IV. Mn(II) forms
many soluble salts with a wvariety of anions, and several
insoluble carbonate and phosphate minerals. In natural
waters, the soluble form occurs primarily as the free cation,
Mn®. Mn(III) and Mn(IV) form a variety of different insoluble
oxides and oxyhydroxides (Murray and Dillard, 1979), often
referred to as particulate manganese. The most common form of

these is usually given the formula MnO,, where 1 < x < 2. The




Table 2.1: Typical chemical composition of Pinal Creek

water from January 25,

pH in standard units,

constituents in mg/L (Konieczki and Angeroth, 1997)

Constituent Concentration
pH 6.4
Oxygen 6.9
Sulfate 1800
Iron <0.13
Manganese 72.0
Aluminum 1.1
zZinc 0.5
Copper 0.41
Cobalt 0.05
Nickel 0.79




oxidation of Mn(II) typically follows these three
representative stoichiometric relationships, depending on the

oxide product formed:

Mn™" +71)-O: +H,0 & MnO. +2H"

Mn*" +i02 +—3—H:O < MnOOH +2H"

3Mn*" +%o: +3H.0 & Mn,0, +6H"

At the pH and E, values characteristic of the earth’s suriace,
the equilibria of these reactions are shifted from Mn(II) to
Mn(III) or Mn(IV). However, since the activation energy of
Mn(II) oxidation 1is large (Stumm and Morgan, 1996), these
reactions proceed very slowly, and soluble manganese can be
quite stable in natural waters. The 1inorganic oxidation of
Mn(II) proceeds faster as the pH increases and at pH above
9.0 the reaction 1is very rapid. Once oxidation of Mn(II)
begins, the freshly formed MnO, adsorbs Mn(II) and Jgreatly
increases the rate of reaction via autocatalysis. Thus, in
order to predict the rate of Mn oxidation in any environment,
pH, E,, and manganese oxide present must be known.

The ability of manganese oxides to adsorb cations is not
restricted to Mn(II); they are capable of adsorbing many
other cations, and have been referred to as the “scavengers
of the sea” (Goldberg, 1954) because of this capacity. When

Mn(II) oxidation is occurring, there is always the




possibility that other metals (e.g., Co, Cu, Ni, Cd) will be

removed by adsorption to the freshly formed surface.

2.3 Hyporheic Zone

Recent studies have emphasized the importance of small-
scale hydrologic and geochemical interactions between streams
and shallow ground water. The near-stream zone where stream
water and shallow ground water mix is referred to as the
“hyporheic zone” (Triska et al., 1989; Valectt et al., 1990).
Stream water quite frequently has a very different chemical
composition than shallow ground water; mixing of these two
water bodies, therefore, creates chemical gradients that
potentially enhance chemical reactions. Ecologists were the
first to identify the potential role of the hyporheic zone in
creating a zone of enhanced microbial respiration which could
affect biogeochemical processes in the stream. Surface water
hydrologists conducting in-stream tracer experiments
recognized that their experiments might be sensitive to
hyporheic exchange (Bencala et al., 1984; Jackman et al.,
1984). Stream Ctracer experiments potentially provide a means
to quantify the net effect of hyporheic exchange on instream
processes. The transient storage model was developed by

Bencala and Walters (1983) to analyze Sstream tracer
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experimental data and quantify rates of exchange between the
main channel and storage zones (e.g., small eddies, stagnant
zones, and subsurface hyporheic =zones). In shallow streams
with permeable bed material, where hyporheic zones are often
well developed (e.g., Pinal Creek), stream tracer experiments
appear to be very sensitive to hyporheic exchange (Cascro and
Hornberger, 1991). Therefore, transport processes for solutes
at Pinal Creek are greatly affected by physicail and

biogeochemical hyporheic processes.

2.4 Model
Transient storage zones (or ‘dead-zone’) models have
been formulated by a number of authors (Thackston ana

Schnelle, 1970; Valentine and Wood, 1977; Jackman et adi.,
1984). These models add the process of transient storage to
the traditional advection-dispersion equation. The particular
model used in this study was OTIS - One Dimensional Transport
with Inflow and Storage (Runkel and Broshears, 1991). OTIS is
based on a transient storage model presented by Bencala and
walters (1983).

Transient storage occurs 1n streams with zones of water
that are immobile relative to the water in the main channel.
Immobile zones may include pools, eddies, and water isolated

behind rocks, vegetation, or other irregular bottom relief,
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as well as interstitial water within gravel beds and banks.
As a solute pulse moves along such a stream, solute mass
enters storage zones, and the concentration of the solute :in
the active channel is attenuated. After the main body c¢f the
pulse passes, transient storage zones become a source of
solutes to the stream. This transfer of solute mass back to
the active channel <causes a gradual tailing of the
concentration profile.

To account for transient storage, two distinct zones are
defined (Figure 2.2). The first zone represents the main
stream channel. Processes influencing solute concentrations
in this zone include advection, dispersion, lateral inflow,
transient storage, and chemical reaction (Table 2.2). A
second zone, the storage zone, represents all of the Immobile
areas described above. Advection, dispersion, and lateral
inflow do not occur in the storage zone (Table 2.2). Solute
movement between the two zones 1s characterized by first-
order mass transfer.

As with most water quality models, the OTIS solute
transport code is based on differential equations that are
derived using the fundamental concept of conservation orf
mass. Consideration of the processes described in Table 2.2
in the context of the mass balance gives rise to a coupled
set of differential equations. Conservation of mass for the
main stream and storage-zone segments are given by equation

(2.1) and (2.2), respectively:
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Figure 2.2 Conceptual diagram of transient
storage model (OTIS)



Table 2.2 Processes considered in main stream
channel and storage zone

Process Stream storage
Channel Zone
Advection
Dispersion

Lateral Inflow

Transient Storage

SISISIEN

v
o~

Fisrt-Order Decay
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%%:_%%f_ %%(AD%j+%(CL c)+a(c C) AC (2.1)
ja§S—=oz—;ls(C—Cs)—A C (2.2)
where,

A - stream channel cross-sectional area [m‘]

A_ - storage zone cross-sectional area [m‘]

C - in-stream solute concentration [g/m’]

C. - solute concentration in lateral inflow [g/m’]
C. - storage zone solute concentration (g/m’]

D - dispersion coefficient [m‘/sec]

Q - volumetric flow rate [(m’/sec]

q, - lateral inflow rate [m’/sec-m]

t - time [sec]

X - distance [m]

o - storage zone exchange coefficient [/sec]

A - in-stream first-order decay coefficient [/sec]

A, - storage zone first-order decay coefficient [/sec]

To solve equations (2.1) and (2.2) for the general case where
the parameters vary in time and space a numerical solution
technique must be employed. For reasons of accuracy,
efficiency and stability, the implicit Crank-Nicolson method

is used (Runkel and Chapra, 1993). This method is second-




order accurate in both time and space, and produces a
tridiagonal coefficient matrix that can be solved using an
efficient LU Decomposition method, the Thomas Algorithm. In
addition, this method is unconditionally stable; the solution

will not oscillate as the time step is increased.
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CHAPTER 3

METHODS AND MATERIALS

3.1 Field Procedures

3.1.1 Bromide Tracer Injection Test

Stream tracer injection tests were conducted to provide
transport parameters (such as A, D, A&, and o) and to

investigate the hydrological interactions taking place

between the main channel and transient storage zones.

3.1.1.1 List of Materials

e potassium bromide (KBr)

e rhodamine dye tracer

e 5 gallon container of Kbr tracer solution

e fluid metering pump

e 12 volt gel batteries and cables

e injection tube: 3/8” id with 1/16” wall tygon tube

e siphon tube for pump cleaning: 0.08” id with 0.13" wall

tygon tube
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e temperature-control box (cooler)

e blue ice

e pipette tips

e 100 ml graduated cylinder

e 1 or 2 liter plastic beakers

e folding table

e nylon filter

e sampling plan sheet (see Appendix A)
e sample bottles: 125 ml plastic bottle
e sampling scoop

e stopwatch

e duct tape

e metal fence stakes

e nylon lines

e Milli-Q water

e calculator

3.1.1.2 Preparation of Tracer (KBr) Solution

Crystalline KBr was mixed with unfiltered stream water
and dissolved completely. The KBr solution in the reservoir
must be vertically homogeneous 1in tracer concentration.

Tracer concentration is determined by mass-balance equation
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(3.1) using estimated discharge flow rate and target tracer

concentration at sampling site. The mass-balance equation is;

QXCB+qlnij'ln1=QxCrug(r (3-1)
where Q is the in-stream volumetric flow rate ([L*/T]; q.. is
volumetric injection rate of tracer [L*/T]; C, and C., . are

background tracer concentrations of stream water and target
tracer concentration at downstream sampling site,
respectively [M/L’]. The reservoir concentration of KBr used
in this study was usually 250 to 300 g/L.

Based on the same mass-balance equation (3.1), the
stream discharge rate at injection station 1s estimated by
measuring bromide concentration of samples which are taken

from 20 - 30 m downstream of injection station.

3.1.1.3 Setup at Field Site

The setup of a tracer injection experiment at an
injection station is presented in Figure 3.1. The end of the
injection tube 1is covered by a nylon filter to filter
particles from stream water and should be placed at the
bottom of the reservoir to avoid pumping air instead of
tracer solution. The pump and batteries were placed 1in a
temperature-controlled box (cooler), which was cooled with
packages of ‘blue ice’, because the batteries can have

problems and bromide can precipitate at the pump head in hot
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Figure 3.1 Setup of tracer injection experiment
at field site.
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weather. The precipitation of bromide at the pump head can be
prevented by siphoning Milli-Q water cthrough it during the
injection. The location of a injection station was selected
by considering that the injected tracer must be well-mixed

with stream water passing the injection station.

3.1.1.4 Procedure

The procedure of stream tracer injection

experiment was:

1) estimate travel time by injecting rhodamine dye tracer and
decide injection duration needed to reach steady-state
plateau concentration of tracer.

2) make sampling plan sheet, based on estimated travel time.
With regard to sampling plan, we must consider to avoid the
possible effect of sampling of injected tracer at injection
site on the concentration profile at downstream sampling
site. In addition, we have to minimize the sampling time of
injected tracer at injection site (for example, 10 - 15 s).
The time intervals between samples are determined by the
purpose of tracer injection study. For example, if we want
to characterize storage parameters which are estimated from
the rise and shoulder parts of tracer breakthrough curves,
we have to have more data points around rise and shoulder

parts than after the plateau (Stream Solute Workshop,
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1990). The arrival times of the rise and shoulder parts of
tracer breakthrough curves can be estimated from ctravel
time measurements.

3) install injection system at injection station. The
selection of 1injection site should be made based the
physical conditions of stream channel. In order to achieve
the complete mixing of injected tracer with stream water,
the tracer should be injected at relatively narrow and
turbulent point of stream. Alsoc, we need relatively £flat
space at stream bank for stable setup of 1injection
equipment.

4) set and adjust the injection rate of tracer based on
averaged discharge rate of stream water and target
concentration of tracer at sampling site (mass-balance
equation (3.1)).

5) start injection.

€) start sampling followed the prepared sampling plan and
store samples in 125 mL bottles. Be careful to prevent

leakage or evaporation of samples.

3.1.2 Travel Time Measurements

A preliminary estimate of travel time between injection

station and sampling locations was estimated by dye tracer

technique. The method involves slug injection of a dye tracer




at the injection station and recording the travel time of che
front of dye plume as it moved downstream. Dye tracer can be
made in the field by mixing highly concentrated rhodamine dye
with stream water in 2 gal. plastic bucket. The dye tracer is

quickly poured across the entire width of main channel to

simulate homogeneous boundary condition.

3.1.3 Ground water Sampling

Ground water was sampled from 0.5 to 1.0 meters of depth

using stainless steel drive-points (3/8” OD x 1/8" ID x &C”

length). The ground water was pumped using a Geotech Geopump
2 (peristaltic pump) powered by 12 volt gel battery. Samplies

must be taken after the groundwater system is stabilized.

3.1.4 Sediments Porewater Sampling

Porewater samples were collected to detect the
penetration of stream tracer into hyporheic sediments and
chemical analysis. From depths less than 20 cm, porewater
samples were removed using 1/8” diameter stainless steel
points (MINIPOINT) described by Duff et al., 1998 and Harvey

and Fuller, 1998.
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3.1.5 Propane Injection Test

Gas exchange rates were measured by injecting a volatile
gas, propane, into stream water. The details of <chis
technique are available from previous studies (Hulseapp:.e,

1995; Genereux and Hemond, 1992).

3.1.6 Miscellaneous

¢ pH: An Orion model SA 520 or 950A was used to measure pH

in the field.

]

¢ alkalinity: Alkalinity was measured by HACH digital

titrator kits based on Phenolphthalein and Total Usin

nQ

Sulfuric Acid Method.

3.2 Laboratory Procedures

3.2.1 Ion Chromatography

Bromide concentrations of samples collected from tracer
injection tests were analyzed using i1on chromatography
(I.C.). The experimental setup is diagrammed in Figure 3.Z.
The main column, DIONEX Ionpac AS4A, and anion micromembrane
suppressor, AMMS-1, were used to separate the bromide peak

from other chemical constituents. The 100X concentrate eluant
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(180 mM Na.CO, / 170 mM NaHCO,) was prepared by choroughly
dissolving 19.078 g of sodium carbonate plus 14.282 g of
sodium bicarbonate in 700 mL degassed, deionized water and
then diluted to a final volume of 1000 mL. Before analyzing
samples for bromide, the following procedures were used Ior
sample preparation (Figure 3.3). First, the samples were
filtered to remove any particulate matter from the samples.
Second, a barium ion-exchange cartridge was used to reduce or
eliminate sulfate concentration in the samples Dbecause
sulfate concentrations in Pinal Creek are high (1800 mg/Lj
and sulfate has retention time relatively close to that of
bromide. Finally. in order <to avoid precipitation of
manganese within columns of I.C. column, dissolved manganese
was removed by passing samples through a Chelex 100 resin
column. In order to check the accuracy of ZI.C. analysis,

standard samples were run for every 15 Br samples.

3.2.2 Flame Atomic Absorption

Dissolved manganese was analyzed using a flame atomic
absorption (FAA) spectrophotometer (Perkin-Elmer Model 3100
AA). The range for manganese detection is 0.052 to 10 mg/L. A
calibration curve was created using standard manganese
solutions of 0.1, 0.5, 1.0, and 2.0 mg/L as well as Milli-Q
water for zero absorbance. Serial dilution was used to create

Mn(II) calibration standards from SPEX plasma standard
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solution stored in a 5% nitric acid solution. The FAA system
was periodically (every S samples) checked for drift with a

blank (Milli-Q) sample during analysis.
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CHAPTER 4

MODELING CO, DEGASSING AND pH IN

A STREAM-AQUIFER SYSTEM

4.1 Abstract

Pinal Creek, Arizona receives inflow of ground water
with high dissolved inorganic carbon (57 - 75 mg/l) and iow
PH (5.8 to 6.3); there is an observed increase of in-stream
pH from approximately 6.0 to 7.8 over the 3 km downstream of
the point of groundwater inflow. We hypothesized that CO. gas-
exchange was the most important factor causing the pH
increase in this stream-aquifer system. An existing transporc
model for coupled ground water-surface water systems (QOTIS),
was modified to include carbonate equilibria and CO.
degassing, and used to simulate alkalinity, total dissolved
inorganic carbon (C,.) and pH in Pinal Creek. Because of the
non-linear relation between pH and C,, the modified transport
model used the numerical iteration method to solve the non-
linearity. The transport model parameters were determined by
injection of two tracers, bromide and propane. The resulting
simulations of alkalinity, C,, and pH reproduced, without

fictting, the overall trends in downstream concentrations. A
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multi-parametric sensitivity analysis (MPSA) was used to
identify the relative sensitivities of the predictions to six
of the physical and chemical parameters used in the transport
model. MPSA results implied that C, and pH in stream water
were controlled by the mixing of ground water with stream
water and CO, degassing. The relative importance of these two
processes varied spatially depending on the hydrologic
conditions, such as stream flow velocity and whether a reach
gained or lost stream water due to interaction with ground
water. The coupled transport model with CO, degassing and
generalized sensitivity analysis presented in this study can
be applied to evaluate carbon transport and pH 1in other

coupled stream - ground water systems.
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4.2 Introduction

Small streams are often the locations where ground water
enters the surface drainage system. If the ground water
contains elevated concentrations of carbon dioxide (COZ), cthe
degassing process can greatly affect the stream chemistry.
Fischer et al. (1979) and McCutcheon (1989) described simple
transport models for solute transport in rivers that consider
a first-order reaction for solute, and volatilization,
respectively. Fewer studies and model applications have been
undertaken in small streams. Several studies in streams
receiving acid mine drainage(McKnight and Bencala, 198¢;
Broshears et al., 1996; Kimball et al., 1994b; Runkel et ai.,
1996) emphasized the importance of pH iIn controlling the
transport and fate of metal contaminants. Broshears et al.
(1996) described the effect of a pH modification experiment
on an acidic mine drainage stream and attributed cthe
resultant variations in iron and aluminum concentrations to
their precipitation being enhanced by increasing pH. Also,
they simulated the downstream pH variation as being due to
hydrolysis of aluminum and iron or desorption of protons from
the stream bed, under the assumption of CO. equilibration with
the atmosphere. In this paper, we examine the effect of CO.
degassing in stream pHE for a stream receiving ground water

with an elevated concentration of CO,.
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Carbon dioxide (CO.) is introduced into stream systems
due to microbial respiration in soil and ground water system
due to anthropogenic activities. Acid groundwater plumes that
result from mining activities often contain elevated COZ
concentration that resulted frem geochemical neutralization
reactions with aquifer materials. CO. in stream may be lost by
degassing., consumed by photosynthesis or produced oy
biological respiration. The excess CO. introduced to stream
water is likely to play an important role in the transport of
various metals introduced from mining activities. For
example, CO. concentration can control the in-stream pH, which
is key variable in metal chemistry affecting reactions, such
as metal precipitation or dissoclution. Improved model of CO.
transport potentially could improve understanding of metal
transport in contaminated stream.

Loss by volatilization is often modeled as a first-order
process with volatilization rate constants. Empirical
correlation for determining volatilization rate constants has
been typically developed from large streams and rivers (
Ruthbun, 1977; Duran, 1985). Genereux and Hemond (1290)
developed a model for the transport of a volatile solutes,
(such as naturally occurring radon-222) in a small stream in
Massachusetts. Their model simulated the concentration of
radon-222 in groundwater inflow to a stream based on stream
mass balance of water, propane tracer, and naturally

occurring radon-222. Heekyung et al. (1995) extended that




approach to determine in-situ biodegradation rates cf toluene
in East Drainage Ditch in Massachusetts by a mass balance
approach that distinguished between toluene volatilization
and biodegradation.

In this study, it was hypothesized that the mass-
transfer 1limited CO., degassing 1s the Kkey process 1in
controlling the stream pH in small stream system receiving
groundwater inflow with high dissolved CO.. In order to
describe this system, we extended a transport model ¢to
include carbonate speciation and mass-transfer-limited CO.
degassing and conducted volatile <tracer experiments to
determine volatilization rate constant. The model was used to
predict in-stream pH changes for a small stream, Pinal Creek,
Arizona, that receives CO.-laden ground water. A sensitivity
analysis approcach was used to evaluate the relative
significance of the processes 1involved in —the coupled
transport model. This generalized sensitivity analysis
provides an integrated view of the system by considering the
relative significance of parameters across the range of

possible variation at the field site.




4.3 Field Study

Pinal Creek basin is within the upper Salt River basin
in the central highlands of Arizona (Figure 4.1). The Pinal
Creek basin covers an area of 505 km* and ranges in elevation
from 2400 m above mean sea level at its maximum to 835 m at
Inspiration Dam (Eychaner, 1991). The ground water aquifer
located in the drainage basin comprises 170 km’ including 17
Km* of unconsolidated sand and gravel alluvium. The alluvium
consists of material derived from the surrounding uplands and
includes detritus of igneous, metamorphic, and sedimentary
origin (wWalter and Norris, 1991). Surrounding the alluvium is
the Gila Conglomerate that is characterized by its calcareous
cement (Walter and Norris, 1991). The surrounding uplands are
comprised of Precambrian granite and younger Tertiary dacites
(Wilson et al., 1959) and have been the source of copper and
other metals for the mines in the region since the late 1800s
(Peterson, 1962).

Active mining has taken place in the Globe area of the
Pinal Creek drainage basin during most of the last century
(Figure 4.1). Mining activities 1in the basin have released
acidic waste solutions that have initiated a complex series
of geochemical reactions within the aquifer resulting 1in
contamination of both ground and surface waters within the

basin. Ground water that reaches the stream 1is partially
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Figure 4.1 The Pinal Creek study site with sampling locations
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neutralized due to interaction with alluvial CaCO. (Eychaner,
1991).

The study area for this work was located in the upper 3
km of the perennial flow of Pinal Creek from Setka Ranch to
the Pringle diversion dam (Figure 4.1). Twelve measurement
stations (Z-0 to Z-11) were established in cthe study reach
for hydrologic and water quality work. Five of the twelve
sampling points (Z-1, Z-4, Z2-6, Z2-9, and Z- 11) were used for
the present work (Figure 4.1).

To collect the chemical and physical data for the stream
system, such as flow rate, groundwater exchange, gas exchange
rate constant and stream chemistry (alkalinity and pH), we
used propane injection test and bromide tracer iInjection
test. The point of injection for propane was made
approximately 50 m upstream from Z-1. The propane :Injection
began at approximately 1830 on August 1, 1994 and was
maintained at a constant rate until 0430 on the morning of
August 2, 1994. Two propane sampling rounds were conducted
during the injection period. At each round, triplicate
samples were collected in 60 ml amber vials. Sample vials
were sealed without any head-space using plastic screw-caps
with Teflon coated silicon septa. Samples were immediately
placed on 1ice wuntil transported to the laboratory. Upon
arrival at the laboratory at approximately 1100 August 2, the

samples were stored at 2 °C until analyzed the following day.
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Propane samples were analyzed using a Varian model 3740
gas chromatography equipped with a flame ionization detector
(GC/FID). The GC column consisted of six £feet of 1/8" 1ID
brass tubing packed with Poropak Q (80/100 mesh). Instrument
settings were as follows: column temperature, 80 °C; injector
temperature, 150 °C; ion detector temperature, 21C C and;
carrier gas (N.) pressure, 30 psig. Propane retention time was
approximately 1.2 minutes. The GC/FID was calibrated using
head-space from the prepared agqueous standards. This method
was verified wusing a 731 ppm propane/air mixture from
Matheson Gas (Hulseapple, 1985).

Each propane sample vial was brought to room temperature
two hours prior to analysis. A 5 ml artificial head-space was
injected into the sample vial l hour prior to analysis and
the sample was placed in an oven set at 3C °C. A single 0.5 or
1.0 ml volume of head-space was withdrawn from each sample
vial and injected into the GC. Heads-pace concentrations of
propane were determined from calibration curves. Calculated
concentrations were then averaged for each set of three
samples. The bromide tracer injection test was performed in
June of 1994 to evaluate the stream flow rate and groundwater
exchange with stream. The highly concentrated bromide
solution was injected at upstream and sampled from stream
water at downstream, such as 21, z4, z9, Z11. The

breakthrough curves from the bromide tracer injection tests
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could provide the information of stream flow rate and
grcundwater exchange.

Alkalinity and pH were measured in stream water at each
sampling point in June and August of 1994. June groundwater
chemical data were used in the August simulations bpecause
previous work indicated that the variation o©of chemical
concentrations 1in ground water Dbeneath the stream 1is
negligible over these months (Harvey and Fuller, 1994). The
pPH measurements were made using Orion model 231 pH meters
with equipped with Orion Ross combination electrodes. Samples
for alkalinity titration were collected at the time of the pH
measurements. Alkalinity titration was conducted
approximately 2 hours after sample collection using 0.1€ N
H.SO,. Total dissolved inorganic carbon was calculated with
MINTEQAZ using alkalinicy, field measured pH and temperacture
(Table 4.1), and an average Pinal Creek background chemical

composition (Table 4.2) as input parameters.




Table 4.1 Pinal Creek surface water and groundwater
chemistry. C, values of surface and ground water were
calculated from measured pH and alkalinity.

~Surface water ‘Groundwater
Reach pH ALK. C pH ALK. C;
endpoint (meg/L) | (mg/L) (meg/L) | (mg/L)
Z1 6.69 1.50 24.70 | 5.87 1.32 69.33
Z4 6.71 1.54 25.05 | 5.88 1.30 57.43
June ‘94 Z6 6.72 1.65 26.68 | 6.04 1.75 59.93
Z9 7.07 1.84 25.50 | 6.31 3.12 74.69
Z11 7.28 1.85 2432 | 631 3.12 74.69
Z1 6.78 1.26 19.70
Z4 6.98 1.32 18.86
August ‘94 Z6 7.00 1.41 20.00 based on June data
Z9 7.20 1.58 21.14
Z11 7.64 1.70 21.25




Table 4.2. Background solute concentrations in mg/L
from Longsworth and Taylor (1992) used in MINTEQAZ
calculation

species concentration
(mg/1)

Mg 140
Na 100

K 5.3
Mn 61
Ca 619
SO, 2300
cl 115
sio, 56
Ba 27
cd 5.0x107*
Cu 28%x10°°
Fe 81x10°*
Ni 745%x10°°
Ag 14x10°°
Sr 23%10°°
Zn 48x10°°
Li 270x107:
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4.4 Modeling Approach

Solute transport in Pinal Creek was simulated using a
one-dimensional solute transport model that accounted for
physical processes including advection, dispersion and

groundwater inflow:

I __Qac
ot A

A is stream channel cross-sectional area [m'], C is in-stream
solute concentration [gm’], C. is solute concentration in
lateral inflow {gm™”], D is dispersion coefficient [m's], Q
is volumetric flow rate [(m’s™], g, is groundwater inflow rate
(m’s™m™*], t is time ([s], and x 1is distance [m]. The one-
dimensional physical transport model (0OTIS), developed by
Runkel and Broshears (1991), was used to solve eqguation
(4.1).

In order to simulate the transport of a non-conservative
solute such as total inorganic carbon (C.)}, OTIS was extended
to include mass-transfer limited CO. degassing and agueous
carbonate equilibria. The analysis of the Pinal Creek stream
water (Table 4.2) using the chemical equilibrium model
MINTEQA2 (Allison et al., 1991) indicated that contribution

of non-carbonate species to the alkalinity was less than 1 %.
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As a result, the concentration of dissolved inorganic carbon
could be used to calculate alkalinity. Also, the results from
MINTEQA2 simulations indicated that for all sampling points,
H.CO_" ([CO.(aqg)’] + [H.CO,]) and HCO, comprised approximately °S
% of the total inorganic carbon. The remaining S5 % consisted
primarily of CaHCO,” and MgHCO.". Therefore, the tota:
inorganic carbon concentration (C.) was assumed to consist

only of the following carbonate species:
C; =[C0.(aq)|+[H.CO,]|+[HCO; |+[CO; | (4.2)

Based on MINTEQAZ2 simulations for alkalinity and carbonate
speciation, the stream pH was calculated from the £following

relation(DiToro, 1976);

ALK =[HCO; |+ 2{cOi™|+[oH™ |- [H"]
") e

W
(99}

where ALK 1is alkalinity. Considering the 1ionic strength

effect and measured pH range of the stream water, the [CO, "]

can be neglected in equation 3. °K.=K./ (Yo, '), K= K./ (Yo’

W), Y = activity coefficient, and K, is the carbonic acid

dissociation constant. For this study, the first acid




dissociation constant was corrected for temperature and ionic
strength: -log(K.) = 6.381 and -log(K,) = 14.17 at 20° C and
zero ionic strength (Stumm and Morgan, 1996).

The stream pH can be calculated from equation (4.3),
using the concentrations of alkalinity and total inorganic
carbon obtained from the simulations. Assuming that
precipitation of carbonate minerals is 1insignificant to the
stream carbon balance, alkalinity can be considered a
conservative quantity, since the loss or addition of
dissolved CO. does not change the charge balance of the system
(Stumm and Morgan, 1996). Because there 1is no reactive
production or 1loss 1in alkalinity, the governing transport
equation for alkalinity is given by (4.1).

The gcverning transport equation for C. including the
loss of dissolved inorganic carbon from stream to atmosphere

by degassing can be expressed by:

X 0¥ 19
ot

|

i
#le

S
¥|

ac,\ 9 ~
e o

where C, is the concentration of total dissolved inorganic
carbon in groundwater inflow, and rc. is a reaction term.
Exchange of CO. across the air-water interface was modeled as
a simple mass-transfer limited process dependent on a rate

constant and the difference between the saturated
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concentration and actual concentration of the solute (Bennett

and Rathbun, 1972):

re, = k(aoCT—[CO:(aq)']) (4.5)
where 0,is the fraction of total inorganic carben in H.CO.  (a.
= [H']1/([H']1+K,)) and CO.(aq) 1is the equilibrium saturation

concentration and Kk is the gas exchange rate constant [s™°].
By incorporating this CO. degassing reaction, the transport

equation (4.4) for C. can be rewritten as:

éﬁ = —gg—c—r-+ii(AD§C_T) +M(Cn - CT)_ k(“OCT —[COz(aq)'])

(4.6)

Because the pH is an unknown variable (pH =-log[H']) and can
be calculated only through the alkalinity - C. - ©pH

relationship (3), the transport equation (4.6) for C. is non-

linear due to the ionization fraction (a,), which depends on

pPH. In order to simulate the pH, both governing equations for
alkalinity and C, were solved simultaneously. Based on the
implicit Crank-Nicolson discretization (Runkel and Chapra,

1993) of the governing equation, we implemented the numerical




iteration method to soclve the non-linearity 1in the transport
equation of C..

The chemical and physical parameters involved 1in the
model were estimated based on the field studies such as
bromide tracer injection test and propane 1injection test.
Stream flow rate (Q) and groundwater Inflow (g..,) were
determined by tracer dilution gaging (Kilpatrick and Cobb,
1985). Groundwater exchange with stream in this study were
evaluated based on both velocity meter gaging measuremnents
and analysis of the June bromide tracer injection test.
Velocity meter gaging in the stream in August, 1994 provided
data to calculate the net exchange of ground water and stream
water in each reach. Dilution gaging in June, 1994 provided
an estimate of groundwater inflow to each reach. We combined
both data sets and computed, by difference, stream water loss
to ground water in each reach.

A non-linear regression approach ( Wagner and Gorelick,
1986) was used to estimate the other parameters of the
physical transport model, 1i.e. the cross-sectional area of
the main channel and the longitudinal dispersion coefficient.
This technique vyielded estimates of the optimal values of
parameters associated with the transport model by matching
simulated and observed concentration of the injected BRr
tracer. Solute concentration 1in groundwater inflow (C,) was
measured in shallow groundwater (2 meters} collected using

drive-point samplers.




To simulate the total inorganic carbon, the gas exchange
rate constants should be evaluated for every reach. The gas
exchange rate constant, k, was estimated from a tracer
experiment involving the injection of a volatile and a
conservative solute tracer (Tsivoglou et al., 1965). We used
the constant rate injection method (Tsivoglou, 1967; Bennetct
and Rathbun, 1972; and Genereux and Hemond, 1990), which has
the advantage of requiring fewer samples. Tsivoglou er ai.
(1965) provided an equation to compute k., based on dilution of

a conservative tracer such as chloride (Cl7),

(CP s \w
/C
kp = l1[1 L ~C/a

(C,,
v (G, ).

where C. 1s the concentration of the conservative tracer, C.
is the concentration of the volatile tracer (propane), and k.
is the gas exchange rate constant for propane.

In the determination of the propane degassing rate, it
was assumed that no losses of stream water to ground water
occurred in reaches that gained water by ground water inflow.
In that case, (CQ), = (C.Q), for a conservative solute

injected upstream of point A, and Equation 4.7 becomes
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1 C

kp=—1n( -2), (4.8)
rr (CPQ)B

For a reach that loses water on a net basis, it was

assumed that no inflow occurred at any point along the reach.
Therefore, C. does not change along the stream reach and

Equation 4.7 becomes

The ratio of k's for two gases has been shown to be constant.
Kilpatrick et al. (1989) reported the constant for propane

and carbon dioxide,

-~

co.

The mathematical models may include ill-defined
parameters that cannot be measured with a high degree of
accuracy in the field or in the laboratory. These ill-defined
parameters will severely limit the accuracy of any single
simulation and increase the difficulty of assessing the
applicability and utility of a model to a physical situation.
In an attempt to overcome this difficulty, it has been

proposed that the sensitivities of parameters in the model be
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evaluated by assigning a degree of uncertainty to each

parameter (Hornberger and Spear, 1981; Chang and Delleur,

1992). This multi-parametric sensitivity analysis (MPSA)

followed the procedure proposed by Chang and Delleur (1992).

The procedure is given in the following:

1) Select the parameters to be tested

2) Set the range of each selected parameter to include the
variations experienced in field measurements

3) For each selected parameter, generate a series of, for
example, 500 independent random numbers with a uniform
distribution within the design range

4) Run the model using selected 500 parameter sets and
calculate the objective function values

5) Determine whether the parameter set 1s acceptable or
unacceptable by comparing the objective function value to a
given criterion (R)

6) Statistically evaluate parametric sensitivity. For each
parameter, compare the distributions of the parameter
values associated with the acceptable and unacceptable
results. If the two distributions are not statistically
different, the parameter 1s classified as insensitive,
otherwise, the parameter is classified as sensitive.

The objective function values of the sensitivity
analysis were calculated from the sum of squared errors

between observed and modeled values:




68

n

F=3 (x) - x(D) (4.11)

=1

where f is the objective function value and x.(i) and x.(i)
are calculated and observed values, respectively. Observed
values were calculated from simulations that used the mid-
points of the characteristic ranges for each parameter. The
ranges for each parameter were determined from minimum to
maximum values that were obtained from parameter estimations
and field measurements through reaches (1 - 4). If the
objective function value obtained from the simulation was
less than a subjective <criterion then the result was
acceptable, otherwise the result was unacceptable. Three

different objective function values were tested for

I

subjective criterion. Those values defined the 23, 50 and €6
$ divisions of 500 sorted objective functions. A test
indicated that MPSA results were not affected by the choice
of the subjective criterion. The 50 % criterion was used for
the further analysis in this paper.

A reactive solute, such as C. and pH, can be affected by
both physical and chemical parameters. In this study, MPSA
was performed for the selected physical parameters of ground
water inflow/outflow, cross-sectional area of main channel
and CO2 degassing rate constant, and chemical parameters of

solute concentrations of ground water inflow. We executed 500
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simulations using randomly chosen parameter sets having

uniform distribution.
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4.5 Results

The net balance of stream flow at each reach indicated a
net loss of stream flow from Z9 tc 211 and a net gain of
stream flow in the other three, from Z1 to Z9 for June, 19%94.
In contrast, the net balance of stream flow obtained from
August, 1994 showed a net loss of stream flow from Z1 to Z4
and Z9 to 211, and a net gain from Z4 to 26 and Z6 to 29
(Table 4.3).

Temperature corrected propane gas exchange rate
constants calculated for both rounds (k,,, ) ranged from 6.8
hr™* (Z-1 to Z-4, period 2) to 1.2 hr* (2-6 to 2Z-11, period 2)
(Table 4.4). Standard deviations of measurements of propane
at each sampling point during each sampling round were
generally less than 25 % of the mean. Exceptions include 2-°
samples from both sampling periods, which had standard
deviations of 47.5 and 40.7 %, and period 2 samples from Z-6
with a standard deviation of 32 %. The high variability in
propane results was probably due to sampling and/or
analytical errors. For reach 2-6 to 2Z-9, the difference
between estimates for the two periods suggested that the
variability of the propane analysis was too great to predict
k, with reasonable accuracy between these two sampling points.
As a result, 2Z-9 was discarded as a reach endpoint 1in

subsequent gas-exchange calculations. Gas exchange rate




Table 4.3 Summary of physical and chemical parameters

Reach Length A GO Qour D k™ Coaux  Clic Temp.
m m
m's'm’ m's'm' m’s’ s megl.'  mglL' °oC
June, ‘94
#3(26-29) 572 038  saoxjof 000 2163 ggicq0? 244 6549 250

#4(Z9-ZI1) 1520 035  |a0x10°  295¢10° 0619 agkjot 312 6549 250

August, ‘94

#LEZE-24) 303 022 345x10°  5.39x10° 1.82x10° 22.0
#2 (74 - 26) 588 0.28 g 69x10°* 0.00 bascdon | 4ox10* based onJuncdata  26.0
#3 (26 -29) 572 0.34 4.81x10° 0.00 June data 4.77%10* 23.7
#(Z9-Z211) 1520 041 30ixj0*  3.25x10° 4.77x10" 23.7

* The volumetric flow rate at 21 (upper boundary) was 0.126 m'/s. and 0.118
m'/s.for June and August, respectively. Based on q, ,, and q, ,,. the volumetric
flow rate at each end-point was calculated.

** Degassing rate constants were corrected for temperature dependence.

1L



Table 4.4 Calculated gas exchange rates for propane and CO.

corrected to 20°C with range. Range based on *1 standard
deviation of propane data.

——

" Reach

_ K, .o (hr') Range Kegoag () ange
Round 1
Z1-74 342 2.71 - 4.05 4.25 3.37 -5.04
Z4 - 76 5.03 493 -5.13 6.25 6.13 - 6.38
26 -79 1.43 1.39 - 1.48 1.78 1.73 - 1.84
}9 -Z11 1.43 1.39 - 1.48 1.78 1.73 - 1.84
Round 2
Z1-74 6.83 6.53-7.12 8.49 8.11 - 8.85
74 -76 2.47 2.13-2.79 3.08 2.64 - 3.46
26 -79 1.18 1.10 - 1.25 1.46 1.36 - 1.57
Z9-711 .18 1.10 - 1.25 1.46 1.36 - 1.57
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constants for C02 calculated using Equations 8 chrough 10
and corrected to 20 ‘C (Metzger, 1968) ranged from 6.3 to 1.8
hr™ for the first period and 8.5 to 1.5 hr* for period 2,
respectively (Table 4.4). The gas exchange rate constants for
CO. calculated from k., were within che range of reported
values from similar field studies conducted on other streams
(Genereux and Hemond, 1990 and 1992; Parker and Gay, 1987;
and Longsworth, 1991).

Figure 4.2 shows the observed alkalinity, cotal
inorganic carbon, pH and the results of simulations conducted

under the physical and chemical conditions described :In

Tables 2 to 4. The potential error <£rom measurements of

alkalinity (£ 15 %) and degassing rate constant (one standard

deviation) were considered in the simulations, and is
indicated by error bars on simulation results and ranges of
observed concentration on Figure 4.2. The simulated
concentration of alkalinity showed gradual downstream
increase and agreed within 6.9 % and 5.0 % of the £field
measurements of June and August, respectively.

The modeling results of total inorganic carbon followed
the trends of measurements with some deviation and were
within 8.4 % and 11.4 % of the measurements of June and
August, respectively. The C, concentrations along the study

reaches were almost constant, even though there was
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continuous groundwater inflow with higher C. 1into stream
water.

Based on the simulation results of alkalinity and total
inorganic carbon along the entire <reach, the pH was
calculated for each observation station by using the
alkalinity - C. - pH relationship given in Equation 4.2. The
calculated pH values are plotted cn Figure 4.2 with the
observed pH from June and August field measurements. Although
there were minor deviations between observations and
simulations, the simulated pH followed the general trend of
increasing stream pH, and agreed within 3.8 % and 5.4 % of
observed pH of June and August, respectively.

From the results of MPSA with the selected six physical
and chemical parameters, the cumulative frequency
distributions of equal-acceptable-unacceptable cases are
shown in Figure 4.3 for alkalinity, C. and pH. The modeling
results of stream alkalinity were very sensitive with respect
to the alkalinity and the inflow rate of ground water (Figure
4.3, (a)). We infer, therefore, that the stream alkalinity
was controlled by the interaction between groundwater and
stream water. However, the pH and C. in stream water were
sensitive with respect to CO. degassing rate constant as well
as interaction between groundwater and stream water (Figure
4.3, (b) and (c)). The modeling of stream pH was also
sensitive to the alkalinity and C, concentrations of

groundwater (Figure 4.3, (c)).
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Degassing rate const. G.W. inflow G.W. outflow Channel area G.W. ALK. GW. TIC
1.0
9
[}
'l
?
1
)
’
’
P ’
4
.
/
/,
p
'y | A
" 2.460-3 3.01e-6 9.69e-5 0.00 5.39e-5 0.22 048 1.31 261 57.46 69.04
(1sec.) (m*/sec.-m) (m’Isec.-m) (m’) (meqn) (mgh)
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4.6 Discussion

Previous work on reactive solutes transported in streams
have been focused either on solute uptake or production due
to interaction with sediments or shallow ground water
(Bencala et al., 1984; Kimball et al., 1994a), or on volatile
solutes (Genereux and Hemond, 1992). A more recent study
determined rates of volatilization of a volatile organic
compound, independently of the rate of loss of that compound
by interaction with sediments (Heekyung et al., 1995). The
present study combined the general approach of the previous
works with thermodynamic equilibrium considerations for
carbonate chemistry and CO, degassing.

We supplemented the OTIS transport model with carbonate
equilibrium speciation and mass transfer limited CO.
degassing. The extended model reproduced the major trends in
concentrations of both C, and pH as a function of distance
downstream (Figure 4.2). The differences between observation
and simulation were most likely due to the uncertainties in
estimating the parameters, such as groundwater inflow rate
and/or the rate of gas exchange. Also, we can not exclude the
possibility that other processes (e.g. plant respiration or
carbonate precipitation) which are not included in the model,
may have affected the pH of stream water. In order to

identify the significance of CO, degassing and interaction
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between ground water and surface water, we compared the
results obtained from simulations that include and exclude CO.
degassing (Figure 4.4). As we can see from Figure 4.4, the
effect of CO2 degassing is necessary to account for observed
trend of C, and pH (Figure 4.4, (a) and (b)). In addicion, the
interaction between ground water and surface water played an
important role in controlling the stream pH (Figure 4.4,
(c)). The simulation results without the groundwater
interaction showed that the simulated pH of June and August
displayed the discrepancies of 14.8 % and 9.1 % from the
observed ranges of pH, respectively (Figure 4.4, (c)).

From the multi-parametric sensitivity analysis £for cthe
simulation of alkalinity, the groundwater inflow rate and
alkalinity were identified as the most important parameters
(Figure 4.3). The transport of alkalinity was controlled
mainly by the dilution and/or concentration process through
groundwater inflow into stream water. C. was highly sensitive
to CO, degassing as well as interaction between ground water
and stream water. Because of the interdependency between pH,
alkalinity and C,, pH was sensitive to both physical and
chemical parameters: CO. degassing rate, groundwater inflow
rate and concentrations of alkalinity and C, in ground water.

The relative sensitivity of a particular model parameter
varied between reaches depending on the other processes that
were active and on the hydrological conditions. In order to

identify the spatial variations of the relative sensitivities
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of the selected parameters, MPSA was applied for each study
reach (reach 1 to 4), which have their own specific
hydrologic conditions: gaining/losing reach, flow rate and
channel cross-sectional area. The results from these
localized MPSA showed that the relative sensitivities of
parameters varied from reach to reach. For example, CO.
degassing was not sensitive in reach Z and 3, but it was in
reach 1 and 4 (Figure 4.5). The relatively high sensitivity
of CO. degassing in reach 1 and 4 could be explained by the
lower groundwater inflow rate, which caused a decrease in the
sensitivity to groundwater interaction. In addition, cthe
sensitivity to CO. degassing at reach 1 was enhanced by the
longer travel time per unit length resulting from the slower
stream velocity. The amount of CO. degassed from stream water
to the atmosphere was sensitive to the travel time of stream
water and degassing rate, which vary spatially according to
the geometry of reach. Our interpretation from localized MPS2
is that the relative sensitivity of a process depends on the

significance of other processes that occur simultaneously.
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process. Solid and dotted lines indicate acceptable and unacceptable cases,
respectively. Abscissa represents the ratio of the gas exchange rate constant
randomly chosen for MPSA to the midpoint (standard) of its range.



4.7 Conclusion

Discharge of chemically distinct ground water tCo stream
water can affect the stream pH, which is very important in
the chemistry and ecology of a stream system. For example,
inflow of ground water with high dissolved inorganic carbon
into a small stream system can change the stream pH.
Degassing of CO. can also affect pH. The balance between these
processes in addition to bioclogical activity and carbonate
precipitation and their effects on pH, influence chemical

transformations of solutes such as metals whose mobility In

=1

the stream water is affected by pH. In the case of Pina
Creek, the ground water also contains elevated concentration
of dissolved Mn(II) and trace amount of other metals.
Precipitation and/or dissolution of the Mn(II) and other
trace metals in a stream system 1is generally controlled by
the stream pH. Stream pH also has a strong influence on
ecological environments for micro-organisms, which can
mediate biochemical transformations through oxidation and
reduction of heavy metals. Therefore, improved understanding
and modeling of the processes that control stream pH 1s key
to being able to predict the fate and transport of many heavy
metals in Pinal Creek and other small stream systems with

similar hydrological and geochemical conditions.
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CHAPTER 5

TRANSPORT MODELING OF DISSOLVED MANGANESE
INVOLVING pH-DEPENDENT MICROBIAL PROCESSES

5.1 Abstract

Numerous chemical and biological reactions occur in the
hyporheic zone (a zone of mixing between surface water and
shallow groundwater) in streambeds. The rates of <these
reactions can be dependent on parameters, e.g. pH or
dissolved O. concentraticn, that can vary spatially in the
stream. We present an extension of a transport model, <that
incorporates a spatially varying kinetic parameter, and apply
it in a forward modeling scenario for Mn(II) oxidation in
Pinal Creek, Arizona. We use laboratory-determined rate
constants for pH-dependent Mn(II) oxidation combined with
field-measured flow characteristics and pH gradients. The
stream chemistry of Pinal Creek varies over 2 km downstream
of head of flow: pH in the stream increase from approximately
6.0 to 7.8 and dissolved Mn(II) decreases from approximately
70.0 to 50.0 mg/L. The model assumes that all Mn(II) removal
takes place in the hyporheic zone. Simulations of dissolved
Mn(II) agreed well with the observed trends without adjusting
the reaction coefficients. A multi-parametric sensitivity

analysis (MPSA) was used to identify the relative
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sensitivities of the predictions to eight physical and
chemical parameters used in the transport model. MPSA results
indicated that the most significant controls on the transport
of dissolved Mn(II) in stream water were the inflow of high-
pCO, groundwater to the stream, pH variation in the stream,
and the pH-dependence of microbially mediated uptake of
manganese in the hyporheic zone. These results demonstrate
that the spatial variation of pH 1is the key factor in
affecting the transport of dissolved manganese in this desert

stream system through its influence in controlling

biogeochemical reactions.
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5.2. Introduction

Hyporheic zones in small creek and stream can pe the
site of redox reactions (Benner et al., 1995; Harvey and
Fuller, 1898) . These zones are characterized by the
interaction of stream bed with a mixture of shallow
groundwater and surface water. Rate-limiting reactions cthat
occur in these zones can be a function of aquecus chemistry
in hyporheic zones (e.g. pH or dissolved oxygen) as well as
properties cf the streambed sediments (e.g. metal coating or
microbial populations) . In stream systems where
concentrations of a reactant involved vary with downstream
distance, e.g. pH change due to CO. degassing (Choi et al.,
1998), the rates of these reactions can vary. The research
reported in this paper is the extension of a stream transport
model for a coupled surface water / shallow ground water
system incorporating spatially varying rate constants. This
extended model is applied to a pH dependent process, Mn(II)
oxidation, in a stream system with varying pH, Pinal Creek,
Arizona. In this research, laboratory-measured pH-dependent
oxidation rate constants, field-measured ©pH and flow
characteristics determined by Br tracer injection are used in
forward modeling of dissolved Mn(II) transport.

In Pinal Creek, a decrease of dissolved manganese
concentration (4-15 mg/L/Km) and an increase of in-stream pH

(6.0 to 7.8) have been observed in the distance from the head
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of these transport models is the use of a singlie kinetic rate
constant for first-order reactions. While these models can
accurately describe physical transport, they often
overestimate or underestimate the effects of biogeochemical
reactions, because the interdependency between reaction rate
and controlling factors is neglected. Runkel et al. (19%€)
presented a coupled transport model by combining a physical
transport model and a chemical equilibrium model to gquantify
pH-dependent equilibrium reactions. However, this coupled
equilibrium-based transport model does not account for first-
order kinetic reactions.

In this study, the model was used to predict the fate
and transport of dissolved manganese in the stream system. 2
sensitivity analysis approach was used toc evaluate the
relative significance of the processes involved in the
transport model, especially the effect of pE variation along
the study reach on the transport of dissolved manganese. The
approach employed in this study can easily be transferred cto
other coupled surface water / groundwater system with other

spatially-varying kinetic processes.
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5.3 Study Site

The Pinal Creek drainage basin is 1in central Arizona
about 100 Km east of Phoenix (Figure 5.1). Globe and Miami
are the principal communities in the basin. The Pinal Creek
basin covers an area of 505 Km° and ranges in elevation £from
2400 m in the Pinal Mountains to 835 m at Inspiration Dam
(Eychaner. 1991). The groundwater aquifer located in the
drainage basin comprises 170 Km" including 17 Km~ of
unconsolidated sand and gravel alluvium. The alluvium
consists of material derived from the surrounding uplands and
includes detritus of igneous, metamorphic and sedimentary
origin (Walter and Norris, 1991). Surrounding the alluvium Is
the Gila Conglomerate that is characterized by 1ts calcareous
cement. The surrounding uplands are composed of Precambrian
granite and younger Tertiary dacites (Wilson et al., 12E9)
and have been the source of copper and other metals £for cthe
mines in the region since the late 1800’'s (Peterson, 1962).

Mining began in the area in the late 1870's with the
production of ilver ore from several underground mines.
Copper has been mined in the basin since 1882, first in
underground mines and in open-pit mines beginning in 1948.
Acidic-mine drainage resulted from wastes due to oxidation of
sulfide minerals, ore processing, and other mining activities

in the basin seeping into the alluvial aquifer. The leading
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edge of the resulting acidic and suboxic groundwater plume
has been neutralized by alluvial calcite minerals.
(Stollenwerk, 1994). Geochemical reactions of the plume with
alluvial materials have released substantial amount of
dissolved Mn(II). The neutralized plume is characterized by a
pH of around 5.5, low dissolved oxygen (< 0.1 mg/L), high-

dissolved solids (SO, 2200 mg/L; Ca 500 mg/L) and elevated
concentrations of manganese (80 mg/L), nickel (1200 ug/L),
cobalt (60 Mug/L), and zinc (1200 ug/L). The discharge of cthis

partially neutralized groundwater plume 1is the source of

manganese contamination in Pinal Creek stream water.




5.4 Model Extension

In this study, a transport model (Runkel and Broshears, 1991)
was extended to include the microbially mediated removal of
manganese, which is controlled by the spatial variation of pH
within the study reach. The governing equations of <the

extended pH-dependent transport model are,

o Qdc 1d(, ) 4 w .

;"_X—+X—[AD_]+7(CL_C)+OZ(CS—C)—A(pH)C (5.1)
aC A

S _ - _ (=

— _aAS(C CS) A (pH)C, (5.2)

where t and X are time and distance along the stream; C, C_,
and C. are solute concentrations in the main channel, storage
zone, and groundwater inflow, respectively, [M/L°]; Q is the
in-stream volumetric flow rate, [L°/T]; g, is the groundwater
inflow rate, [L°/T]; D 1is the longitudinal dispersion

coefficient in the main channel, ([L*/T]; & and A_ are the

cross-sectional areas of the main channel and storage zone,
respectively, [L°]; and o is the exchange rate with the
storage zone. A(pH) and A_(pH) are the effective first-order

rate constants of the main channel and storage zone,

respectively, [(1/T]. representing the pH-dependent biotic and
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abiotic uptake processes of manganese. In the modified code,
measured values of stream pH are input and uptake rate
constant is adjusted accordingly.

At the Pinal Creek, the manganese uptake rate in the
main channel can be neglected because the reaction rates are
slow compared to transport time in the stream (Harvey and
Fuller, 1994). The pH-dependent uptake of manganese at Pinal
Creek 1is assumed to occur mainly through microbial processes
in hyporheic sediments (Hulseapple, 1995; Harvey and Fuller,
1998; Marble, 1998).

In this study, the measured rate constants of Marble
(1998) were combined with the physical transport parameters
of Harvey and Fuller (1998). The rate constants were

determined under natural conditions (a mixture of abiotic and

biotic processes) and under abiotic condition (i.e., a
biological inhibitor, sodium azide, was added) (Marble,
1998). The resulting simulations of Mn(II) transport were

compared to field measurements without fitting or adjustment
of transport parameters or rate constants. The rate constants
in the transport model were specified on the basis of
observed spatial variation of pH and the relationship between
pH and the net rate of Mn(II) removal (Marble, 1998). Stream
pH was used to determine the rate constants for hyporheic
sediments. It was assumed that the pH of shallow (3 - 10 cm)
hyporheic sediments, in which microbially mediated Mn(II)

oxidation 1is enhanced (Harvey and Fuller, 1998), is very




94

close to stream pH. The laboratory-derived rate constants
were scaled to actual sediment to water ratios in hyporheic
zone by considering the streambed sediment concentration
(grams of dry sediment per liter of stream water) and the
reactive sediment fraction (weight fraction of streambed
sediment particles less than 1 mm in diameter). The specific
characteristics of sediments of Pinal Creek were reported by
Harvey and Fuller (1998). The pH-dependent microbial removal
rates are summarized in Table 5.1. The £field data used in
this study, including measurements of Mn(II) and pE and
modeling estimates of physical transport parameters at Pinal
Creek are reported by Harvey and Fuller (1998) and summarized
in Table 5.2. They estimated the physical transport
parameters using bromide tracer field studies of June, 1994
and June, 1995. The measured Mn(I) rate constants are from
Marble (1998). The modifications of the transport equations
were implemented in a recent version of the transport code
OTIS (Runkel and Broshears, 1991; Runkel and Chapra, 1883).

In an attempt to recognize the relative significance of
parameters involved in the model, rthe sensitivities of
simulation results to parameters have been evaluated by
assigning a degree of uncertainty to each parameter
(Hornberger and Spear, 1981; Chang and Delleur, 1992). The
multi-parametric sensitivity analysis (MPSA) used in this
work followed the procedure proposed by Chang and Delleur

(1992) and Choi et al. (1998). The ranges for each parameter




Table 5.1 pH and rate constant of bacterial oxidation

(Marble, 1998)

pH rate constant
(s™)
6.1 2.8x107"
6.3 1.6x10°°
6.7 9.2x10°°
7.1 1.6%x10™
7.5 2.1x107
7.8 2.4x107
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Table 5.2 Summary of physical and chemical parameters (Harvey and Fuller, 1998)

Reach Length A D A, gn q"‘ q“\ll C, pH™
m m’ m’s’ m ‘ m's'm'  m's'm! mol L' unitless
June, ‘94

June, 95

#1(1-2) 352 013 83 005  38:0°  SIx10° 24x10°  15x10* 6.50 - 6.71
#202-3) M 026 1.0 003 410"  18xI0* 40x10°  15x]o} 6.71-6.72
#3(3-4) 410 034 1.0 001 50¢10°  S.1x10°  4.0x10°  78x10¢ 672 - 6.90
#4(4-5) 59 033 1.0 003  six10°  39x10° 40x10® 39x]0¢ 690 - 6.93
#6(6-7) 234 027 05 005 L7x10° 7910 3.0x10°  12x10¢  6.95-7.15
#7(1-8) 678 037 1.5 002 4ox04 0.0 3.0x10°  T4xiob  T15-731

* The volumetric flow rates at upstream end of reach #1 (upper boundary) were 0.13 m¥s. and 0.12 m¥s. for 1994 and 1995,
respectively. Based on q, ;,and q, ., the volumeltric flow rate at each end-point was calculated.
** The pH range is defined by values at the beginning and end points of each subreach.
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were determined from the minimum and maximum values that were
obtained from parameter estimations and from field
measurements (Table 5.3).

In order to identify key wvariables controlling the
spatial variation of sensitivity of hyporheic processes, the
extended model was executed using 500 different sets of A, and

o, with other parameters fixed (A, D, pH, q,., 4,.. and C.). The

500 sets of A, and o were randomly generated from the ranges

used in MPSA approach (Table 5.4). The other parameters were
fixed at the mid-point of the characteristic range for each

parameter (Table £.4).
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Table 5.3 Ranges of parameters used in multi-parametric

sensitivity analysis

parameters

test range

cross-sectional area of main channel
(m?]
dispersion coefficient (D)
[m?/sec]
cross-sectional area of storage zone (A,)
(m®]
exchange rate
[1/sec]

pH
[unitless]
groundwater inflow rate (q;,)
[m’/sec/m]

(A)

(a)

groundwater outflow race (qg,,)
[m’/sec/m]

Mn (II) concentration of groundwater inflow

[mol/L]

0.1
0.5

0.0z

4.0x10"

0.5
8.0

0.15

2.0xl10?

.5x10*

ox107°

1.0x10"




Table 5.4 Values of fixed parameters and ranges of A, and a
used in localized sensitivity analysis

parameter value or range
a, (m®) 0.02 - 0.15
o (s™h) 4.0x10" - 2.0x10°
pPH 6.3, 7.0, 7.8
A (m?) 0.3
D (m’s™) 1 4.25
Qi (@sTW) 7.5%10?
Qpowe (WS 2.0x10°
C, (molL™) 5. 0x10™
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5.5 Results

Although results from laboratory Dbatch experiments
provide insight into the nature of pH-dependent microbial
removal of manganese, application of laboratory results ¢to
field-scale modeling is required to evaluate the importance
of second-order reactions in a natural stream system. In this
section, we applv a pH-dependent transport model to simulate
coupled procedures of physical transport and biogeochemical
reaction of dissolved manganese at Pinal Creek, Arizona.

Figure 5.2 shows the observed manganese concentrations
along the study reach of approximately 3.0 Km and the results
of simulations used pH-dependent rates constants from Table
5.1. Unlike Harvey and Fuller (1998), the present simulations
were created without adjustment of parameters. The potential

errors from the measurements of the microbial rates of Mn(II)

removal (* 20%) in laboratory batch experiments were included

in the simulations, and are indicated by the error bars on
the simulation results in Figure 5.2. The predicted
concentrations of dissolved manganese showed gradual
downstream decreases for Dboth simulations. The averaged
decreasing gradients of dissolved Mn(II) concentrations were
0.007 and 0.009 mg/L/m for June, 1994 and June, 1995,
respectively. These concentration gradients c¢f Mn(II) are

well matched to the observed gradients of 0.008 and 0.007
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Figure 5.2 Comparison of modeled dissolved manganese to
measured concentrations for (A) June, 1994 and (B) June,
1995. The error bars on the modeled concentrations indicate
the potential error from estimations of bacterial removal
rate constants.
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mg/L/m for June, 1994 and June, 1995, respectively. 1In
addition, the modeling results of dissolved Mn(II) followed
the trends of the measurements and were within 1.7 % and 3.2
% of the measurements of 1994 and 1995, respectively.

MPSA was used to test sensitivity of Mn(II) transport
simulations to eight physical and chemical parameters. The
cumulative frequency distributions of acceptable and
unacceptable cases for dissolved Mn(II) transport simulations
are shown in Figure 5.3. The modeling results were very
sensitive to Mn(II) concentration (C.) in groundwater inflow
and inflow rate (qg,) of ground water, and the pH variations.
We infer, therefore, that the concentration of dissolved
Mn(II) was mainly controlled by the interaction between
ground water and stream water, and the pH-dependent
microbially mediated removal of manganese in the hyporheic

zone. In addition, the cross-sectional area (A,) and exchange

rate (o) showed moderate sensitivities to the transport of

Mn(II).
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5.6 Discussion

Mn(II) concentration 1level in Pinal Creek decreases
downstream from the head of flow. Mass-balance modeling
(Harvey and Fuller, 1998) showed that enhanced manganese
removal processes in hyporheic kottom sediments, a zone of
limited spatial extent, is responsible for significant
removal of Mn(II) from Pinal Creek at the scale of the entire
drainage basin. They compared the rate constants that were
obtained from laboratory batch experiments at single pH (7.0)
and from inverse modeling using an existing transport model
by adjusting a specific rate constant for a study reach.
However, this transport model cannot describe the spatially
varying reactive uptake of Mn(II). In this study, a
traditional transport model was extended to be able ¢to
describe the pH-dependent biogeochemical reactions in
transient storage zones.

This study tested a pH-dependent transport model that
used the relationship between pH and microbial Mn(II) removal
determined by Marble (1998) to parameterize the reaction
rate. The present pH-dependent transport model reproduced the
major trends in concentration of dissolved manganese as a
function of distance downstream (Figure 5.2).

In order to identify the significance of microbial

removal processes of Mn(II) on the transport of dissolved
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manganese, we compared the results with simulations that
excluded microbially mediated removal processes of Mn(II)
(Figure 5.4). Figure 5.4 shows that simulations including
microbial removal processes provide a much better prediction
of the transport of dissolved Mn(II) compared with the
simulation results excluding microbial action. As an
alternative, the net removal rate constants of manganese by
microbial processes in stream system can be estimated by
inverse modeling, based on the estimated hydrologic
conditions summarized in Table 5.2 (Harvey and Fuller, 19°8).
The rate constants from the field data were obtained from

steady-state simulations of individual subreaches and

0,

represent “best” values needed to match the fiel
observations (Figure ©5.5). The horizontal “error bar”
associated with each rate constant vwvalues 1indicate the pH
values at the beginning and end points of each subreach. The
estimated field-scale rate constants are relatively well-
matched to the experimental rate constants with deviations of
less than one order-of-magnitude. Rate constants estimated
from June, 1994 field observations showed particularly good
agreement with the experimental rate constants and pH-
dependency (Figure 5.5). The change in alignment of the
stream channel due to heavy precipitation in January, 1995
(Smith et al., 1994) may have distributed sediment, which
might explain why rate constants for June, 1995 are so

different (Figure 5.5).
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The significance of pH-dependency of rate-limited
reaction in reactive transport processes can be recognized by

comparing the simulation results obtained from pH-dependent

and pH-independent (traditional) transport model (Figure
5.6). Transport model with fixed rate constants
(correspending to pH 6.0, 7.0, and 7.8) were applled to

simulate the results obtained from pH-dependent transport
model using the pH range (6.0 to 7.8) observed in entire
reach of Pinal Creek. Without considering the pH-dependent
rate~limited reactions in transport model, it was impossible
to describe the biogeochemical reactions within stream system
that are highly dependent on pH.

From the multi-parametric sensitivity analysis £for the
simulation of dissolved manganese, the inflow rate and Mn(II)
concentration of groundwater and the pH were identified as
the most important parameters (Figure 5.3). This indicates
that the transport of dissolved manganese 1in this small
stream system 1is mainly controlled by dilution and/or
concentration processes through groundwater inflow having
distinct manganese concentration, and the microbially

mediated Mn(II) manganese oxidation which is dependent on pH.

The moderate sensitivities of A, and a (Figure 5.3) for the

simulation of Mn(II) transport can be explained by the fact

that A, and o control the retention time and influence the

amount of uptake of dissolved manganese 1in the hyporheic
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zone. Based on these MPSA results, it can be inferred that
the difference between observation and simulation (Figure
5.2) were most likely due to the uncertainties in estimating

the parameters, such as groundwater inflow rate (qg.) and

hyporheic parameters (A, and o). In addition, we cannot

S

preclude the possibility that Mn(II) removal processes can
also occur in other compartments of the stream system as well
as hyporheic bottom sediments, e.g., agquatic vegetation zones
at the channel margins.

The significance of hyporheic processes in the transport
of reactive manganese can vary between reaches. In order <to
determine the sensitivity of hyporheic processes, the results
of MPSA were represented by calculating the percent variation

of simulated Mn(II),

C ..
[% Variation of simulated Mn(Il )]i = i__';fc_y_

ref

x100 (=1500) (5.4

where C

ref

and C, are the simulated Mn(II) concentrations using

mid-point values from the ranges for A, and a and using 500

different sets of A, and o, respectively. This localized

sensitivity analysis was performed at three different pH
values; 6.3, 7.0, and 7.8. The transport of reactive

manganese seems to be almost insensitive to the hyporheic
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processes at pH 6.3 (Figure 5.7). However, the hyporheic
processes are much more sensitive at higher pH, 7.0 and 7.8.
Therefore, it can be concluded that the significance of
hyporheic processes in the transport of reactive manganese is
strongly controlled by spatial variation of pH. The spatial
variation of pH was explained by CO. degassing between stream
water and atmosphere and groundwater inflow (Choi et al.,
1998).

In this study, a transient transport model was extended
to consider the spatial variation of pH as a key variable
controlling manganese uptake processes in hyporheic
sediments. Even though the pH variation at Pinal Creek was
identified as one of the variables controlling the microbial
oxidation rate of disscolved manganese, there could be
additional physical and chemical variables that are involved

in the microbial oxidation of manganese in this natural

stream system. The additional wvariables could include
temperature, shifts in microbial populations, dissolved
oxygen concentration, and nutrient levels. In addition,

manganese uptake processes can occur in other compartments of
stream system (e.g., agquatic vegetation zones) which may be
characterized by prolonged retention times of solutes and
provide abundant reactive surface areas. The extension to a
pH-dependent transport model is an important first step to
describe the transport processes of reactive solutes in

natural streams. However, additional efforts to incorporate
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the natural complexities of stream system, which are
discussed above, into the transport model are required before
a truly general model for describing the natural transport

processes of reactive solutes will be realized.
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CHAPTER 6

LIMITATIONS OF A ONE STORAGE-ZONE TRANSPORT

MODEL IN NATURAL STREAM SYSTEM

6.1 Abstract

Timescales of solute retention and the extent of
biogeochemical reactions depend on the types of storage zones
that are present in a stream. More than one type of storage
zone is commonly present in a typical stream. For example, in
Pinal Creek, Arizona, we ©observed distinctly different
timescales of solute exchange between the active channel and
storage zones in streambed sediments and aquatic vegetation
areas. The question addressed by present study was, 'How
accurately can storage processes with different time scales
be characterized by a stream transport model that only has a
single model-storage compartment?’. To address that question,
an existing transport model for stream with a single storage-
zone compartment was extended to describe two independent
transient storage processes. The extended model was used to
develop simulations of reactive and non-reactive solutes in a
stream system with both aquatic vegetation zones and
streambed (hyporheic) storage zones. Numerous model

simulations were run in order to broadly characterize the
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possible transport behavior in streams with two storage
zones. Numerical results were then used to evaluate the
accuracy of the one-storage model characterization that
lumped together several storage processes. The one-storage
transport model accurately described physical transport
processes in a stream system with both aquatic vegetation and
hyporheic storage zones only when the two retention times (T,

and T,,) were very similar (approximately, ratio of T, and T_
< 1.5 for less than 10 % error). When the ratio of retention
times differed by more than a factor of 1.5, modeling errors
increased to unacceptable levels (up to 50 - 60%). When one
of the storage zones had a much larger capacity for storage
as well as a longer retention time, the stream tracer
response was determined by the larger storage zone with
slower exchange. For those cases, the one-storage model
accurately characterized the larger storage zone and was
insensitive to the small storage zone. With regard to
chemical reaction, we found that using a model with a single
storage zone and a Clumped’ first-order reaction rate
constant usually did not accurately represent the effects of
biogeochemical reactions occurring in two different types of
storage zones. We conclude that transport processes in
natural stream systems can often be more accurately
characterized by modeling two independent transient storage

zones.
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6.2 Introduction

Hydraulic exchange between stream water in the main
channel and transient storage zones has been recognized as an
important controlling process for a variety of physical,
chemical and biological processes. Transient storage zones
are often thought of as the stagnant or recirculating zones
in surface water that are statiocnary relative to the main
channel. Pore spaces within streambed sediments are also
significant contributors to storage in streams (Bencala et
al., 1984; Jackman et al., 1984; Savant et al., 1887).
Biogeochemical processes are thought to be particularly
important in storage zones, due to input of dissolved oxygen
from the channel into a zone with prolonged retention time
and abundant reactive surfaces and microbial biomass (Bourg
and Bertin, 1993; Triska et al., 1993; Harvey and Fuller,
1998).

The important solute storage zones vary with each stream
system. These can include streambed materials of different

porosity (e.g. gravel bars versus finer sediments (Castro and

Hornberger, 1991)), banks with longer flow paths (e.qg.
fluvial flow) versus streambed sediments, local flow
disturbances such a beaver dams (Naiman et al., 1986), or

slow flowing regimes due to vegetation versus streambed

sediments. In this paper, we focused on the possible role of




117

slowly moving surface water within area of abundant aquatic
plants in contributing to storage of solutes. The influence
of aquatic vegetation on the longitudinal dispersion of
transported solutes has previously been investigated
(Valentine and Wood, 1977; Escartin and Aubry, 1995; Nepf et
al., 1997) . The influence of aquatic vegetation in
maintaining water quality has been investigated in a coastal
marsh system (Kadlec, 1994; MacDonald, 1994) . However,
relatively few studies have been undertaken to quantify the
effects of vegetation zones on transport of contaminants 1in
streams.

Stream transport models typically represent the effects
of many different storage processes (Bencala and Waliters,
1983) in a single storage zone. The storage parameters,

including cross-sectional area of the storage zone (A.),

exchange rate (a), and a rate constant for biogeochemical

reactions in storage zone (A,), are usually interpreted as

lumped parameters that represent a spectrum of storage
processes that occur simultaneously in the stream. Since it
is very difficult to independently measure physical hyporheic
parameters, data from stream tracer experiments are simulated
by one storage-zone model by adjusting the parameter
parameters to find a precise fit to field data (Wagner and

Gorelick, 1986; Stream Solute Workshop, 1990).
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One-storage models are favored for simplicity and
efficiency in simulating stream tracer experiments using a
small number of parameters. However, one-storage models are
not always acceptable in their characterization of actual
storage processes. Using a one-storage model to estimate
storage parameters implies that actual retention times 1in
stream-storage zones are exponentially distributed with many
fast-exchange zones and fewer slow-exchange zones (Harvey et
al., 1996). Several investigators have proposed that storage
in hyporheic flow paths should instead be characterized by
two distinct transient storage zones, e.g., streambed gravel
bar and deeper-fine alluvium (Castro and Hornberger, 1991;
Harvey et al., 1996). Because of the heterogeneities in the
hydraulic properties between two transient storage zones
(e.g., grain size and porosity of sediments, and flowpath
length), the retention times of two different hyporheic zones
are sometimes better described by two different storage zones
rather than a single storage zone.

In this paper, we demonstrate the importance of aquatic
vegetation zones, in addition to pore spaces in streambed
sediments, as zones for solute storage and reaction in Pinal
Creek. We also tested whether the one-storage transport model
provided an accurate simulation of transport and reaction
over a broad range of conditions in two storage-zone stream
systems. To accomplish those tasks, we extended an existing

solute transport model (OTIS) (Runkel and Broshears, 1991),
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to describe a two storage-zone stream system. We conclude
from our field data and numerical experiments that (1) Pinal
Creek has at least two types of storage zones with distinct
physical and biogeochemical characteristics and (2) one-
storage transport models have limitations as sultable models
to describe storage processes in actual stream systems. In
particular, difficulties arise when two independent storage
zones with very different physical dimensions and
biogeochemical reaction rate constants are to be
characterized by one-storage model. This study provides an
integrated view of how two distinct types of transient
storage zones affect the transport processes of contaminants
in a natural stream and defines the limitation of one
storage-zone model as a suitable mathematical model for cwo

storage-zone stream system.




6.3 Study Site and Field Investigation

Pinal Creek basin is within the upper Salt River basin
in the central highlands of Arizona (Figure 6.1). Geology and
hydrology of the basin were described by Neavilile and Brown
(1994).

Active mining has taken place in the Globe area of the
Pinal Creek drainage basin during most of this century
(Figure 6.1). Mining activities in the basin have released
acidic waste solutions that have initiated a complex series
of geochemical reactions within the aquifer resulting :in
contamination of both ground and surface water within the
basin. A principal contaminant of interest in Pinal Creek 's
dissolved manganese, which 1is thought to influence the
transport of trace metals in the basin, such as nickel,
cobalt, and zinc.

In order to characterize physical transport and chemical
reaction in the system, potassium bromide (KBr) was injected
into the stream at a steady rate for a period of 4 days in
May 1997. Bromide was selected for this study because of 1its
conservative nature within a natural pH range (6-8) and 1its
low background concentration within most natural surface
waters (Davis et al., 1980; Levy and Chambers, 1987).
Crystalline KBr tracer was completely dissolved with stream

water to achieve a concentration of approximately 230 g/L.







Prior to the bromide tracer injection, the approximate travel
time in our study reach was estimated by injecting rhodamine
dye into the stream. Based on the travel time of rhodamine
dye, the tracer sampling plans were designed to capture the
plateau tracer concentrations downstream.

In order to detect exchange of stream water with the two
types of transient storage zones, sampling stations were
installed at six streambed sites and five vegetation sites,
respectively, along the 600 m study reach. Vegetation zones
were classified into 3 different types based on physical
characteristics, such as the flux of stream water and the
lateral location within the stream (Figure 6.2). Types I and
II are located at the stream bank-sides and characterized by
relatively slow and fast exchange with stream water from the
main channel, respectively. Type III is located at the middle
of the stream width and has very active flux from the main
channel. Samples of stream tracer were collected very
carefully from the five different vegetation zone sites with
60 ml syringes to avoid or minimize artificial disturbances
of the system during sampling.

Porewater samples were obtained from streambed sediments
using MINIPOINT samplers (Duff et al., 1998; Harvey and
Fuller, 1998). The samples were collected from surface water
and nine different depths (2.5, 5.0, 7.5, 10.0, 12.5, 15.0 ,
30, 60, and 90 cm). We minimized the possible disturbances of

the natural patterns of subsurface water flow by pumping very
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slowly (approximately 5 ml/min.) and keeping sample volumes
small (5-40 ml). Bromide and dissolved Mn(II) concentrations
of the samples were analyzed by ion chromatography (IC; and
flame atomic absorption (FAA), respectively. The samples were

filtered and acidified before analyses for dissolved Mn(II).
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6.4 Results

Stream tracer experiments for the vegetation zones
indicated active water exchange occurred with the main
channel in all three types of the vegetation zones (Figure
6.3). Type I and II showed retention times of 28 and 12
minutes, respectively. In contrast, a much shorter retention
time of 3 to 4 minutes was measured for the type III zone.

In order to estimate the groundwater inflow within the
vegetation zones, the concentrations of the stream tracer in
the main channel were compared with concentrations 1in the
vegetation zones (Figure 6.3). Type I and II vegetation zones
at channel streambanks showed approximately 60 % and 0 %=
dilution of the stream tracer by groundwater inflow,
respectively. Type III zones in the central channel did not
indicate any groundwater inflow (Figure 6.3).

Stream-tracer concentrations increased with time after
the injection, and then reached plateau concentrations within
1-2 hours. After Br concentrations reached the plateau
levels, stream water was collected from the 3 different ctypes
of vegetation zones and analyzed for dissolved Mn(II), in
order to estimate the reactive uptake of Mn(II) in these
vegetation zones. The mixing ratio of the surface water and
the ground water in the vegetation =zones is required to

estimate Mn(II) uptake. After the stream tracer plateaued at
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the steady state concentration in the vegetation zones, the

following mass-balance equation was applied;

C. +C

x 0.
in,Br Qm

Q,. =C xQ

gw,Brx gw out,Br (6.1)

out”

C and C are the bromide concentrations

Where C gw, 8r out, Br

in.Br’

(M/L?] of the inflows from main channel and ground water, and
the outflow from vegetation zone, respectively; Q.. and Q_ are
inflow rate ([L’/T] into the vegetation zone from the main
channel and the ground water, respectively; Q. .  is the outflow
rate [L'/T] from the vegetation zone into the main channel. At

the steady-state stream tracer concentration, C and C...

i3, Br -3 4

can be obtained from the plateau concentrations at the main

channel and the vegetation zone. (C_ ., was assumed to be 0.2

mg/L, i.e., the natural background concentration. Using the

mass conservation relation; Q.. = Q.. + Equation (6.1) can

gw’

be rearranged to;

0. Qo

— 1 xcC. +—=2"  xC =C
in, Br r,Br out,Br’
Qin * ng Qin * ng d

Equation (6.2) can be solved for the mixing ratio, Q../(Q.. +

C

gw, Br

and C

cuc,3r°

Q;;) using the measured values of ( A

in,Br’

Mn(II) concentration that accounts only for dilution by

groundwater inflow can be calculated from equation (6.2)




using observed Mn(II) concentrations in the main channel and
in ground water, and the estimated groundwater mixing ratio.
Non-reactive Mn(II) concentrations were calculated for the 3
differeﬁt types of vegetation zones. Only type I was
identified as a biogeochemically active transient storage
zone for dissolved Mn(II) uptake. In the type I zcone, the
calculated non-reactive Mn(II) concentrations were
approximately 40 % higher than the measured concentrations
(Figure 6.4). The difference between the calculated non-
reactive Mn(II) concentration and the measured concentration
provides an estimate of the net uptake of dissolved manganese
in the vegetation zone. The short hyporheic  exchange
timescales in type II and III, which result from their
relatively fast fluxes and less dense structure,
significantly reduce or eliminate the biogeochemical uptake
of dissolved Mn(II).

The timescales of hyporheic exchange within streambed
sediment were measured at the 6 different sites during the
injection period. Figure 6.5 shows the stream tracer data
from two representative sites characterized by shallow
penetration and deeper penetration of stream tracer. Bromide
tracer penetrated to a depth of 2.5 cm in the streambed at
most sites (83%). Tracer penetrated to a depth between 2.5 cm
and 7.5 cm at 50% of the sites. Below a depth of 7.5 cm, the
tracer could be detected at 29% of the sites. The average

retention time of stream tracer in the shallow streambed
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sediments (between stream bed and 5.0 cm depth) was S5 minutes
but ranged from 1 to 11 minutes. Generally, there was an
increase in the retention time of stream tracer, as it moved
into deeper sediments (Figure 6.5).

The porewater samples, collected from 6 different depths
after the bromide tracer reached the plateau concentration,
were analyzed for dissolved Mn(II) concentration to estimate
the net uptake of Mn(II) through hyporheic exchange with the
streambed sediments. We followed the approach presented by
Harvey and Fuller (1998). The calculated depth profiles of
non-reactive Mn(II) concentrations were compared with the
observed concentrations (Figure 6.6), and indicated that the
streambed sediments are also active hyporheic 2zones for the

biogeochemical uptake of dissolved Mn(II).
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6.5 Extension of Stream Transport Model

One-dimensional transport models that considered
advection and dispersion in natural channels (Fischer et al.,
1979) were extended in the 1970's to <consider Dboth
groundwater inflow and interaction between active channel and
stagnant or slowly moving zones of £flow (Thackston and
Schnelle, 1970; Valentine and Wood, 1977; Bencala and
Walters, 1983). The extended model (sometimes referred to as
the transient storage model) divided the hydrologic system
into two interacting compartments: first, the actively
flowing main channel; and second, the transient storage zone
capable of exchanging stream water with the main channel. The
conventional transient-storage model (designated as the ‘one-
storage transport model’ throughout this paper) assumes that
a single model compartment can adequately describe the
multiple storage processes resulting from the many different
timescales of storage interactions in a stream system (Figure
6.7).

The transient storage process is mathematically
formulated using a first-order mass-transfer term 1in the
model to couple the stream and storage zone. That formulation
implies that the hydrologic retention times in transient
storage zones are exponentially distributed (Levenspiel,

1972). The field study at Pinal Creek showed that two
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independent storage zones are present in streambed sediments
and in vegetation zones, respectively. A transport model that
includes two storage zones might have greater flexibility to
two different distributions of retention times, which can be

very different depending on the physical dimensions (A,) and
exchange timescale (o) of each storage zone. The conceptual
framework for extending the model from the one-storage

transport model 1is shown in Figure 6.7. The governing

equations of the extended two-storage transport model are,

doC  QdC 14 aC\ 9 _
—ét——-xgx—+zg(ng+7(CL—C)+a1(Csl—C)+a2(Cs2—C)—AC,
(€.5)
aC
1 A
8: % 1(C—Csl)—/llcsl' (6.8)
A}
aC A
ail =a2A52('C_C52)—/17CS2' (6.7)

where t and x are the time and direction along the stream; C,
C,,» C,; and C, are solute concentrations in the main channel,
the storage zones I and II, and the groundwater inflow,
respectively [M/L’]; Q is the in-stream volumetric flow rate
[L’/T]; @, is the groundwater inflow rate [L*/T/L]; D is the
longitudinal dispersion coefficient in the main channel

(L*/T]1; A, A, and A, are the cross-sectional areas of the
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main channel and the two storage zones, respectively [L°]; .

and a. are the exchange rates of storage zone I and 1II,

respectively [(1/T]. The two transient storage zones included

in the extended model operate independently, according to

their own hyporheic parameters (A,, o, and A_).,.. These

modifications were made in the USGS code OTIS (Runkel and
Broshears, 1991) which solves the governing equations £for a
stream with a single storage zone using the Improved
numerical-solution technique developed by Runkel and Chapra

(1993).
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6.6 Evaluation of One-Storage Transport Model

The field study at Pinal Creek showed that transient
storage of stream tracer and the biogecchemical uptake of
dissolved manganese occurred in both the streambed sediments
and vegetation zones. This implied that two different types
of physically and chemically active storage proccesses
affected metal transport in the stream system. Due to the
availability of one storage-zone model codes and for
simplicity and efficiency, investigators often use a one
storage-zone transport model to characterize transport in a
stream such as Pinal Creek. Here we address the question: Can
a one storage-zone model accurately simulate transport 1in a
stream system with two different types of storage zones? To
answer this question, we used the two storage-zone transport
model (Equations 6.5 - 6.7) to generate data sets
representing a broad range of transport processes for two
storage-zone stream systems. Two types of simulations were
conducted with the two storage-zone model: dynamic transport
of non-reactive solute and steady-state transport of reactive
solute. The one storage-zone stream transport model, QTIS-P
(Runkel, 1998), was then used to determine the parameters of
a single storage zone that best fit each two storage-zone

simulation.
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The validity of the one-storage transport model as a
simulation of a two storage-zone system was evaluated on the
basis cf the accuracy with which in-stream solute
concentrations and storage-zone parameters were reproduced. A
flow chart describing the general modeling approach 1is
diagrammed in Figure 6.8. The first step was to select 500

sets of hyporheic parameters £for the two-storage stream

system (A A_, «., and o.). These sets have uniform

sif? 3

distributions within ranges (Table 6.1) that encompass most
of the variation occurring in natural systems (Wagner and
Harvey, 1997). To evaluate both slow and fast flow regimes,
two different sets of Q and A were chosen (Table 6.1). The g,
and C, were set to zero for all simulations, because these two
parameters do not affect the hyporheic processes. Based on
500 simulations using the extended two storage-zone transport

model was then applied to estimate the lumped storage

parameters (A, and ), via inverse modeling. The sets ot

lumped hyporheic parameters that best described the two-
storage transport results were evaluated with respect to
their accuracy and applicability by calculating a % error,

defined as
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Table 6.1 Parameter information for the evaluation of one-
storage transport model

Dynamic
transport of
nonreactive solute

Steady-state
transport of
reactive solute

fast flow | slow flow

0.1 - 2.0

0.1 - 2.0
1.0E-05 - 1.0e-03
1.0E-05 - 1.0e-03
0.08 g.06
1.0 2.0
0.4 0.4
150.0 150.0
0.0 0.0
0.0 0.0

OO
e

Pl
NN

'.L ._ A
o
]
]
o
n
[
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v [les -
Z —————x%100
i=1 C2

YoError = , (6.8)
N

where C.° is the concentration of solute produced by the two-

storage transport model with A_,, A., o, and o.; C.° is the

concentration of solute simulated from the one-storage

transport model with lumped parameters, A, and o; and N is the

number of time-concentration data points £for each forward

simulation. A high % error implies that the lumped storage

parameters, A, 6 and a. failed to accurately describe the

S

physical storage processes occurring in the two-storage

stream system to a greater degree than a low % error value.

6.6.1 Dynamic Transport of Non-Reactive Solutes

The 500 realizations for both the fast and slow flow
regimes showed wide and random variations in % error wvalues
(Figure 6.9). The % error ranged approximately from 0 % to 45
%$ for the fast flow regime and from 0 % to 58 % for the slow
flow regime. The average % error for the fast and slow flow
regimes were 20.1 % and 23.5 %, respectively. The slightly

higher % error observed for the slow flow regime more have
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resulted from the increased interaction of water with storage
zones in slow-flow regimes.

The question that arises from the large variations of %
error is: Under which conditions is the one-storage transport
model not able to describe the hyporheic processes associated
with two transient storage zones? To answer this, we focused
our 1i1nvestigations to identify the key variable that
determines the % error. One variable that could possibly
explain variation is % error is the ratio of the retention

times (Tr./Tr.) for the two transient storage zones, where,

T =—3-. (6.9)

Tr,/Tr. appears to be a key variable that explains the % error
of the inverse simulations. The variation in % error with
respect to the ratios of ¢the two retention times are
presented at Figure 6.10. There was an increase 1n the %

error, as the retention time ratio increased (Figure 6.10).

That result indicates that the lumped parameters (A, and Q)

can accurately describe the sum of the physical storage
processes associated with the two transient storage zones, if
the two retention times of solutes are similar
(approximately, ratio of T,, and T,, should be less than 1.5

for less than 10 % error).
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6.6.2 Steady-State Transport of Reactive Solutes 1in

two storage-zone stream systems

A single first-order reaction rate constant 1is often
used in a reactive transport model with one storage zone, in
order to represent the biogeochemical reactions 1n the
transient storage zones. This approach assumes that a single
lumped rate constant represents the reactions in all
transient storage zones, no matter how different are their

physical dimensions and hydrologic residence times. Using 500

sets of the hyporheic parameters (A

si/

A., o, and do,) and the

fixed rate constants (A and A,) for the two transient

sl

storage zones (Table 6.1), the two storage-zone transport
model was executed to produce 500 sets of distance-

concentration data for steady-state transport conditions. The

one-storage transport model with lumped parameters, A, and

was applied to each of the 500 data sets to estimate lumped

rate constants ()\.s). In attempt to interpret the resulting

distribution of lumped rate constants, a relationship was

sought with respect to the two fixed rate constants (A, and
A,,) . That comparison is plotted in Figure 6.11. The lumped

rate constants were almost randomly distributed between A,.
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and A_,. In addition, approximately 5% of the 500 lumped rate

constants were scattered outside of the range of A, and A

Se

throughout the 500 realizations.

In a further attempt to identify factors that influence
lumped rate constants, they were compared with the % error
involved in the estimations of the lumped A, and a (Figure
6€.12). In the lower range of % error (<25%), the lumped rate
constants were distributed over a relatively narrow range
close to larger of the two specified rate constants, A, and

S.

A... However, their distributions in the higher range of %

S<
error (>25%) showed much more wvariation (as much as two
orders of magnitude). Also, most of the lumped rate constants

distributed outside of the specified range of A, and A, were

associated with higher % error values (>25 %).
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6.7 Discussion

In many previous studies the porewater 1in streambed
sediments (hyporheic zone) was considered to be only type of
the transient storage zone that stores solutes and enhances
biogeochemical reactions. The present study showed that in
Pinal Creek, the main stream interacts actively with aquartic
vegetation zones, as well as with the streampbed sediments,
and that these interactions are also likely to affect the
biogeochemical uptake of dissolved Mn(II) 1in stream system.
The biogeochemical uptake of Mn(II) in vegetation zones only
appeared to be effective in a type I vegetation zone that had
very slow exchange with the main stream, presumably due o
enhancement by the prolonged retention time of solutes and
the higher reactive surface area. Although active hydrologic
exchange was observed with most vegetation zones (Figure
6.3), it was only the relatively dense structure of aquatic
plants in a type I zone that caused relatively long retention
times over a significant cross sectional area of the stream.
Since the populations of the aquatic plants vary seasonally,
the effect of vegetation 2zones on the transport processes
could change temporally.

Most transport modeling in streams has assumed a single
storage compartment with one characteristic dimension and

timescale, even though there have been observations of two
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distinct exchange timescales such as from the streambed
gravel bar and deeper alluvium sediments (Castro and
Hornberger, 1991; Harvey et al., 1996). Our simulations
indicate that the one-storage transport model could describe
the physical storage processes associated with two types of
transient storage zones only if the retention times ot
solutes in the two transient storage zones are very similar
(i.e. ratio of T, and T,. < 1.5 for less than 10 % error). The
retention time ratio provides an empirical measure of the
applicability of one-storage transport model to two-storage
stream system. The practical result is that a transport model
with only one transient storage process cannot characterize
two types of storage exchange with very different retention
times. In addition, the transport processes in the two-
storage stream system were more readily distinguished from
the one-storage system under low base flow condition because
of 1its higher percent error (Figure 6.10). This can be
explained by the fact that under low base flow condition,
solutes can have more chances to experience the hyporheic
processes associated with two transient storage zones (Castro
and Hornberger, 1991; Harvey et al., 1996).

In general, the percent error associated with Ilumped

estimates of the hyporheic parameters, (A, and A), increased

with higher retention time ratio. Variation in % error

increased at high retention time ratios (>5.0), leading to a
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situation where percent error vary widely between different
simulations with the same retention time ratio (Figure 6.10).
In order to identify the factor controlling these variations,
the percent error was plotted against the ratio of cross-
sectional area of storage zones (A, /A,.) (Figure 6.13). As can
be seen from Figure 6.13, the percent error was 1inversely
correlated with the ratio of A, and A_. Therefore, if the
retention time ratio for storage zones 1is high (>5.0), %

error was controlled by both of retention time ratio (T, /T..)

and ratio of storage zone cross-sectional area ratio (A_/2_).
These results indicate that effects of transient storage in
the stream can be dominated by a single large storage zone
with long retention time. In that case, the one-storage model
is only sensitive to the larger storage zone, which results
in an excellent simulation with low percent error.

The governing equations of stream transport model with
storage processes indicate that the effect of the
biogeochemical reactions within the transient storage zones
on the solute concentration (Runkel and Broshears, 1991) can
be expressed by the ratio,

A A
S S
CL4'+-IAS;FS (6.10)

for the one-storage transport model and




Fast Flow Regime Slow Flow Regime
60.0 60.0
(B~1) i
5 E
H i
— |
4 40.0 I 40.0
) I
= I
% i
- !
L |
$ 200 i 20.0
3] I
~
9 1
- I
I
0.0 0.0
100
ratio of Tr: and Tr: ratio of Tr: and Tr:
50.0 60.0
(a-2) R (B-2)

M 40.0 50.0
o]
t
M 40.0

30.0
* 30.0
2 20.0
) 20.0
Q
)
9 100 10.0

o-o a2 2 . 0'0 R . B

0.0 5.0 10.0 15.0 200 0.0 5.0 100 150 200
ratio of Asi and As: ratio of Asi and As:2

Figure 6.13 The effect of ratio of As: and As2 on the variation
of percent error. (A-1,2) fast flow regime and (B-1,2) slow
flow regime

152




153

al Aslllsl a2As2 As2

A+ Asllsl aZA + As2/1s2

(6.11)
(04
1

for the two-storage transport model. Therefore, the estimated

lumped-rate constants (A,) have to satisfy the <ZIollowing

equality,
aAsAs _ al Asl/lsl . a2A521s2
= i (6.12)
oA + AS /15 alA + AS1 /1S1 a2A + AS2 /152

The practical result is observed in comparisons between the

lumped rate constants and the % error involved 1in the

estimated A, and a (Figure 13). From Figure 12, it can pe

inferred that the ratio of storage retention times (T,,./T..)
can significantly affect the accuracy of steady-state Inverse
modeling to determine reaction rate constants in storage

zZones. In order to characterize those effects more

quantitatively, another set of 500 simulations was executed
using the same rate constant, 107, for A, and A_. The
resulting errors were compared with the retention time ratios

(Figure 14), which indicates that an accurate estimation of

the lumped rate constant can only be guaranteed if cthe
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retention times 1n two transient storage 2zones are very
similar.

The present study 1indicates that the one-storage
transport model has very strict limitations in describing the
dynamic and steady-state transport for a stream system which
includes two different types of transient storage zones. The
two-storage transport model was developed to overcome these
limitations, even though there is added uncertainty from the
additional parameters. The two-storage transport model can
become a more practical vtool, 1if the additional storage
parameters that are needed can be inferred by independent
measurements. For example, Harvey and Fuller (1998) described
the estimation of the penetration depth of stream tracer into

the bottom sediments using the following relationship,

S
d =
6.
s w-n ( )

=]
L)

where A, 1s the cross-sectional area of the storage zone, w 1is
the averaged stream width, and n is the average porosity of

the streambed sediments. Therefore, the hyporheic parameters

(A, and o) can be obtained by using the tracer-penetration

depth (Equation 6.13) and the retention time (Equation 6.9),

both of which are measurable in the field.
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storage-zone transport model with the rate constants (A,. and

S

A.,) of the two storage zones. Also, the accuracy of the

estimated rate constant (A.) was affected by the ratio of

s

retention times of the two storage zones. These findings
suggest that the one-storage transport model with solute
reaction in storage zones has very strict limitations in 1its
applications to a two-storage stream system.

Even though we argue the need for extended stream
transport models with multiple storage zones, additional
efforts are also required before a truly general model £for
describing the storage processes will be realized. First, a
multiple-storage transport model must Dbe developed to
describe the transport processes more accurately, and chis
model must be very sensitive to the types of transient
storage zones and their physical and biogeochemical
properties. Second, more reliable approaches to independently
estimate the storage parameters for each storage zone need to
be developed. These approaches probably include both field
and modeling efforts, and will make a multiple storage-zone

transport model more practical.
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CHAPTER 7

CONCLUSION

Transport of dissolved manganese in stream aquifer
systems is controlled by ©physical and biogeochemical
hyporheic processes in transient storage zones, as well as
advection and dispersion processes in the main stream
channel. In Pinal Creek, the dissolved manganese
contamination 1s decreased over the 3 km downstream of the
point of groundwater inflow by microbial removal processes in
the hyporheic zones, which are enhanced by downstream
increase in pH. This spatial variation of pH is controlled by
CO. degassing and inflow of ground water with high dissolved
inorganic carbon into the stream system. The balance between
these processes, in addition to biological activity and
carbonate precipitation and their effects on pH, influences
biogeochemical transformations of solutes such as manganese
whose mobility in the stream system is affected by pH. The
transport model 1including the pH-dependent biogeochemical
transformation of dissolved manganese can predict the fate
and transport of manganese in the natural stream. This
biogeochemical transformation of manganese 1is very closely
linked with the fate of other tracer metal contaminants such

as cobalt and nickel, through sorption on the reactive
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surface of hyporheic sediments that are coated by manganese
oxides.

The streambed sediments do not necessarily represent the
only transient storage zones in which biogeochemical
processes are enhanced by prolonged retention time of
transported solutes. Vegetation zones of aquatic plants
distributed mainly alcng the stream bank-side also show

active physical and biogeochemical hyporheic processes. Aan

extended two-storage transport model, based on twWo
independent transient storage zones (e.g., streambed
sediments and vegetation zones), can be used to evaluate the

traditional one-storage transport model for conditions
existing in a two-storage stream system. The one-storage
transport model has very strict limitations in its
applications to the stream system with two transient storage
zones having two distinguishable retention times. In
addition, the extended two-storage transport model can be
useful as a practical modeling tool with the development of a
reliable approach to independently estimate the hyporheic
parameters for each storage zones.

The field and modeling approaches presented in this
study improved our understanding of the transport processes
of dissolved manganese 1in a contaminated natural stream
system. This improved understanding and modeling of the

transport processes will be applicable in predictions of the
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fate and transport of other metal contaminants and nutrients

in small stream systems.
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APPENDICES




APPENDIX A.

TRACER SAMPLING PLAN SHEET




Sampling Plan Sheet of Tracer (Br.) Injection Test
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Date

Time of Injection start and stop |

Injection Station

Sampling Station

No. |after greal No. | after : real | No. _aﬂer : real | No. |after : real
inject.: time inject; time inject.: time inject.; time

1 E 26 g 51 76 3
2 : 27 : 52 77 :
3 R g 53 78 :
4 1 29 ; 54 79 :
5 : 30 : 55 80 :
6 g 31 g 56 81 i
7 ; 32 : 57 82 il
8 : 33 : 58 83 L
9 ; 34 : 59 84 ;
10 2 35 g 60 85 il
11 : 36 : 61 86 :
12 ; 37 ; 62 87 g
13 : 38 g 63 88 z
14 3 39 z 64 89 o
15 ] 40 f 65 90 g
16 : 41 : 66 91 I
17 : 42 67 92 :
18 ] 43 68 93 H
19 : 44 69 94 :
20 : 45 70 95 :
21 ; 46 71 96 f
22 i 47 72 97 g
23 f 48 73 98 :
24 : 49 74 99 i
25 [ 50 75 100

A.1 Sampling Plan sheet




APPENDIX B.

STREAM MAP OF PINAL CREEK
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B.1 Stream Map of Pinal Creek ( surveyed on April 25th, 1997)
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B.1 Stream Map of Pinal Creek - Continued
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B.1 Stream Map of Pinal Creek - Continued
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B.1 Stream Map of Pinal Creek - Continued
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B.1 Stream Map of Pinal Creek - Continued
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MW=2.1m
TW=7.7m
HD=5-10 cm
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APPENDIX C. MAP OF TRACER INJECTION AND SAMPLING

LOCATIONS
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APPENDIX D. LIST OF Br. TRACER INJECTION

EXPERIMENTS
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D.1 List of Br tracer injection experiments
Inject. Exp. Injection Sampling Dist. Sampling
Date No Station Station (m) site
1 JO, x=0.0 x=40.5 40.5 main S.W.
11-24-96 | 2 JO, x=0.0 x=1121.9 1121.9 { main S.W.
3 J14, x=1048.7 | x=1121.9 73.2 main S.W.
4 JO, x=0.0 x=40.5 40.5 main S.W.
02-01-97 |5 JO, x=0.0 x=1100.4 1016.4 | main S.W.
6 x=1072.7 x=1100.4 27.7 main S.W.
7 J1, x=84.0 x=109.5 25.5 main S.W.
16-05-97 |8 J1, x=84.0 x=1100.4 1016.4 | main S.W.
9 x=1072.7 x=1100.4 27.7 main S.W.
10 J1, x=84.0 x=109.5 25.5 main S.W.
11 J1, x=84.0 x=137.0 53.0 main S.W.
12 J1, x=84.0 x=137.0 53.0 vege. zone
17-05-97 | 13 J1, x=84.0 x=137.0 53.0 vege. zone
14 J1, x=84.0 x=283.2 199.2 | main S.W.
15 J1, x=84.0 x=381.8 297.8 | main S.W.
16 J1, x=84.0 x=605.8 521.8 | main S.W.
18-05-97 |17 J3/4, x=252.0 | x=381.8 129.8 | main S.W.
18 J3/4, x=252.0 | x=605.8 353.8 | main S.W.
19 J6, x=477.8 x=505.8 28.0 main S.W.
20 J6, x=477.8 x=505.8 28.0 vege. Island
21 J6, x=477.8 x=553.8 76.0 vege. zone
19-05-97 | 22 J6, x=477.8 x=550.8 73.0 vege. zone
23 J6, x=477.8 x=564.8 87.0 vege. Island
24 JB, x=477.8 x=553.8 76.0 main S.W.
25 J6, x=477.8 x=605.8 128.0 | main S.W.
26 J7, x=538.5 x=605.8 67.3 main S.W.
17-05-97 | 27 J1, x=84.0 sweep
28 J3/4, x=252.0 | R1-A, x=287.2 35.2 mini-point
18-05-97 | 29 J3/4, x=252.0 | R1-B, x=313.5 61.5 mini-point
30 J3/4, x=252.0 | R1-C, x=348.1 96.1 mini-point
31 JB6, x=477.8 R2-A, x=504.8 27.0 mini-point
19-05-97 | 32 J6, x=477.8 R2-B, x=550.8 73.0 mini-point
33 JB6, x=477.8 R2-C, x=553.8 76.0 mini-point
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APPENDIX E. DATA OF Br. TRACER INJECTION

EXPERIMENTS
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E.l1 Data of Br tracer injection test No. 1
Xi=0.0 m, Xs=40.5 m (Xi and Xs indicate
locations of injection and sampling station,
respectively)
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E.2 Data of Br tracer injection test No.2
Xi=0.0 m, ¥Xs=1121.9 m (Xi and Xs indicate
locations of injection and sampling stations,
respectively)
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178

96-11-24
40 -

; e ®°® o000, 00 °
30 - ceo 0 .
20 t .

fL
1.0 - -
00 ° - '

0 5 10 15 20

Time (min.)

E.3 Data of Br tracer injection test No.3
Xi=1048.7 m, Xs=1121.9 m (Xi and Xs indicate
locations of injection and sampling stations,
respectively)




Br. concentration (mg/L)
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E.4 Data of Br tracer injection test No. 4
Xi=0.0 m, Xs=40.5 m (Xi and Xs indicate
locations of injection and sampling station,
respectively)
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E.5 Data of Br tracer injection test No. 5
Xi=0.0 m, Xs=1100.4 m (Xi and Xs indicate
locations of injection and sampling station,
respectively)
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Br. concentration (mg/L)
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E.6 Data of Br tracer injection test No. 6
Xi=1072.7 m, Xs=1100.4 m (Xi and Xs indicate
locations of injection and sampling station,
respectively)
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E.7 Data of Br tracer injection test No. 7
Xi=84.0 m, Xs=109.5 m (Xi and Xs indicate
locations of injection and sampling station,
respectively)
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E.8 Data of Br tracer injection test No. 8
Xi=84.0 m, Xs=1100.4 m (Xi and Xs indicate
locations of injection and sampling station,
respectively)
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Br. concentration (mg/L)
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E.9 Data of Br tracer injection test No. 9
Xi=1072.7 m, Xs=1100.4 m (Xi and Xs indicate
locations of injection and sampling station,
respectively)



Br. concentration (mg/L.)

420

97-05-17
40 |
[ )
° ° o ©
. °
30 - p
20 - :
10 + :
0.0 ! : : :
0 60 120 180 240 300 360
Time (min.)

E.10 Data of Br tracer injection test No. 10
Xi=84.0 m, Xs=109.5 m (Xi and Xs indicate
locations of injection and sampling station,
respectively)
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E.1l1 Data of Br tracer injection test No. 11
Xi=84.0 m, Xs=137.0 m (Xi and Xs indicate
locations of injection and sampling station,
respectively)
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E.12 Data of Br tracer injection test No. 12
Xi=84.0 m, Xs=137.0 m (Xi and Xs indicate
locations of injection and sampling station,
respectively)
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E.

12 Data of Br tracer injection test No. 13
Xi=84.0 m, Xs=137.0 m (Xi and Xs indicate
locations of injection and sampling station,
respectively)
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E.1l4 Data of Br tracer injection test No. 14
Xi=84.0 m, Xs=283.2 m (Xi and Xs indicate
locations of injection and sampling station,
respectively)
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E.15 Data of Br tracer injection test No. 15
Xi=84.0 m, ¥Xs=381.8 m (Xi and Xs indicate
locations of injection and sampling station,
respectively)
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E.16 Data of Br tracer injection test No. 16
Xi=84.0 m, Xs=605.8 m (Xi and Xs indicate
locations of injection and sampling station,
respectively)
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E.17 Data of Br tracer injection test No. 17
Xi=252.0 m, ¥Xs=381.8 m (Xi and Xs indicate
locations of injection and sampling station,
respectively)
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E.18 Data of Br tracer injection test No. 18
Xi=252.0 m, Xs=605.8 m (Xi and Xs indicate
locations of injection and sampling station,
respectively)




Br. concentration (mg/L)

194

97-05-19
40 T " T 1
. {
; |
| . ° ° o ° °
o ® |
3.0 ® d«
1 |
@
| ;
20@ 4
| :
10 - -
;
! !
|
¢ e
0.0 = : - : : A :
0 60 120 180 240 300 360 420 480
Time (min.)

E.19 Data of Br tracer injection test No. 19
Xi=477.8 m, Xs=505.8 m (Xi and Xs indicate
locations of injection and sampling station,
respectively)
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E.20 Data of Br tracer injection test No. 20
Xi=477.8 m, Xs=505.8 m (Xi and Xs indicate
locations of injection and sampling station,
respectively)
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E.21 Data of Br tracer injection test No. 21
Xi=477.8 m, Xs=553.8 m (Xi and Xs indicate
locations of injection and sampling station,
respectively)
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E.22 Data of Br tracer injection test No. 22
Xi=477.8 m, Xs=550.8 m (Xi and Xs indicate
locations of injection and sampling station,
respectively)
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E.23 Data of Br tracer injection test No. 23
Xi=477.8 m, Xs=564.8 m (Xi and Xs indicate
locations of injection and sampling station,
respectively)
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£.24 Data of Br tracer injection test No. 24
Xi=477.8 m, Xs5=553.8 m (Xi and Xs indicate
locations of injection and sampling station,
respectively)
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E.25 Data of Br tracer injection test No. 25
Xi=477.8 m, Xs=605.8 m (Xi and Xs indicate
locations of injecticn and sampling station,
respectively)
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E.26 Data of Br tracer injec+ion test No. 26
Xi=538.5 m, Xs=605.8 m (Xi and Xs indicate
locations of injection and sampling station,
respectively)
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E.27 Data of Br tracer injection test No. 27
Xi=84.0 m and samples were collected at
9 different locations after bromide
reached plateau concentration.
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E.28 Data of Br tracer injection test No. 28
Xi=252.0 m and Xs=287.2 m ( Xi and Xs indicate
locations of injection and sampling station,

respectively. "2.5 cm"
surface of streambed)

means 2.5 cm depth from
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E.29

Data of Br tracer injection test No. 29
Xi=252.0 m and ¥Xs=313.5 m ( Xi and Xs indicate
locations of injection and sampling station,
respectively. "2.5 cm" means 2.5 cm depth from
surface of streambed)
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E.30 Data of Br tracer injection test No. 30
Xi=252.0 m and Xs=348.1 m ( Xi and Xs indicate
locations of injection and sampling station,
respectively. "2.5 cm”® means 2.5 cm depth from
surface of streambed)
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E.31 Data of Br tracer injection test No. 31
Xi=477.8 m and Xs=504.8 m ( Xi and Xs indicate
locations of injection and sampling station,
respectively. "2.5 cm" means 2.5 cm depth from
surface of streambed)
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E.32 Data of Br tracer injection test No. 32
Xi=477.8 m and Xs=550.8 m ( Xi and Xs indicate
locations of injection and sampling station,
respectively. "2.5 cm" means 2.5 cm depth from
surface of streambed)
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E.33 Data of Br tracer injection test No. 33
Xi=477.8 m and Xs=553.8 m ( Xi and Xs indicate
locations of injection and sampling station,
respectively. "2.5 cm” means 2.5 cm depth from
surface of streambed)




209

REFERENCES

Allison, J.D., D.S. Brown, and K.J. Novo-Gardac,
MINTEQAZ2/PRODEFA2, A Geochemical Assessment Model for
Environmental Systems: Version 3.0 Manual, 106 pp., U.S.

EPA, 19°1.

Bencala, K.E., and Walters, R.A., Simulation of solute
transport in a mountain poll-and riffle stream: A
transient storage model, Water Resour. Res., 19, 718-

724, 1983

Bencala, K.E., Simulation of solute transport in a mountain
pool-and-riffle stream with a kinetic mass transfer
model for sorption, Water Resources Res., 19(3), 732-

738, 1983

Bencala, K.E., Jackman, A.P., Kennedy, V.C., Avanzino, R.J.,
and Zellweger, G.W., Kinetic analysis of strontium and
potassium sorption onto sands and gravels 1in a

natural channel, Water Resour. Res., 19, 725-731, 1983

Bencala, K. E., Interactions of solutes and streambed

sediments, 2, A dynamic analysis of the coupled




hydrologic and chemical processes that determine solute

transport, Water Resour. Res., 20, 1804-1814, 1584

Bencala, K.E., Kennedy, V.C., Zellweger, G.W., Jackman., A.P.,
and Avanzino, R. J., Interactions of solutes and
streambed sediments, 1, An experimental analysis of
cation and anion transport in a mountain stream, Water

Resour. Res., 20, 1797-1803, 1984

Benner, S.G., Smart, E.W., and Moore, J.N., Metal behavior
during surface-groundwater interaction, Silver Bow
Creek, Montana, Environmental Science and Technology,

29, 1789, 199%

Bennett, J.P., and R.E. Rathbun, Reaeration in open channel
flow, technical report, U.S. Geological Survey

Professional Paper 737, 63 p, 1972Z.

Bourg, A.C.M., and Bertin, C., Biogeochemical processes
during the infiltration of river water into an alluvial
aquifer, Environmental Science and Technology, 27, 661-

666, 1993

Broshears, R., Runkel, R., Kimball, B., McKnight, D., and
Bencala, K., Reactive solute transport in an acidic

stream: experimental pH increase and simulation of




controls of pH, aluminum, and iron, Environmental

Science & Technology, 30. 3016-3024,1996.

Brown, J.G., and Favor, B., Hydrology and geochemistry of
aquifer and stream contamination related to acidic water
in Pinal Creek basin near Globe, Arizona, Water-supply

paper 2466, U. S. Geolngical Survey, 1996

Castro N.M., and Hormberger, G.M., Surface-subsurface water
interacticns in an alluviated mountain stream channel,

Water Resour. Res., 27, 1613-1621, 1991

Cerling, T.E., Morrison, S.J., and Sobocinski, R. W.,
Sediment-water interaction an a small stream: Adsorption
of “"Cs by bed load sediments, Water Resour. Res., ZE€,

1165-1176, 1990

Chang, F., and J. Delleur, Systematic parameter estimation of
watershed acidification model, Hydrological Processes,

€, 29-44, 1992.

Chapnick, S.D., Moore, W.S. and Nealson, K.H., Microbially
mediated manganese oxidation in a freshwater lake,

Limnol. Oceanogr., 27, (6), 1004, 1982




[ 18]
—
9

Choi, J., Hulseapple, S.M., Conklin, M.H., and Harvey, J.W.,
Modeling of CO. degassing in a stream-aquifer system,

Journal of Hydrology. In publication, 1998

Davis, S. N., Thompson, G. M., Bentley, H. W., and Stiles,
G., Ground-water tracers - A short review, Ground Water,

18, 14-23, 1580

Dean, W.E. and Greeson, P.E., Influences of algae on the
formation of freshwater ferromanganese nodules, Oneida
Lake, New York, Arch. Hydrobiol., 86, (2), 181-192, 1979

DiToroc, D. M., Combining c<hemical equilibrium and
phytoplankton models - A general methodology, 1in
Modeling Biochemical Processes in Agquatic Ecosystems,

edited by R. P. Canale, Ann Arbor Science, 1976.

Duff, J.H., Murphy, F., Fuller, C.C., Triska, F.J., Harvey,
J.W., and Jackman, A.P., A mini drive point sampler for
measuring porewater solute concentrations in the
hyporheic zone of sand-bottom streams, Limnological

Oceanography, in publication, 1998

Duran, A. P., Nitrous oxide production in nitrogen-rich river
sediments, Ph.D. thesis, Dept. of Civil Engineering,

Massachusetts Institute of Technology, Cambridge, MA,

1985.




Escartin, J., and Aubry, D.G., Flow structure and dispersion
within agal mats, Estuarine, Coastal and Shelf Science,

40, 451-472, 1995

Eychaner, J.H., Movement of inorganic contaminants in acidic
water near Globe, Arizona, U. S. Geological Survey,
Water Resources Investigation Report 88-4220, pp.S67-

575, 1989

Eychaner, J.H., The Globe, Arizona Research Site-Contaminants
related to copper mining in a hydrologically integrated
environment, in USGS Toxic Substances Hydrology Program,
edited by G. Mallard and D. Aronson, vol. U.S.
Geological Survey Water Resources Investigations Report

91-4034, 439-447, 1991.

Fischer, H.B., E.J. List, R.C.Y. Koh, J. Imberger, and N.
H. Brooks, Mixing in Inland and Coastal Waters, Academic

Press, San Diego, CA, 1979.

Genereux, D.P., and H.F. Hemond, Determination of gas
exchange rate constants for a small stream on Walker

Branch watershed, Tennessee, Water Resources Research,

28(9), 2365-2374, 1992.




214

Genereux, D.P., and H.F. Hemond, Naturally occurring radon-
222 as a tracer for streamflow generation: Steady-state
methodology and field example, Water Resources Research,

26 (12), 3065-3075,1990.

Ghiorse, W.C. and Ehrlich, H.L., Microbial biomineralization
of iron and manganese, in Biomineralization Processes,
Iron and Manganese, edited by H. C. W. Skinner and R.
Fitzpatrick, 75-99, Catena Verlag, Cremlingen-Destedt,

1592

Glynn, P., and Brown, J., Reactive transport modeling of
acidic metal-contaminated ground water at a site with
sparse spatial information, in Reviews in Mineralogy,
vol. 34, Reactive Transport in Porous Media: General
Principles and application to Geochemical Processes,
edited by C. I. Steefel, P. Lichtner, and E. Oelkersw,
pp. 377-438, Mineral. Soc. of Am., Washington, D.C.,.

1996

Goldberg, E.D., Marine geochemistry 1. chemical scavengers of

sea, Journal of Geology, 62, 249-265, 1854

Graveland, A., and Heertjes, P., Removal of manganese from

ground water by heterogeneous autocatalytic oxidation,




o
W

Transactions of the Institution of Chemical Engineers,

53, 154-164, 1975

Harvey, J., and C. Fuller, Hydrologic controls on manganese
transport in a contaminated stream-aquifer system, Pinal
Creek Basin, Arizona, EOS, Transactions American

Geophysical Union, 75(44), :293., 1994.

Harvey, J.W., Wagner, B.J., and Bencala, K.E., Evaluating
the reliability of the stream tracer approach to
characterize stream-subsurface water exchange, Water

Resour. Res., 32, 2441-2451, 1996

Harvey, J.W., and Fuller, C.C., Effect of enhanced manganese
oxidation in the hyporheic zone on basin-scale
geochemical mass balance, Water Resources Research, In

publication, 1998

Heekyung, K., H.F. Hemond, L.R. Krumholz, and B.A. Cohen,
In-situ biodegradation of toluene in a contaminated
stream. 1. Field studies, Environmental Science and

Technology, 29, 108-116, 1995.

Hem, J.D., and Lind, C.J., Chemistry of manganese

precipitation in Pinal Creek, Arizona, USA: A Laboratory




study, Geochimica et Cosmochimica Acta, 58, (6), 1601-

1613, 1994

Hess, G.W., Kim, B.R., and Roberts, P.J.W., A manganese
oxidation model for rivers, Water Resources Bulletin,

25(2), 359-365, 1989

Hornberger, G., and R. Spear, An approach to the preliminary
analysis of environmental systems, Journal of

Environmental Management, 12, 7-18, 1981.

Hulseapple, S.M., A Field Study of Reaeration and Solute
Transport at Pinal Creek, Globe, Arizona, Master's
thesis, Department of Hydrology and Water Resources,

Universicy of Arizona, Tucson, AZ, 96 p., 1995.

Jackman, A.P., Walters, R.A., and Kennedy, V.C., Transport
and concentration controls of chloride, strontium,
potassium and lead in Uvas Creek, a small cobble-bed
stream in Santa Clara county, Califormia, U.S.A., Z,

Mathematical modeling, Journal of Hydrology, 7%, 11l1-

141, 1984

Kadlec, R., Detention and mixing in free water wetlands,

Ecological Engineering, 3, 345-380, 1994



Kennedy, V.C., Jackman, A.P., Zand, S.M., Zellweger, G.W.,

and Avanzino, R.J., Transport and concentration

controls of chloride, strontium, potassium and lead in
Uvas Creek, a small cobble-bed stream in Santa Clara
county, California, U.S.A., 1. Conceptual model, Journal

of Hydrology., 75, 67-110, 1984

Kilpatrick, F., and E. Cobb, Measurement of discharge using

tracers: US Geological Survey Techniques of Water-
Resources Investigations, Book 3, Chapter Aaié, =Z p.,

1985.

Kilpatrick, F.A., R.E. Rathbun, N. Yotsukura, G.W. Parker,

Kim,

and L.L. DelLong, Determination of stream reaeration
coefficients by use of tracers: US Geological Survey
Techniques of Water-Resources Investigations, Book 2,

Chapter Al8, 55 p., 1989.

B.K., Jackman, A.P., and Triska, F.J., Modeling
biotic uptake by periphyton and transient hyporheic
storage of nitrate in a natural stream, Water Resour.

Res., 28, 2743-2752, 1992

Kimball, B.A., R.E. Broshears, K.E. Bencala, and D.M.

McKnight, Coupling of hydrologic transport and chemical

reactions in a stream affected by acid mine drainage,




Environmental Science and Technology, 28, 2065-2073,

1994a.

Kimball, B., R. Broshears, and K. Bencala, Environmental
Geochemistry of Sulfide Oxidation, Effects of Instream
pH Modification on Transport of Sulfide-Oxidation
Products, ACS Symposium Series 550; American Chemical
Society, 224-243,1994b.

Konieczki, A.D. and Angeroth, C.E., Hydrologic data from
the study of acidic contamination in Miami Wash-Pinal
Creek area, Arizona, water-years 1994-92&, Open-£file
report 97-247, U.S. Geological Survey, 1997

Kuwabara, J.S., Leland, H.V., and Bencala, K.E., Copper
transport along a Sierra Nevada stream, Journal of

Environmental Engineering, 110, 646-655, 1984

Levenspiel, 0., Chemical Reaction Engineering, John Wiely,

New York, 1972

Levy, B.S., and Chambers, R., Bromide as a conservative
tracer in soil water studies, Journal of Hydrology, 115,

105-114, 1987

Longsworth, S.A., Measurement of stream reaeration at Pinal
Creek, Arizona, in USGS Toxic Substances Hydrology

Program. U.S. Geological Survey Water Resources




Investigations Report 91-1031, edited by G. Mallard and

D. Aronson, 492-497, 1991.

Longsworth, S.A. and Taylor, A.M., Hydrologic data from the
study of acidic contamination in the Miami Wash-Pinal
Creek area, Arizona, water years 19390-91, U.S.

Geological Survey, Open-file report 92-468, 48-55, 1992

Marbel, J.C., Biotic contribution of Mn(II) removal at Pinal
Creek, Globe, Arizona, Master thesis, Department of
Hydrology and Water Resources, University of Arizona,

1998

McCutcheon, S.C., Water Quality Modeling: Vol I Transport
and Surface Exchange in Rivers, CRC Press, Boca Raton,

FL, 1989.

McDonald, L., Water pollution solution: build a marsh,

American Forests, 100 26-29, 1994

McKnight, D.M., and Bencala, K.E., The chemistry of iron,
aluminum, and dissolved organic material in three
acidic, metal-enriched, mountain streams, as controlled
by watershed and in-stream processes, Water Resour.

Res., 26, 3087-3100, 1890




220

McKnight, D.M., and K.E. Bencala, Reactive iron transport
in an acidic mountain stream in Summit County, Colorado:
A hydrologic perspective, Geochimica et Cosmochimica

Acta, 53, 2225-2234,1989.

Metzger, I., Effects of temperature on stream reaeration, J.

Sanit. Eng. Div. Am. Soc. Civ. Eng.. 91(5A-6), 1968.

Murray, J.W., and Dillard, J., The oxidation of cobalt(II)
adsorbed on manganese dioxide, Geochimica et

Cosmochimica Acta, 43, 781-787, 1979.

Naiman, R.J., Melillo, J.M. and Hobbie, J.E., Ecosystem
alteration of boreal forest by beaver (Castor

canadensis), Ecology, 67: 1254-1269, 1986

Nealson, K., Tebo, B. and Rosson, R., Occurrence and
mechanisms of microbial oxidation of manganese, Advances

in Applied Microbiology, 33, 279, 1988

Neaville, C.C., and Brown, J.G., Hydrogeology and hydrologic
system of Pinal Creek basin, Gila County, Arizona, U.S.
Geological Survey Water Resources Investigations Report

93-4212, 32p, 1994




221

Nepf, H.M., Mugnier, C.G., and Zavistoski, R.A., The effects
of vegetation on longitudinal dispersion, Estuarine,

Coastal and Shelf Science, 44, 675-684, 1997

Parker, G.W., and F.B. Gay, A procedure for estimating
reaeration coefficients for Massachusetts streams,
technical report Water Resources Investigations Report

86-4111, U.S. Geological Survey, 34 p, 1987.

Peterson, N.P., Geology and ore deposits of the Globe-Miami
District, Arizona, U.S. Geological Survey Professional

Paper 342, 151pp. 1962

Rathbun, R.E., Reaeration coefficients of streams: State of
the art, Journal of Hydraulics, Division of the American
Society of Civil Engineers, 103 (HYI), 409-424,1977.

Runkel, R.L., and Broshears, R.E., One-dimensional transport
with inflow and storage (OTIS): A solute transport model
for small streams, Technical Report 91-01, Cent. for
Adv. Dec. Support for Water and Environ. Sys., Univ. of

Colo., Boulder, 1991

Runkel, R.L., and Chapra, S.C., An efficient numerical

solution of the transient storage equations for solute




M9

transport in small stream, Water Resour. Res., 29, 211-

215, 1993

Runkel, R.L., Bencala, K.E., Broshears, R.E., and Chapra,
S.C., Reactive solute transport in streams, 1.
Development of an equilibrium-based model, Water

Resources Res., 32(2), 409-418, 1996

Runkel, R.L., One-dimensional transport with inflow and
storage (OTIS): a solute transportmodel for streams and
rivers. U.S. Geological Survey Water Resources

Investigations Report 98-4018, 1998

Savant, S.A., Reibel, D.D., and Thibodeaux, L.J., Convective
transport within stable river sediments, Water Resour.
Res., 23, 1763-1768, 1987

Smith, C.F., Anning, D.W., Duet, N.R., Fisk, G.G., McCormack,
H.F., Pope, G.L., and Wallace, B.L., Water Resources
data, Arizona, water year 1994: U.S. Geological Survey

Water-Data Report AZ-94-1, 320p.

Stollenwerk, K.G., Geochemical reactions between constituents
in acidic groundwater and alluvium in an aquifer near

Globe, Arizona, Applied Geochemistry, 9, 353-369, 1994




Stream Solute Workshop, Concepts and methods for assessing
solute dynamics in stream ecosystems, J. N. Am.

Benthological Soc., 9, 95-119, 199C

Stumm, W., and J. Morgan, Aquatic Chemistry: An Introduction
With an Emphasis on Chemical equilibria in Natural

Waters., John Wiley and Sons, 1996.

Thackston, E.L., and Schnelle, K.B., Predicting effects of
dead zones on stream mixing, J. Sanit. Eng. Div. Am.

Soc. Civ. Eng., 93(SAS5), 67-90, 1870

Triska, F.J., Duff, J.H., and Avanzino, R.J., The role of
water exchange between a stream channel and its
hyporheic zone in nitrogen cvcling at the terrestrial-

aquatic interface, Hydrobiologia, 251, 167-184, 199:Z

Triska, F.J., Kennedy, V.C., Avanzino, R.J., Zellweger, G.W.,
and Bencala, K.E., Retention and transport of nutrients
in a third-order stream in Northwest California:
Hyporheic processes, Ecology, vol. 70, no. 6, p 1877,

1989

Tsivoglou, E.C., R. L. O'Connell, C.M. Walter, P.J.

Godsil, and G.S. Logsdon, Tracer measurement of




224

atmospheric reaeration, Journal of the Water Pollution

Control Federation, 37(10), 1343-1362, 1965.

Tsivoglou, E.C., Tracer measurement of stream reaeratior:Z,
technical report Federal Pollution Control Federaticn

Report, U.S. Department of the Interior, 86 p, 1967.

Valentine, E.M., and Wood, I.R., Longitudinal dispersion
with dead zones, A.S.C.E. Journal of the Hydraulics

Division, 103 (HY9), 975-990, 1977

Valett, H.M., Fisher, S.G., and Stanley, E.H., Physical and
chemical characteristics of the hyporheic zone of a
Sonoran Desert stream, Jour. North American
Benthological Society, vol.9, pp. 201-215, 13990

von Gunten, H.R., Karametaxas, G., and Keil, R., Chemical

processes in infiltrated riverbed sediments,

Environmental Science and Technology, 28, 2087-2093,

1994

Wagner, B.J., and Gorelick, S.M., A statistical methodology
for estimating transport parameters: Theory and
applications to one-dimensional advective - dispersive

system, Water Resour. Res., 22, 1303-1315, 1986




Wagner, B.J., and Harvey, J.W., Experimental design for
estimating parameters of rate-limited mass-transfer:

Analysis of stream tracer studies, Water Resour. Res.,

33, 1731-1741, 1997

Walter, G.R., and J.R. Norris, Hydrochemical zoning in the
Pinal Creek alluvium, in USGS Toxic Substances Hydrology
Program. U.S. Geological Survey Water Resources
Investigations Report 91-4034, edited by G. Mallard and

D. Aronson, pp. 516-519, 1991.

Wilson, E.D., Moore, R.T., and Pierce, H.W., Geologic Map

of Gila County, Arizona, Arizona Bureau of Mines, 1959

Zand, S.M., Kennedy, V.C., Zellweger, G.W. and Avanzino,
R.J., Solute transport and modeling of water quality in
a small stream, J. Res. U.S. Geol. Surv., 4(2), 233-240,

1976




IMAGE EVALUATION
TEST TARGET (QA—3)

3 32l =l

I3

——
—_——

i

14

1
———

125

150mm
é

© 993, Applied Image, inc.. All Rights Reserved




