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(ABSTRACT)

Nitrate is one of the most common groundwater contaminants, with levels
commonly exceeding established drinking water limits. In areas of high agricultural or
industrial nitrate use, nitrate contaminated groundwater poses a potential health risk. In situ
denitrification is the microbially mediated reduction of nitrate to innocuous nitrogen gas
compounds and is the principal process for nitrate removal in contaminated aquifers. This
process is becoming increasingly recognized for its ability to reduce or eliminate nitrate
concentrations in groundwater with minimal site disturbance and cost. Predicting the extent
to which denitrification occurs in aquifers as well as the rate, therefore, has become the
focus of numerous mathematical models. However, the predictive capabilities of numerical
models are constrained because knowledge of the biological processes implicated in
denitrification is limited.

This report examines the microbial processes involved in in situ denitrification, and
then applies this knowledge to assess the capability of a two-dimensional numerical model,
NBIO2D. NBIO2D is a variation of a code, SEAM2D, developed by Widdowson
(1988,1992).

Model development and model application are presented. The model development
overview provides insight to the mathematical methods used to simulate the microbial
processes. The model appplication compares model predictions with data received from
a USGS research site on Cape Cod, Massachusetts. Data are derived from a natural-
gradient experiment in which formate was injected into a carbon-limited aquifer in order
to stimulate and accelerate denitrification. NBIO2D simulations for the Cape Cod site are
developed for model verification and model applicability.
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CHAPTER 1. Introduction

1.1 Background

Nitrate (NOs’) is the most common groundwater contaminant (Korom, 1992). It is
highly soluble, mobile and poses a significant health hazard to humans (e.g., "blue baby
syndrome") at concentrations above 45 mg/L. If water has concentrations exceeding 450
mg/L of nitrate, it is unfit for livestock consumption (Freeze and Cherry, 1979).
Furthermore, intake of nitrate has been linked to gastric cancer mortality rates. Due to
these health concerns, the fate and transport of nitrate and nitrogen species in groundwater
has been closely studied (Chapelle, 1993).

Nitrate can be derived from both point sources (e.g., feed lots and land disposal of
human sewage and animal manure) and non-point sources (e.g., application of nitrate-
based fertilizers) (Trudell et al., 1986). Because of growing anthropogenic sources,
nitrate pollution is increasing (Freeze and Cherry, 1979). In fact, the most extensive study
of nutrients in the nation's water resources (12,000 groundwater and 22,00 surface water
samples) found that the drinking water standard for nitrate (10 mg;N/L) was exceeded in
21 percent of shallow wells in agricultural areas (Mueller et al., 1994). While pollution
prevention has been identified as the primary means to eliminate nitrate at the source,
identifying and evaluating potential nitrate sinks within the groundwater environment is
desirable from a water quality standpoint. Under suitable environmental conditions,

denitrification is a naturally-occurring microbially-mediated process that functions as a



sink for nitrate. During this process, nitrate serves as a terminal electron (¢’) acceptor in
the metabolism of facultative anaerobic bacteria.

Denitrification has been studied extensively regarding surface water/soil interfaces,
septic tank systems, soil environments, and water treatment processes; however, in situ
denitrification occurring in groundwater systems is a recent addendum to the research
(Korom, 1992). Many studies have offered indirect evidence of in situ denitrification
taking place in groundwater. However, only within the last ten years has there been direct
measurement of this activity in groundwater samples (Smith and Duff, 1988). /n situ
denitrification has the potential to provide a safe and cost efficient way to remediate
nitrate contaminated groundwater with minimal site disturbance.

Korom (1992) notes that attention to aquifer denitrification is likely to continue
not only because it can remove nitrate naturally from groundwater but for a few other
reasons as well. First, the natural denitrification capacity of aquifers can be enhanced with
the addition of ¢ donors such as sucrose, formate, and methanol. Conversely, nitrate can
be added, as an e acceptor, to anaerobic sites contaminated with hazardous organic
compounds to promote in situ biological reduction of the organic wastes. For further
reading on this subject see Barbaro et al. (1992). Finally, there is concern about the
release of nitrous oxide (N,O) during denitrification because this gas presumably
contributes to the “greenhouse effect”.

Current and anticipated attention to in situ denitrification, both natural and

enhanced, necessitate the development of predictive models. Mathematical models have



been developed to simulate the effects of denitrification in aquifers. Kinzelbach et al.
(1990) determined that although present models are limited in their predictive
capabilities, this limitation is not a result of modeling techniques but of “limited
knowledge of the parameters, data and boundary conditions.” Therefore, it is imperative
that research continue to achieve a better understanding of the biological intricacies of in

situ denitrification rather than the “black box” approach of many mathematical models.

1.2 Problem Statement

The objective of this report is to contribute to the understanding of in situ
denitrification while providing insight to the modeling of this process. A mathematical
model has been developed for realistic simulation of natural and/or enhanced in situ
denitrification. The model presented in this report and the corresponding computer
simulation code, NBIO2D, utilizes an existing two-dimensional advection-dispersion
hydrocarbon transport and biodegradation model developed by Widdowson (1992) with
appropriate modifications to include denitrification. To acquire a deeper understanding
of in situ denitrification, model predictions are developed to interpret data received from
a natural-gradient experiment in which formate was injected in order to stimulate
denitrification. This experiment took place at a USGS study site in Cape Cod,
Massachusetts, where the aquifer has been contaminated with treated sewage that is high

in nitrate concentration for over 50 years.



1.3 Scope

The model employed in this study is capable of utilizing, in preferential order, three
electron acceptors: dissolved oxygen, nitrate, and nitrite. However, based on site
conditions, all model simulations assume very low concentrations of dissolved oxygen.
Consequently, these simulations effectively use oﬁly two electron acceptors: nitrate
(NO5’) being the primary electron acceptor and nitrite (NO;) as the terminal electron
acceptor. As with most current models, NBIO2D considers only a single electron
donor/substrate, either an organic compound or an inorganic compound. When the
microbial population consumes an organic compound for energy, denitrification is termed
heterotrophic. Conversely, when an inorganic compound is utilized, denitrification is
termed autotrophic. In this study, only organic carbon is used as a substrate. These
presumptions exclude the possibility of substrate oxidation resulting from aerobic
respiration as well as any occurrence of autotrophic denitrification.

Substrate utilization rates, for both nitrate and nitrite, follow modified Monod
kinetics. A nitrate inhibition function is included to account for reduced nitrite-based
substrate consumption resulting from the presence of nitrate. Values for all critical
parameters, other than those gleaned from the data, were estimated using ranges found in
current literature.

Based on the injection/sampling well configuration at Cape Cod, all model
simulations are defined in the vertical domain. Additionally, since site data originates from

multi-level sampling wells, all model simulations assume a stratified velocity distribution;



whereas, background concentrations for nitrate and nitrite have a uniform distribution. A

time-dependent line boundary source describes substrate inflow from an injection well.



CHAPTER 2. Literature Review

2.1 Historical Account

Denitrification is the microbially-mediated process which converts nitrate to either
nitrous oxide (N,O) or molecular nitrogen gas (N;). In this microbial process, bacteria use
nitrate in place of oxygen for respiration under anaerobic conditions (Trudell et al., 1986).
Korom (1992) attributes the present awareness of groundwater denitrification to two
discoveries. The first was the discovery of diverse and abundant microbial populations in
the subsurface much deeper than many microbiologists originally suspected. Early
microbiologists believed that much of the subsurface was biologically inactive. Second,
near the end of World War 11, it was reported that methemoglobinemia in infants (i.e.,
“blue baby syndrome™) was linked to the consumption of drinking water high in nitrates
(Comly, 1945). Prior to this discovery, most groundwater studies paid little or no
attention as to the “presence or absence” of nitrate in groundwater (George and Hastings,
1951). Studies subsequent to this discovery reported that nitrate concentrations have a
tendency to be highest near the water table and decrease with depth. Throughout the
1950s and 1960s, various groundwater studies connected this loss of nitrate with depth to
bacteria (e.g., George and Hastings, 1951; Ineson and Downing, 1963; Behnke and
Haskell, 1968). At that time, though, the concept of microbially-mediated nitrate reduction
was purely conjecture. Within the last twenty years, however, tangible proof of

denitrifying bacteria and aquifer denitrification has been reported. In fact, Starr and



Gillham (1989) noted that denitrification is the dominant biological process that removes

nitrate from nitrate-contaminated aquifers.

2.2 Denitrification Environment

For denitrification to occur in groundwater systems, it requires the presence of
either nitrate or nitrite as electron acceptors, denitrifying bacteria, anaerobic conditions or
restricted oxygen availability, and an adequate supply of electron donors (Firestone,
1982). Sufficient concentrations of nitrate, the first requirement, are presumed for this
study.

While not all bacteria have the ability to denitrify (Tiedje, 1982), the diversity
among those that can is quite broad (Knowles, 1982). For growth and maintenance,
microbes need a carbon source, energy source (electron donor), and respiratory source
(electron acceptor) (Bedient et al., 1994). In groundwater systems, denitrifiers get energy
from the oxidation of organic or inorganic compounds. If microbes obtain energy from
the oxidation of organic compounds, they almost always uses this source as a source for
carbon also. If microbes obtain energy from the oxidation of inorganic compounds, they
almost always use inorganic carbon dioxide as a carbon source (Brock and Schlegel,
1989). Therefore, most researchers classify denitrifying bacteria as being either
heterotrophic or autotrophic based on the utilization of organic or inorganic carbon,

respectively. Of all known denitrifiers, most are heterotrophs (Payne, 1981). The



presumed pathway of denitrification, with the oxidation state of the nitrogen atom shown
in parentheses, is presented as follows (Payne, 1981):

(+5) (+3) +2) (+1) ©)
NO; > NO; - NO - N,O - N,

nitrate nitrite nitric nitrous
reductase reductase oxide oxide
reductase reductase

Nitrogen oxide reductases are enzymes that catalyze each reduction process of the
denitrification pathway. In this pathway, nitrogen oxide reductases transfer electrons from
electron donors to intermediate nitrogen species (Delwiche, 1981). Most denitrifiers
contain all the reductases essential for complete nitrate reduction to nitrogen gas. Some
denitrifying bacteria, though, lack either nitrate, nitrite, or nitrous oxide reductase; hence,
they are unable to entirely reduce nitrate to nitrogen gas (Knowles, 1982). It is interesting
to note that aerobic conditions inhibit the activity of the nitrate reductase. Chapelle
(1993) states that this is the reason that denitrifiers are limited to oxygen deficient or
anaerobic environments. Although nitric oxide (NO) is included in this pathway, its
appearance as a product gas is not common. This is probably due to its high reactivity and
high solubility. Nitrous oxide (N2O) and molecular nitrogen (N-), on the other hand, are
more stable than nitric oxide and generally turn up as end product gases (Ingraham, 1981).

To complete the oxidation-reduction (redox) reaction, bacteria need an electron
acceptor as well as an electron donor. In the subsurface environment, oxygen, nitrate,
iron (III), sulfate, and carbon dioxide are commonly used as electron acceptors for

microbial respiration. Microbes that respire and grow under aerobic conditions by



utilizing dissolved oxygen as an electron acceptor are termed aerobes. Strict anaerobes
are microbes able to thrive only under anaerobic conditions or environments where oxygen
is virtually nonexistent and are capable of only utilizing electron acceptors such as sulfate
or carbon dioxide for respiration. Facultative microbes are capable of respiration both in
the presence and absence of oxygen, with a preference for oxygenated environments
(Hutchins, 1991). Most denitrifying microbes tend to be facultative (Firestone, 1982).
The utilization sequence of electron acceptors is both a function of the organism’s
mode of respiration and the amount of electron acceptor available. In the presence of a
variety of electron acceptors, electron donors are oxidized by the electron acceptor that
will generate the maximum amount of energy (Stumm and Morgan, 1981).
Figure 2.1(a), reported by Suflita and Sewell (1991), illustrates the preferential order of
electron acceptor utilization based on the potential energy of each reduction process. As
shown in Figure 2.1(b), adapted from Jergensen (1989), when organic carbon is the
electron donor, the same preferential sequence is maintained. Note that when aerobic
conditions preside, aerobic microbes and most facultative microbes will utilize oxygen to
oxidize organic carbon. When dissolved oxygen levels are sufficiently diminished,
facultative anaerobes and strict anaerobes begin to use nitrate, if present, to oxidize
organic carbon. The limiting level of oxygen concentration, the point where denitrification
begins, varies among microbial ofganisms (Korom, 1992). Some bacteria have been found
to denitrify at dissolved oxygen concentrations as high as 6.9 mg/L, but most organisms

do not shift to nitrate until oxygen concentrations become much lower (Robertson and
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Keunen, 1984). In fact, Trudell et. al., (1986) reported that in an unconfined sandy
aquifer, a dissolved oxygen concentration of 2.0 mg/L appeared to be the upper limit for
in situ denitrification to proceed at a relatively rapid rate.

As stated previously, when microorganisms utilize organ carbon as an electron
donor it is termed heterotrophic denitrification. The following redox reaction illustrates
nitrate reduction, assuming heterotrophic denitrification only:

SHCOO + 2NOs + 7H <> N, + 5CO; + 6H;O
In this redox reaction, formate (HCOQ"), an organic carbon source, also serves as the
electron donor. Provided with an ample supply of nitrate and an organic carbon source,
subsurface microbes can potentially reduce large amounts of nitrate. However, without
the proper kind or quantity of organic matter, the growth of denitrifiers is usually inhibited
(Freeze and Cherry, 1979). Knowles (1982) suggests that different organic compounds
cause reductases to behave in different ways.

Knowles (1982) states that the availability of electrons in the organic carbon
source is one of the most important aspects of heterotrophic denitrification.
Denitrification activity in soils has been related to the amount of available organic carbon.
In fact, Starr and Gillham (1989) also Smith and Duff (1988) reported that the rate of
denitrification in anaerobic aquifers with significant levels of nitrate was limited by the
amount of available organic carbon. Additionally, Smith and Duff (1988) as well as
Obenhuber and Lowrance (1991) found that denitrification activity in carbon limited

aquifers was stimulated by the addition of glucose, an organic carbon source. These
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studies illustrate a guideline presented by Korom (1992): if nitrate concentrations exceed
organic carbon concentrations in groundwater, the bacteria are unable to denitrify all of
the nitrate. Ordinarily it takes over one unit mass of organic carbon to reduce one unit
mass of nitrate. For that reason, to reduce a certain amount of nitrate it usually requires a
greater amount of carbon.

Under some conditions, however, adding organic carbon has no effect (Tiedje,
1978). Tiedje et. al., (1982) theorized that in a carbon limited aquifers nitrate reduction
prefers denitrification over dissimilatory nitrate reduction to ammonium (DNRA).
Conversely, if an aquifer is abundant in carbon and limited by nitrate, DNRA is favored
over denitrification. Yet, Korom (1992) states that studies validating this hypothesis are
limited. Smith et. al. (1991) found evidence of DNRA at the Cape Cod site but
determined that denitrification was the predominate source of nitrate reduction.
Therefore, the scope of this report will not include discussion of DNRA.

Along with the factors already cited, a few more controls on subsurface
denitrification have been identified. Denitrification in groundwater is influenced by pH.
The optimum range for denitrification is generally pH 7 to pH 8, but this range may
change depending upon the microbe (Bryan, 1981). Prakasam and Loehr (1972) reported
denitrification taking place in wastes up to approximately pH 11. On the other hand,
nitrogen oxide reductases becomé inhibited at low pH values and, therefore, decrease

denitrification rates (Knowles, 1982).
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Denitrification in subsurface environments also appears to be affected by
temperature. Bryan (1981) states that anaerobic conditions near 30°C favor growth of
denitrifying bacteria. Bremner and Shaw (1958) and Keeney et. al., (1979) found that
denitrification rates reached a maximum around 60 to 75°C and then quickly declined
above this range. Conversely, soil denitrification rates are considerably diminished, but
still perceptible, in the low temperature range (0 to 5°C) (Bremner and Shaw, 1958; Smid
and Beauchamp, 1976).

A number of compounds are able to inhibit the activity of the nitrogen oxide
reductases involved in denitrification. Table 2.1, from Knowles (1982), catalogues known

inhibitors and the specific reduction steps affected.
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Table 2.1. Denitrification Inhibitors. (from Knowles, 1982)

Inhibitor (conc.)

Reaction Inhibited

Acetylene (10 atm)
Azide, cyanide, DNP* (10™ M)

Nitrapyrin (nitrification inhibitor)
14 ppm in soil
50 ppm in soil
50 ppm in culture
N-serve form (20 ppm in enrichment culture)

Pesticide
Vapam (20 ppm in soil)
Dalapon (10 ppm in soil)
Toluidine derivatives

Sulfur compound
SO,> (100-500 pg of S g™)
s
40 mmol g
0.3 mM
0.3 mM, 8 umol g™

N20 —)Nz

NO3_ —> Ng, N20 - N2

NOg‘ — N,

No effect

NO3- - N>

NO3- - N20 and N2

NO3- —> N2
NO3_ - N2
NOp_-, Nzo ->N;

NOys™ disappearance in soil
NO;" — gaseous products

NO —» N'_)_O
N20 —> Ng

*DNP, 2,4-Dinitrophenol
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CHAPTER 3. Model Development

3.1 Model Background

The computer code employed in this report, NBIO2D, is a variation of a code
developed by Widdowson (1992), designed to simulate two dimensional transport,
adsorption, and biodegradation of hydrocarbons due to heterotrophic facultative microbes.
Adjustments to this model include the production and reduction of nitrite and the
accumulation of nitrous oxide gas and nitrogen gas, which are endproducts of the
denitrification process. Therefore, in NBIO2D equations were created to represent
aqueous-phase concentrations of the following constituents: carbon substrate, oxygen,
nitrate, nitrite, and endproducts (nitrous oxide gas and nitrogen gas). The production of
nitrous oxide gas and nitrogen gas was not examined as part of this report.

A mathematical model that combines macroscale transport processes with
biological activity must address not only basic microbial and advective-dispersive
processes but also the process of mass transfer between phases‘at both scales (ie.,
interphase transport) (Widdowson, 1992). The following sections provide an overview of

the various processes found at each of these levels in NBIO2D.

3.2 Microscale Processes

3.2.1 Microbial Population Representation and Kinetics

15



Sediment-bound groups of bacteria are often referred to as microcolonies.
NBIO2D models the microbial population as uniformly distributed microcolonies. As
stated previously, subsurface microbial populations require an electron acceptor, an
electron donor, and a carbon energy source. The size and makeup of microbial
populations vary depending upon changes in the amount and type of electron acceptor,
electron donor, and substrate available to the microbes. So, conceivably there are
numerous methods of modeling microbial population kinetics. Microbes could be
classified according to their mode of respiration, according to their electron acceptor
preference, or according to electron donor preference. NBIO2D is capable of modeling
only one distinct microbial population. In NBIO2D, the microbial population is assumed
to be facultative.

NBIO2D simulates changes in microbial populations by employing a simple mass

balance that includes both growth and decay terms. This equation is written as:

Yro—ka=—— (3.1)

where M is the biomass population per unit volume of porous medium [Mp/L’], # is time
[T], Y is the yield coefficient [Mp/Ms], #; is the substrate utilization rate, and &, is the
population decay rate. The yield coefficient is the ratio of microbial biomass per mass of
substrate consumed. This coefficient is defined for each electron acceptor and denotes
microbial utilization efficiency. A low yield coefficient indicates inefficient microbial

utilization of substrate.
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3.2.2 Growth Rates

Growth rates for microbial populations in NBIO2D are written using modified
Monod kinetics. Modified Monod kinetics take into account that population growth rates
are limited by either the electron donor, the electron acceptor, or both. Harris and
Hanford (1976) developed a modified Monod equation to represent the microbial growth

rate using oxygen as an electron acceptor, and is written as follows:

s o
S0 = 0 3.2
" # [Kso +sj||:Ko +o:| (3-2)

where 1, is the maximum specific growth rate under aerobic conditions [Mp/Mp/T], s and

o are the microbial phase substrate [Ms/L’] and oxygen [Mo2/L’] concentrations
respectively, K, is the saturation constant for substrate due to oxygen-based respiration
[My/L?], and X, is the saturation constant for oxygen [Mo/L’].

The presence of oxygen inhibits microbial utilization of alternate electron acceptors
such as nitrate. Widdowson et al. (1988) developed a growth rate equation for anaerobic,

nitrate-based respiration.

S

K

[ o }I(o) (3.3)

usnl - !“lnl|: Knl +n1

+s

snl
In this expression, i,; is the growth rate due to anaerobic, nitrate-based respiration
[Mp/Mp/T], .; is the maximum specific growth rate for nitrate-based respiration
[Mp/Mp/T], n; is the microbial phase nitrate concentration, Kj,; is the saturation constant

for substrate due to nitrate based respiration [Ms/L’], and K,,; is the saturation constant for
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nitrate [Mnos/L’]. Since nitrate utilization is inhibited by the presence of oxygen, the term
I(o) is included. This term is the oxygen inhibition function and is defined by the following
expression:

K,

I(0) =
() K1+0

3.4)

where K; is an inhibition coefficient [Mo,/L’] for oxygen. It should be noted that
NBIO2D allows the user to select the type of respiration desired: oxygen-based
respiration only, nitrate-based respiration only, or both oxygen and nitrate-based
respiration with oxygen being preferred.

In denitrification nitrate reduces to nitrite. Nitrite can also serve as an electron
acceptor, but its utilization is inhibited by the presence of both oxygen and nitrate. The

growth rate for nitrite-based respiration is represented by the following expression:

— S n2
o = unz[K +s],:an -~ }I(o)l(n,) (3:5)

sn2

where ,; is the maximum specific growth rate for nitrite-based respiration [Mp/Mp/T], 1,
is the microbial phase nitrite concentration, K, is the saturation constant for substrate due
to nitrite based respiration [Ms/L*], and K, is the saturation constant for nitrite [Mnoo/L’].
Nitrite growth is dependent upon the utilization of nitrate; thus, a nitrate inhibition
function, I(n;), is included in the equation. This term is defined by the following

expression:

K
I(n,) = 2 3.6
(n,) K, +n (3.6)
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where X is a nitrate inhibition coefficient [MN03/L3]. Nitrite utilization is also inhibited by

the presence of oxygen; therefore, the oxygen inhibition function, I(0), is included in this

expression.

3.2.3 Utilization Rates

Specific substrate utilization rates, r;, are derived from the corresponding microbial

growth rate and yield coefficient. Substrate utilization rate equations for oxygen, nitrate,

and nitrite-based respiration are as follows:

Wso
I = 3.7
Y. (3.7)
p‘snl
I, = 3.8
snl Ynl ( )
l"l'snz ~
= 3.9
sn2 Ynz ( )

where Y, Y,;, and Y,; are the yield coefficients for oxygen, nitrate, and nitrite-reducing

environments. Therefore, the expression for total substrate utilization would be as

follows:
(3.10)

snl

I =r, +r1, 6 +1,
Electron acceptor utilization rates, like substrate utilization rates, are expressed as

a direct function of microbial growth rates. The following equations represent utilization

rates for oxygen, nitrate, and nitrite:
[} =Youso (3.1])
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rn] = nl“sn] (3 12)
rn2 = nZuan (313)
where y,, 77;, and 77, are the oxygen use coefficient [Mo,/Mg], the nitrate use coefficient

[Mnos/Mg], and the nitrite use coefficient [Mno2/Mg], respectively.

3.3 Macroscale Processes

3.3.1 Advection and Dispersion

NBIO2D currently simulates transport in two dimensions. Solute transport in
porous media is a function of two macroscopic mass transport processes, advection and
hydrodynamic dispersion. Advection refers to the bulk movement of fluid through the
porous medium, whereas, hydrodynamic dispersion accounts for solute transport due to
concentration gradients and mechanical mixing. Transport equations are written for the
following aqueous-phase concentrations: carbon substrate, oxygen, nitrate, nitrite, nitrous

oxide, and molecular nitrogen. The general form of the transport equation is as follows:

2 2
*QXQE—QZQQ—FD)(%—Jr_DZa_g—#Rsmk+Rsource =-a_(—: (314)
ox oz ox 0z ot

where C is the aqueous-phase concentration of a typical constituent [Mouue/L’], x and z
are distances measured along and perpendicular to the flow path [L], vx and v. are the
average groundwater velocities in the longitudinal and transverse directions [L/T], D, and
D, are the dispersion coefficients in the longitudinal and transverse directions [L*T],

Rsource accounts for the production of mass resulting from microbial processes
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[Mootute/L>/T], and Ry;; represents reduction due to biodegradation and/or adsorption
[Myoute/L*/T]. Advective transport is accounted for by the first two terms on the left side
of Equation (3.14), while the third and fourth terms represent dispersive transport in the
longitudinal and transverse direction. The transverse groundwater velocity, v, is
negligible relative to the longitudinal groundwater velocity, vx. Therefore, hydrodynamic
dispersion in the longitudinal and transverse directions is determined using the following
equations:

D, =0, vx+D’ (3.15)

D, =0, v«+D’ (3.16)
where a; and o are the transverse and longitudinal dispersivities [L] that represent the
mechanical mixing component of dispersion, and D" is a diffusion coefficient [L*/T] that

represents the molecular diffusion component of dispersion.

3.3.2 Sources and Sinks

As previously stated, Rsource in Equation (3.14) accounts for the production of mass
resulting from microbial activity, and R, represents consumption of mass due to
microbial activity and/or adsorption. In the subsurface environment, though, naturally
occurring constituents such as dissolved oxygen, dissolved organic carbon, and nitrogen
oxides are primarily found in the aqueous phase. In effect, transport of these constituents
is not retarded by the effects of adsorption, and mass consumption is due solely to

biodegradation.
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Therefore, each transport equation contains either a sink term, to account for
consumption of mass due to microbial processes, or a source term, to account for
production of mass due to microbial processes. However, transport equations for nitrite
and nitrous oxide contain both a source and a sink term. The nitrite transport equation
contains a source term that accounts for nitrite production based on the rate of nitrate
utilization and a sink term that considers nitrite utilization as an electron acceptor.
Similarly, nitrous oxide production is dependent upon nitrite utilization. The nitrous oxide
reduction rate, however, is based on a first-order decay relationship.

Transport equations for substrate, oxygen, and nitrate contain only a sink term;
whereas, the expression for molecular nitrogen has only a source term. The production of
molecular nitrogen is based on the rate of decay of nitrous oxide. The following

expressions represent the sink terms for substrate, oxygen, nitrate, nitrite, and nitrous

oxide:
Rus = M—rs (3.17)
6
M
Riwo =71, (3.18)
0
M
Rt =T (3.19)
0
M
Rsi.ukNZ = -——rnz (320)
Ry = MN;) (3.21)
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where M is the amount of biomass per volume of porous medium [Mg/L*], @is the aquifer
porosity defined by the volume of voids per total volume [L*/L*], #sou refers to the
specified solute consumption per biomass per time [Moe/Mp/T], N; is the aqueous phase
nitrous oxide concentration [My20/L*], and A is a first-order decay coefficient.

The following expressions represent the source terms for nitrite, nitrous oxide, and

molecular nitrogen:

M

RsourceNZ = Cl —Im (322)
0
M
RsourceN3 = éZ EInZ (323)
RsourceN4 = (Z;S )K(N3 ) (324)

where C 1, ,, and {3 are production coefficients for nitrite [Myo2/Myos], nitrous oxide

[Mn20/Mno2], and molecular nitrogen [Myy/Mnzo).

3.4 Interphase Processes

To relate the pore fluid (aqueous phase) concentrations to microbial phase
concentrations, it is assumed that the rate of mass utilization in the biomass is equal to the
rate of mass entering the microbial phase by way of diffusion. According to Widdowson
(1992), the model used in this report is similar to biofilm models because the mass
entering the microbial phase does so via a diffusional boundary layer of thickness 5. Molz

et al. (1986) developed and Widdowson et al. (1988) modified expressions to relate pore

23



fluid concentrations to the microbial phase concentrations. Expressions representing this

relationship for substrate, oxygen, nitrate, and nitrite concentrations are presented below:

T, = Ds[?]ﬁ (3.25)
I, =D0[O"°]ﬁ (3.26)
5
’—Nl _nljl
L, =D, [——B (3.27)
)
r, =D, —Nz gnz :|B (3.28)

where D, D,, D,;, and D, are the diffusion coefficients [L*/T] for substrate, oxygen,
nitrate, and nitrite; S, O, N;, and N; are the substrate, oxygen, nitrate, and nitrite pore fluid
concentrations[Mou/L*]; Bis the surface area available for diffusion per unit biomass

[L?*/Mg]; and & is the diffusion boundary layer thickness [L].

3.5 Governing Equations

NBIO2D was developed to predict the fate of nitrate in groundwater by coupling
two dimensional advective-dispersive transport with biodegradation (the program does
allow for the inclusion of adsorption, but for this study they are considered insignificant).
It should be noted that NBIO2D also provides the option of simulating the transport of a
conservative tracer. This option permits comparison of predicted concentrations of two

solutes under identical conditions as well as depicting the impact of in sifu denitrification.

24



The aquifer is assumed to be heterogeneous (stratified) and anisotropic, and the
input source may either a point source or a line boundary source. As stated previously,
the electron donor is represented by carbon substrate, and the electron acceptors are
oxygen, nitrate, and nitrite, in order of preference. A single facultative heterotrophic
microbial population utilizes all three electron acceptors.

The fundamental mass balance equations that govern constituent transport (e.g.,
carbon substrate, oxygen, nitrate, and nitrite) must incorporate the following processes:
advection, dispersion, and microbial biodegradation. Using Equation (3.14) as a basis,
then substituting the appropriate equations, provides the following mass balances for
substrate, oxygen, nitrate and nitrite:

2 2
ox 0z ox oz ©

T, +T

snl

+1.,)= % (3.29)

2 2
—Qan—GZBO+Dxa?+DZa?-M—rO=a—0 (3.30)
0z ox 02" 0 ot

2 2
—Qx%-—\?z oN, +Dx8 Ij‘ +Dzalj‘-—Mrnl=@ (3.31)
0x 0z ox oz 0 ot
- ON, _ 0N, o°N, O°N, M ON,
—Vx -V; +D +D -—A(r, -C,r1.,)= 3.32
Vv ax v 62 X axz z azz 9 ( n2 C.il nl) at ( )

Recall that the substrate utilization rate (r;) and electron acceptor utilization rates (7o, 7.,
and r,;) can also be written in terms of interphase transport. Substituting Equation (3.25)

into Equation (3.10) provides the following expression for substrate utilization:

S—
I,=r,+T,, +T,= DS[TS}B (3.33)
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Substituting Equations (3.3-3.5) into Equations (3.11-3.13) and then using Equations
(3.26-3.28) provides the following expressions for electron acceptor utilization rates for

oxygen, nitrate, and nitrite in terms of microbial phase and aqueous phase concentrations:

O-o0 S T o
r=D = 3.34
° [ b iIB Y°“°[Kso+sd_Ko+o] (3.34)
N, -n s | n .
BN L S T I
snl AL nl 1
N, —n S n
I = Dnzl:z—sz‘jlﬁz nzunz[K +S]|:K j_n :|I(0)I(n1) (3.36)
sn2 n2 2

Using Equation (3.1) as a basis, a mass balance equation for the microbial

population is derived and given by:

Yr, +Y, 1, +Y,I

nl snl sn2

—k, = —— (3.37)

where 4, is the microbial population decay rate and Y,, Y,;, and ¥,; are the yield
coefficients for oxygen, nitrate, and nitrite. Since oxygen, nitrate, and nitrite are the
electron acceptors that support the microbial biomass, all three substrate utilization rates

appear in Equation (3.37)

3.6 Numerical Solution Techniques
The entire set of governing equations is comprised of four coupled macroscopic
transport expressions (Equations 3.29-3.32), four coupled microbial utilization rate

expressions (Equations 3.33-3.36), and a mass balance equation representing the microbial
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population (Equation 3.37). The coupled equations are solved using a sequence of steps
that constitute a global iterative solution to the complete set of governing equations.
NBIO2D employs a two-dimensional point-centered, finite difference grid system. In this
system, grid lines are set at equal intervals, Ax and Az or Ay, contingent upon the axis of
orientation. The x-axis is along the direction of flow; whereas, the z-axis and y-axis are
along the transverse vertical or transverse horizontal direction, respectively. Therefore,
the domain can be aligned for either areal or profile simulations (i.e., oriented to either the
horizontal or vertical plane). Intersections of the grid lines form nodes, and equidistant
between these nodes, parallel lines are generated which form cells.

See Widdowson (1992) for a comprehensive review of the various numerical
techniques involved in the global iterative solution. It should be noted that a recent
modification to NBIO2D allows the user to select either bi-linear interpolation or Runge-

Kutta as the advection solution technique.
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CHAPTER 4. Model Application

4.1 Introduction

A site application is presented to interpret data and verify model performance.
Enhanced in situ denitrification is simulated for a nitrate contaminated, carbon-limited
aquifer. The objective of these simulations is to reproduce trends observed from a limited
set of data collected from the site and evaluate the extent to which denitrification was
stimulated. The results are presented as concentration breakthrough curves at various
monitoring well locations. Primarily, the fate and transport of nitrate along with formate,
the added carbon source and electron donor, is simulated. Input parameters for
simulations are derived either from field measurements or values found in literature and
then modified to reflect trends in field data. Initially, the transport of a bromide tracer is
simulated in order to establish hydrodynamic input parameters for NBIO2D.
Accordingly, these advective-dispersive transport parameters are employed in the
denitrification simulations. As dictated by site conditions, microbial respiration for all

NBIO2D simulations is nitrate based.

4.2 Site Application

4.2.1 Otis Air Base, Cape Cod, MA
Model simulations presented in this report are based on experiments carried out at
a United States Geological Survey (USGS) research site at the Otis Air Base located on

Cape Cod, Massachusetts (see Figure 4.1, from Garabedian and LeBlanc, 1988).
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The study area consists of a sand and gravel aquifer and is the site of a multidisciplinary
research effort organized by the USGS Toxic Waste-Groundwater Contamination
Program. The aquifer has been continuously contaminated with secondarily treated
wastewater from a sewage treatment plant since 1936. The wastewater effluent is
discharged onto rapid-infiltration sand beds where it percolates to the water table.
Estimated rates of horizontal groundwater velocity in the aquifer range from 0.2 to 0.7
meters/day, the horizontal hydraulic conductivity ranges from 60 to 90 meters/day, and
porosity varies from 20 to 40 percent (LeBlanc, 1984). Consequently, an extensive
contaminant plume has formed that is now over 5 kilometers long (personal
communication with Smith, 1994). Figure 4.2, from Smith and Duff (1985), delineates the
path of the contaminant plume. The plume is characterized by elevated concentrations of
nitrate in addition to various other constituents. See LeBlanc (1984) for a more detailed
study of contaminant plume constituents and site hydrogeology.

Smith and Duff (1988) determined that denitrification was evident at the study site
via the acetylene blockage technique on core material obtained from the site.
Groundwater nitrate concentrations greater than 1 mM were measured near the sand beds,
while 0.25 kilometers downgradient the center of the plume was anoxic and nitrate
concentrations were undetectable. Denitrification rates were highest near the source and
decreased with increasing distance downgradient--that is, maximum nitrous oxide
production rates were detected near the source and decreased as distance from the nitrate

source increased. They further concluded that in areas where nitrate levels were
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measurable, denitrifying activity was carbon-limited and not nitrate-limited. Moreover,
amending samples taken from these areas with glucose, an organic carbon source as well
as an electron donor, enhanced denitrification.

Smith and Duff (1988) also considered the possibility that nitrate undergoes
dissimilatory nitrate reduction to ammonium (DNRA). The aquifer cores sampled showed
no evidence of DNRA. Subsequent research at this site by Smith et. al. (1991) found
evidence of DNRA, however, denitrification was primarily responsible for the observed

nitrate reduction.

4.2.2 Formate Injection Experiment

In June and July of 1993 a short-term (16 day) injection experiment was
conducted at the USGS research site on Cape Cod. The depth and location of this study
was selected beca;use it had been previously ascertained that denitrification was occurring
at this location within the plume. Laboratory studies at the site have led to the discovery
that denitrification could be stimulated in aquifer sediments by adding hydrogen (H:) or
formate (HCOO)--studies found that more than 1 mM of nitrate could be completely
consumed in a few days (personal communication with Smith, 1994). Subsequent
laboratory investigations identified a portion of the denitrifying population capable of
utilizing hydrogen as an electron donor (personal communication with Smith, 1994).

Consequently, the quick nitrate reduction was attributed to this unique segment of the

denitrifying population. In fact, when complex organic compounds were added, these
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organisms could grow either mixotrophically or heterotrophically. Based on these
laboratory results, formate was selected not only for the organic carbon content but also
because formate is considerably more soluble in water than hydrogen and can be rapidly
converted to hydrogen (personal communication with Smith, 1994).

During this experiment, nitrate-laden groundwater was continuously withdrawn
from a supply well located upgradient from the injection well. This water was amended
with a sterile, anoxic stock of concentrated sodium formate (NaHCOO) for 16 days via a
metering pump and then pumped back into the ground by way of the injection well.
Sodium bromide, a conservative tracer, was also mixed with the extracted water, and this
mixture was pumped into the ground--for 4.5 days prior to the addition of formate,
during the addition of formate, and for 7 days after the addition of formate. To take
advantage of the natural groundwater flow for mixing and transport, the injectate was
pumped back into the ground at a relatively slow rate (~7 L/hr). The target concentration
for bromide in the injectate was 50 mg/L, while the target concentration for formate in the
injectate was 12.4 mM (i.e., 558 mg/L of HCOO™ as NaHCOO).

A series of three multilevel sampling wells located downgradient were used to
collect daily groundwater samples (see Figure 4.3 for schematic of study site). From these
samples, groundwater concentrations for bromide, nitrate, nitrite, and formate were
measured. Appendix A contains the bromide, nitrate, nitrite, and formate data collected
by the USGS at each of the three sampling wells for six sampling ports. Each multilevel

sampler has 15 ports (only six of the ports were used in this experiment), each of which is
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connected to the surface with a color coded tubing. The sequence of the color coding and
corresponding elevations are the same for each of the three multilevel samplers. Hence,
the port colors listed in Appendix A correspond to the elevations shown in Figure 4.3.
Note that the USGS reported formate concentrations only for the blue port at well 6-11--
this location was the only one that offered strong evidence of enhanced denitrification. It
was for this reason that all denitrification simulations were executed specifically for the

blue port at well 6-11.

4.2.3 Model Grid and Orientation

Size and orientation of the point-centered grid utilized by NBIO2D was largely
determined by the injection experiment layout and water table elevations established in
previous studies. By orienting the grid along the direction of flow with the injection well
acting as a vertical line boundary source on the upgradient side, the contaminant plume
can be simulated as a two-dimensional vertical profile. USGS multilevel sampler location
maps for this site indicated that well 6-11 was approximately 10.5 meters downgradient
from the injection well. Thus, the grid length was selected as 10.5 meters. The water
table boundary was set as the upper limit for the grid in the transverse direction. Based on
previous investigations, the water table in the study area was approximated to be 6 to 8
meters below the ground surface. The land surface elevation for this experiment was
reported by the USGS to be 19.532 meters (MSL). A water table elevation of

approximately 12 meters (MSL) was selected. This selection was suitable because it was
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within the estimated range of depth below land surface and because it was a sufficient
distance above the injection and sampling zones. The lower limit for the grid in the
transverse direction was set approximately 4.2 meters below the water table. This
distance was deemed reasonable because it provided adequate coverage below the
injection and sampling zones. Longitudinal nodes of the grid were spaced 0.125 meters
apart (i.e., Ax=0.125 meters) because of the relatively short distance between the injection
well and well 6-11. Sampling ports of the multilevel samplers were fixed at 10 inch
intervals (0.254 meters); therefore, to ensure each sampling port was represented by a
node, a transverse node spacing of 0.127 meters (i.e., Az=0.127 meters) was used. This
fine grid spacing contributes greatly to the effectiveness of the numerical techniques
employed by NBIO2D. As a result, the grid system employed for the Cape Cod
simulations was an 86 node (longitudinal) x 36 node (transverse) matrix--a 10.500 meter x

4.191 meter area.

4.2.4 Model Boundary and Initial Conditions

Both boundary and initial conditions are based on the field data collected from the
1993 formate injection experiment as well as prior site characterization reports. Based on
previously reported data, dissolved oxygen levels were considered negligible. Background
concentrations for sodium bromide and sodium formate were also considered to be
negligible since these compounds do not occur naturally nor were they found to be

constituents of the contaminant plume. Initial USGS sampling data collected in June and

36



July of 1993 was used to estimate background concentrations for both nitrate and nitrite--
19 mg N/L and 0.29 mg N/L, respectively. These incipient concentrations are assumed to
uniformly distributed throughout the model domain.

Influent concentrations for bromide, formate, nitrate, and nitrite were taken from
the USGS data. Because both bromide and formate were delivered to the aquifer for a
specified period of time, their influent boundaries were modeled as time-dependent line
sources with recorded injectate concentrations emanating from the outlined injection zone.
To ensure continuity among their influent boundaries, bromide and formate concentrations
above and below the injection zone were modeled using identical relative concentration
distributions (C/Ciyjeces). Because both nitrate and nitrite background concentrations were
similar to the their influent concentrations, their influent boundaries were modeled as
continuous non-uniform line boundary sources with injectate concentrations flowing from
the injection zone. Above and below the injection zone influent nitrate and nitrite

concentrations were set to background levels.

4.2.5 Input Parameters

Input parameter values for groundwater velocity and dispersivity for the Cape Cod
formate injection experiment simulations were estimated from field data collected by the
USGS. Average groundwater vélocities were determined from breakthrough curves
constructed from USGS sampling data for bromide, a conservative tracer. Because of the

configuration of the multilevel samplers, the velocity field for all model runs was assumed
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to be stratified. Within the sampling zone velocities were extracted from the appropriate
breakthrough curves; whereas, above and below the sampling zone an average
groundwater velocity was used. Groundwater velocities based on bromide breakthrough
curves for each well and each sampling port are summarized in Table 4.1. Note that all
velocities listed in Table 4.1 fall within the range of velocities determined by LeBlanc
(1984).

Estimates for longitudinal dispersion coefficients were calculated using the
following equation developed by Fried and Combarnous (1971):

[x_axtlj (x_;x tzj

- =20 4.1

J2D. 1, 2D, 1,

where D, is the dispersion coefficient [L*/T], x is the distance [L] along the direction of

groundwater flow over which measurements are taken, v is the average groundwater
velocity [L/T], and t, and t; are times [T] taken from the breakthrough curve
corresponding to relative concentrations (C/Cyc.) of 0.16 and 0.84, respectively.

Longitudinal dispersivity values were then found using the following approximation:

D, ~a, Vv« 4.2)
where o is the longitudinal dispersivity [L]. Longitudinal dispersion coefficients and
longitudinal dispersivities for the sampling ports of well 2-11 are listed in Table 4.2.

Because of the difficulty in determining an absolute value for aquifer dispersivity, the

estimates derived from these equations were used to provide an acceptable range of
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Table 4.1. Average groundwater velocities (m/d) determined from

breakthrough curves constructed from USGS bromide data.

Sampling Port Well 2-11 Well 4-11 Well 6-11
Grey 0.474 0.523 0.578
Yellow 0.533 0.549 0.584
Purple 0.427 0.523 0.611
Green 0.474 0.549 0.409
Red 0.305 0.418 0.409
Blue 0.339 0.348 0.364

Table 4.2. Initial longitudinal dispersion coefficients and dispersivities
for well 2-11 determined by Eqs (4.1) and (4.2).

Sampling Port Velocity Dispersion Dispersivity

(m/d) (m’/day) (m)

Grey 0.474 0.01185 0.025

Yellow 0.533 0.09754 0.183
Purple 0.427 0.0427 0.1

Green 0.474 0.05262 0.111

Red 0.305 0.01281 0.042
Blue 0.339 0.00339 0.01
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values for the entire model domain--currently NBIO2D is limited by the assumption that
aquifer dispersivity is uniform throughout the domain. Transverse dispersivity values were

estimated using the following relationship suggested in Freeze and Cherry (1979):
transverse dispersivity ~ %longitudinal dispersivity (4.3)

After numerous attempts to match NBIO2D results with USGS breakthrough curves for
bromide, longitudinal and transverse dispersivity values of 0.01 meters and 0.001 meters
were found to best match the USGS data.

To limit the effects of numerical dispersion, the time step size for NBIO2D
simulations was contingent upon the Courant number being near unity (Anderson and
Woessner, 1992). The Courant number is a dimensionless parameter defined by the

following expression:

vx At N

X

Courant number = 1 4.4)

where Ax is the longitudinal grid spacing which has already been established and v is the

groundwater velocity. Since the velocity field for this study is stratified (i.e., non-

uniform), the v in this equation is replaced with the minimum velocity of all layers, Vi,
to ensure that the Courant number will always be at least a value of unity. A time step
size of 0.333 days was adopted fbr all model runs.

The remaining parameters (i.e., diffusion coefficients and all microbial parameters)

were selected based on typical values from the literature. Table 4.3 lists the
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Table 4.3. Input parameter values for Cape Cod simulations.

Parameter Primary Electron =~ Terminal Electron
Acceptor (Nitrate) Acceptor (Nitrite)
Microbial Parameters

Inhibition coefficient, K (mg/L) 1.0 n/a

Decay coefficient, ks (d™) 0.006 0.005

Saturation constant for substrate, Ko, (mg/L) 80.0 100.0
Electron acceptor saturation constant, K, (mg/L) 0.77 0.77
Initial biomass concentration, M (g/m°) 0.05 0.05
Yield coefficient, Y, (mg/mg) 0.50 0.45
Maximum specific growth rate, u, (d™) 1.0 1.0
Surface area for diffusion per unit biomass, B (m*/g) 10.0 . 10.0

Diffusion boundary layer thickness, & (m) 5.0E-4 5.0E-4
Production coefficient, £ (mg/mg) n/a 0.75
Use coefficient for biomass synthesis, n (mg/mg) 0.85 1.50

Hydrodynamic Parameters
Diffusion coefficient for substrate, D, (m°/d) 6.0E-6 6.0E-6
Diffusion coefficient, D, (m*/d) 5.6E-5 5.6E-5
Average groundwater velocity, v , (m/d) see Table 4.1 see Table 4.1

Longitudinal dispersivity, o, (m) 0.01 0.01
Transverse dispersivity, o, (m) 0.001 0.001
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pertinent microbial and hydrodynamic parameters and their corresponding values used in
this study. Additionally, based on data reported by LeBlanc (1984), porosity was fixed at

30%.

4.3 NBI102D Results

4.3.1 Breakthrough Curves at Well 2-11

To evaluate and adjust for the advective-dispersive transport capabilities of
NBIO2D, initial runs were directed towards simulating the observed trends of the
conservative tracer sodium bromide at well 2-11. Model results are plotted against the
measured bromide concentrations for each sampling port in Figures 4.4 - 4.9. Reasonably
good matches were obtained at the yellow port (Figure 4.5), purple port (Figure 4.6),
green port (Figure 4.7), and red port (Figure 4.8), all of which are located within the
defined injection zone. This seems to verify that NBIO2D is able to adequately simulate
advective-dispersive transport within the injection zone. On the other hand, NBIO2D
overestimated peak concentrations at the grey port (Figure 4.4), which located above the
injection zone, and underestimated peaks at the blue port (Figure 4.9), which is located
just below the injection zone, although the time to peaks were effectively the same for
both model results and measured data at these sampling ports. These results may indicate
that the vertical component of velocity may not be insignificant, or these results may
reflect the variability in the injection rate, since these ports are located outside the injection

zone.
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4.3.2 Breakthrough Curves at Well 6-11

As previously stated, USGS formate data was only reported for the blue sampling
port at well 6-11 because this location offered the strongest evidence of enhanced
denitrification. Therefore, after establishing model advective-dispersive transport
effectiveness and dispersivity values at well 2-11, modeling efforts were confined to this
particular site. Using the boundary and initial conditions along with the input parameters
discussed in the previous sections, the formate injection experiment performed by the
USGS was simulated.

NBIO2D and USGS breakthrough curves for bromide at well 6-11 blue sampling
port are presented in Figure 4.10. NBIO2D reasonably reproduced the trends and peaks
of the measured data despite the fluctuation of measured bromide concentrations.
Formate breakthrough curves are presented in Figure 4.11. Although the match is not
exact, the results from NBIO2D adequately mirror the peak as well as duration. In
contrast, the nitrate and nitrite curves (Figures 4.12 and 4.13) do not compare as well as
both the bromide and formate curves. The nitrate and nitrite concentrations determined
by NBIO2D are, for the most part, within a reasonable proximity of the USGS data, but
the trends do not coincide--although the latter part of the experiment indicates a possible
trending match for both constituents. USGS nitrate data is highly variable and does not
produce an observable decrease in concentration until the end of July. Note that prior to
July 18, USGS measurements show that as formate rose to a peak, nitrate also rose to a

peak. Then, as formate concentrations decreased after July 18, so did nitrate. The
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NBIO2D curve, however, produced an earlier and much less significant decrease in nitrate
concentrations. During this same period (after July 18), USGS nitrite concentrations rose
to a peak. USGS nitrite data takes a sudden jump to 33.00 mg N/L towards the end of the
experiment and then drops to about 10 mg N/L on the last day; whereas, NBIO2D results
depict an earlier peak with a smooth transition to about 10 mg N/L on the last day.
Because formate and nitrate do not start “reacting” until July 18, this seems to indicate
that in situ denitrification was inhibited at the well 6-11 blue port until July 18.

NBIO2D allows the user to run the model with or without biodegradation. To
evaluate the effects of denitrification and to ensure that NBIO2D was appropriately
simulating enhanced denitrification, formate runs were made both with and without
denitrification. The results of these runs are depicted in Figure 4.14. This figure
illustrates that NBIO2D reduced formate concentrations from about 450 ppm, which was
the influent concentration based on the relative concentration distribution discussed in a
previous section of this chapter, to approximately 410 ppm which reasonably matched
field measurements that peaked at approximately 424 ppm.

To further illustrate the competency of the model, relative concentration curves for
the bromide tracer and formﬁte were plotted and shown in Figure 4.15. Relative
concentration curves based on the USGS bromide and formate measurements are
presented in Figure 4.16. The maximum concentration, C,, for bromide was the median
value of the injectate concentrations, 39.1 mg/L; for formate, since no other information
was provided, the targeted injectate concentration, 558 mg/L, was used. Considering that

bromide is a conservative tracer and was pumped into the aquifer at varying
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concentrations for a few days prior to and several days after the formate was injected, the
curves in Figure 4.15, when compared to the curves in Figure 4.16, verify that NBIO2D is
able to adequately represent transport of a conservative tracer as well as degradable

compounds.
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CHAPTER 5. Conclusions

5.1 Discussion of Findings

The limiting factor of models designed to predict ir situ denitrification is
insufficient knowledge of the chemical-biological nature and mathematical representation
of this process. This report examined the biological activity pertinent to in situ
denitrification and applied this understanding to interpret data derived from an enhanced
in situ denitrification experiment and to evaluate the effectiveness of NBIO2D, a two-
dimensional numerical model designed to predict the fate and transport of nitrate in
groundwater. Model development was presented in order to provide one possible
mathematical representation of the physical processes of nitrate reduction and transport.

NBIO2D simulations were compared with results of short term natural-gradient
injection experiment that took place at the USGS research site on Cape Cod,
Massachusetts. Studies have shown that denitrification does occur at this site, and
denitrifying activity is carbon limited and not nitrate limited. Laboratory studies on core
samples taken from this site have also shown that denitrification could be stimulated by
adding formate, a soluble organic carbon source and electron donor. In fact, laboratory
results demonstrated that by adding formate 1 mM of nitrate could be completely
consumed in only a few days. USGS field measurements, however, were not consistent
with these laboratory findings. The blue port at well 6-11 showed no evidence (i.e.,

nitrate consumption) until July 18, which was approximately one month after formate was
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injected. Results of the NBIO2D simulations, shown in the previous chapter, established
that the model was able to adequately reproduce the field results for the sodium bromide
tracer as well as formate. However, field measurements for nitrate and nitrite were highly
inconsistent with no discernible trends. Not surprisingly, model results for nitrate and
nitrite did not correspond well with USGS field data. It does appear, however, that
towards the end of the experiment patterns started to develop. Unfortunately, the USGS
injection experiment was limited in both time and data which prohibited an expanded
analysis. It should be noted, however, that this formate injection experiment was the first
of two such experiments. A more extensive formate injection experiment was performed
at this site in 1994. Results from this experiment provide better evidence of in situ
denitrification and will be used in a subsequent study.

To properly address the significance of these results, several issues need to be
considered because denitrification is a microbially-mediated process and, therefore, is
unpredictable. First, it should be noted that microbial activity in nature is generally
slower than the activity observed under the ideal conditions found in laboratories. This
may explain, to some extent, the inconsistency between the laboratory and field results of
this study.

Denitrification occurs only under anaerobic conditions. NBIO2D accounts for the
presence of oxygen through an oxygen inhibition function. Since no oxygen data was
reported by the USGS, oxygen concentrations for model simulations were assumed to be

negligible. This assumption may not be accurate. If oxygen was present (e.g., oxygen
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introduced during injection), in situ nitrate reduction would have been delayed while
formate would have been consumed by aerobic microbes.

The microbial population, as represented by NBIO2D, is uniformly distributed
throughout the model domain and is considered homogeneous. Microbial populations
found in nature, however, are very diverse and most likely are not uniformly distributed.
This could account for the differences observed between USGS field measurements and
NBIO2D results.

Finally, microbial activity is variable both temporally and spatially which makes
modeling difficult. Parkin (1990) reported that in situ denitrification rates displayed high
spatial variability. Experimental results indicated that high denitrification potential was
present in every sample, yet in situ rates exhibited only a portion of this potential.
Therefore, variability was not controlled by the presence of denitrifying enzymes, but by
factors that control enzyme expression. As described in Chapter 2 of this report, many
compounds can inhibit the expression of denitrifying enzymes, some of which may be
present in the Cape Cod aquifer.

It may be unreasonable to expect that a highly variable process such as in situ
denitrification can be adequately described by a deterministic model. However, an
increased understanding of the components that contribute to this variability will provide
insight to the en.vironmental factors that control denitrification as well as aid in evaluating

and improving predictive models.
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5.2 Future Research
Supplementary research into the field of microbiology is needed to better
understand the significance of the microbial parameters used in the NBIO2D model. This

knowledge is important because of the inherent unpredictability of microbial activity in
natural systems. As discussed in the previous section, a' greater understanding of the
factors that contribute to the variability of in situ denitrification is a prerequisite for
competent model development. Simulations presented in this report are confined to a
single electron donor as well as a single homogeneous microbial population. Research
into competition among multiple substrates as well as multiple microbial populations is
warranted. An investigation of the results obtained from the second formate injection

experiment at this site is advocated as it may provide additional understanding of the

factors involved in in situ denitrification.
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APPENDIX A. USGS Data from Cape Cod Formate Injection Experiment

Table A.1. Well 2-11 bromide concentrations (mg/L) [USGS data for Cape Cod site].

Port

Day Injectate Grey Yellow Purple Green Red Blue
6/11/93 357 no data no data no data no data no data no data
6/12/93 445 no data no data no data no data no data no data
6/13/93 393 no data no data no data no data no data no data
6/14/93 375 0.8 0.7 08 0.7 0.7 0.7
6/15/93 35.0 0.7 1.4 08 1.1 0.9 0.8
6/16/93 33.9 0.7 8.7 1.1 43 1.2 09
6/17/93 41.6 0.8 13.4 1.5 7.2 0.9 0.7
6/18/93 32.7 1.6 19.7 5.6 11.1 0.9 0.6
6/19/93 39.1 3.5 28.8 92 20.2 1.2 1.3
6/20/93 31.8 9.2 32.4 20.0 31.1 1.8 2.7
6/21/93 34.1 7.6 397 27.8 37.2 2.5 37
6/22/93 39.1 33 323 32.3 39.2 38 12.2
6/23/93 283 0.8 213 35.7 36.6 10.5 358
6/24/93 40.2 0.5 12.0 38.1 377 20.2 38.2
6/25/93 40.2 0.4 89 31.9 29.9 26.2 33.0
6/26/93 39.7 0.3 84 333 344 32.1 354
6/27/93 359 0.5 10.9 36.8 38.8 36.7 396
6/28/93 37.8 0.6 10.6 37.6 384 36.7 379
6/29/93 39.9 0.7 10.3 419 39.0 39.9 39.9
6/30/93 28.7 0.6 8.2 32.9 284 334 33.0
7/1/93 38.0 0.8 9.0 36.5 28.2 353 36.2
7/2/93 423 0.8 104 42.1 30.5 39.1 40.4
7/3/93 349 0.6 10.2 354 24.0 34.6 340
7/4/93 no data no data no data no data no data no data no data
7/5/93 447 0.7 11.1 36.9 30.6 379 40.4
7/6/93 45.7 0.6 15.1 30.8 29.7 34.7 33.3
7/7/93 422 0.6 24.1 342 28.8 344 348
7/8/93 50.7 13 36.4 40.5 403 389 37.2
7/9/93 - 2.9 356 345 35.1 344 18.9
7/10/93 - 5.0 334 33.8 335 33.2 6.0
7/11/93 - 93 33.2 32.7 32.9 32.0 3.2
7/12/93 - 9.5 254 30.5 30.9 28.6 22
7/13/93 - 9.2 29.2 29.1 29.2 27.1 1.7
7/14/93 - 10.4 37.7 41.6 379 357 1.3
7/15/93 - 8.6 31.0 38.2 37.1 31.0 1.2
7/16/93 - 24 26.4 34.4 30.5 28.3 0.6
7/17/93 - 1.1 27.5 40.2 222 31.1 1.1
7/18/93 - 0.9 12.6 314 9.1 298 0.9
7/19/93 - 1.2 3.2 234 4.1 29.9 1.0
7/20/93 - 0.7 0.9 10.9 1.5 17.4 0.8
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Table A.1. Well 2-11 bromide concentrations (mg/L) [USGS data for Cape Cod site].

Port

Day Injectate Grey Yellow Purple Green Red Blue
7/21/93 - 0.7 0.6 9.2 13 15.9 0.7
7/22/93 - 0.5 0.5 6.7 0.7 12.1 04
7/23/93 - 0.7 0.6 4.8 0.8 7.9 0.7
7/24/93 - 0.8 0.7 4.6 1.0 6.2 0.7
7/25/93 - 0.7 0.7 35 0.8 32 0.6
7/26/93 - 0.6 0.6 2.0 0.6 1.5 0.5
7/27/93 - 0.6 0.6 1.6 0.6 0.9 0.5
7/28/93 - no data 1.1 1.6 11 1.0 0.9
7/29/93 - no data 14 14 1.3 1.1 1.0

68



Table A.2. Well 2-11 nitrate concentrations (mg N/L) [USGS data for Cape Cod site].

Port
Day Injectate Grey Yellow Purple Green Red Blue
6/12/93 16.96 no data no data no data no data no data no data
6/13/93 19.17 no data no data no data no data no data no data
6/14/93 15.96 no data no data no data no data no data no data
6/15/93 19.49 no data no data no data no data no data no data
6/16/93 18.79 21.09 21.12 21.62 19.69 14.64 15.87
6/17/93 19.59 21.80 22.27 20.90 20.74 14.62 17.00
6/18/93 18.78 23.50 21.25 21.64 20.69 17.70 19.75
6/19/93 20.67 24.12 21.75 23.92 22.65 18.41 19.92
6/20/93 20.86 21.95 21.73 25.24 22.45 19.40 21.86
6/21/93 20.57 22.82 22.02 16.56 17.00 16.82 18.87
6/22/93 20.48 22.62 19.69 20.46 16.92 17.25 20.02
6/23/93 19.71 21.59 15.66 15.91 18.66 18.37 19.14
6/24/93 20.79 21.94 21.02 19.89 19.87 16.30 18.91
6/25/93 17.47 21.19 22.38 18.14 18.68 16.16 18.75
6/26/93 19.96 21.65 22.46 18.59 20.01 18.32 20.28
6/27/93 19.83 21.17 19.99 15.68 17.56 16.66 17.40
6/28/93 20.11 8.43 21.37 15.48 17.96 16.32 17.22
6/29/93 no data 23.13 20.08 20.12 21.33 20.97 19.75
6/30/93 no data 22.65 22.25 20.31 20.14 18.57 17.65
7/1/93 no data 23.43 21.13 18.15 21.09 19.96 20.17
7/2/93 no data 21.80 18.39 20.82 20.40 20.81 13.00
7/3/93 no data 23.05 2232 19.57 12.50 20.51 18.77
7/4/93 no data no data no data no data no data no data no data
7/5/93 no data 22.84 21.77 18.52 18.79 19.47 14.59
7/6/93 no data 22.57 21.32 13.93 19.87 19.48 19.39
7/7/93 no data 22.08 18.38 15.13 20.02 17.93 19.94
7/8/93 no data 22.48 18.75 19.68 20.24 18.37 19.73
7/9/93 - no data no data no data no data no data no data
7/10/93 - no data no data no data no data no data no data
7/11/93 - no data no data no data no data no data no data
7/29/93 - no data no data no data no data no data no data
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Table A.3. Well 2-11 nitrite concentrations (mg N/L) [USGS data for Cape Cod site].

Port

Day Injectate Grey Yellow Purple Green Red Blue
6/12/93 0.16 no data no data no data no data no data no data
6/13/93 0.14 no data no data no data no data no data no data
6/14/93 0.14 no data no data no data no data no data no data
6/15/93 0.14 no data no data no data no data no data no data
6/16/93 0.14 0.23 0.25 0.30 0.30 0.32 0.31
6/17/93 0.13 0.24 0.25 0.30 0.15 0.32 0.31
6/18/93 0.13 0.23 0.21 0.27 0.26 0.31 0.31
6/19/93 0.13 0.23 0.17 0.26 0.22 0.31 0.31
6/20/93 0.12 0.23 0.16 0.22 0.19 0.31 0.30
6/21/93 0.12 0.23 0.17 0.20 0.17 0.30 0.30
6/22/93 0.12 0.24 0.18 0.18 0.16 0.30 0.30
6/23/93 0.11 0.23 0.22 0.18 0.19 0.28 0.25
6/24/93 0.11 0.24 0.26 0.19 0.22 0.27 0.28
6/25/93 0.09 0.22 0.26 0.20 0.22 0.29 0.28
6/26/93 0.11 0.23 0.26 0.20 0.23 0.25 0.29
6/27/93 0.10 0.24 0.26 0.25 0.20 0.25 0.30
6/28/93 0.10 0.23 0.26 0.18 0.22 0.37 0.31
6/29/93 0.10 0.23 0.25 0.20 0.23 0.26 0.30
6/30/93 0.09 0.23 0.25 0.19 0.25 0.25 041
7/1/93 0.09 0.21 0.22 0.16 0.20 0.24 0.23
7/2/93 0.09 0.12 0.13 0.05 0.11 0.10 0.14
7/3/93 0.08 0.00 0.05 0.00 0.08 0.10 0.16
7/4/93 no data no data no data no data no data no data no data
7/5/93 0.08 0.07 0.13 0.11 0.17 0.19 0.27
7/6/93 0.07 0.22 0.29 0.19 0.26 0.28 0.33
7/7/93 0.07 0.22 0.22 0.21 0.25 0.28 0.33
7/8/93 0.07 0.22 0.13 0.18 0.23 0.36 0.64
7/9/93 - no data no data no data no data no data no data
7/10/93 - no data no data no data no data no data no data
7/11/93 - no data no data no data no data no data no data
7/29/93 - no data no data no data no data no data no data
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Table A.4. Well 4-11 bromide concentrations (mg/L) [USGS data for Cape Cod site].

Port

Day Injectate Grey Yellow Purple Green Red Blue
6/11/93 35.7 no data no data no data no data no data no data
6/12/93 44.5 no data no data no data no data no data no data
6/13/93 393 no data no data no data no data no data no data
6/14/93 37.5 no data no data no data no data no data no data
6/15/93 35.0 no data no data no data no data no data no data
6/16/93 33.9 no data no data no data no data no data no data
6/17/93 416 no data no data no data no data no data no data
6/18/93 32.7 0.4 0.4 04 04 0.5 0.5
6/19/93 39.1 0.5 0.7 0.6 0.5 0.5 0.5
6/20/93 318 0.6 2.0 3.9 3.0 0.7 0.6
6/21/93 341 0.6 5.5 8.0 12.1 0.7 0.6
6/22/93 39.1 0.8 11.0 11.0 18.9 0.8 0.5
6/23/93 283 1.4 16.4 0.5 21.9 1.7 0.6
6/24/93 40.2 2.1 26.8 23.6 31.2 49 0.7
6/25/93 40.2 3.9 34 4 28.9 35.2 9.8 1.1
6/26/93 39.7 3.0 334 29.1 34.4 12.7 1.9
6/27/93 359 1.4 36.0 34.2 384 20.7 3.2
6/28/93 37.8 0.8 27.7 33.0 35.8 249 4.6
6/29/93 399 0.8 183 29.4 417 34.1 58
6/30/93 28.7 0.8 6.2 18.6 323 323 9.6
7/1/93 38.0 0.7 3.1 17.1 355 35.3 19.5
7/2/93 423 0.8 18 17.2 38.0 38.4 33.8
7/3/93 34.9 04 0.7 11.9 29.2 30.1 29.8
7/4/93 no data no data no data no data no data no data no data
7/5/93 447 0.6 1.1 13.4 339 36.4 374
7/6/93 457 0.5 1.1 11.7 28.2 329 31.8
7/7/93 422 0.6 1.1 12.4 35.2 37.7 385
7/8/93 50.7 0.6 1.2 15.7 36.7 40.7 403
7/9/93 - 0.7 1.3 13.5 31.2 35.1 341
7/10/93 - 0.7 1.3 11.3 293 316 334
7/11/93 - 1.1 1.5 17.3 313 335 327
7/12/93 - 0.7 1.7 16.4 26.3 27.7 28.5
7/13/93 - 0.7 5.9 22.0 27.2 274 274
7/14/93 - 1.5 16.5 33.0 352 349 349
7/15/93 - 2.7 278 372 38.5 36.9 35.0
7/16/93 - 26 31.9 342 36.1 33.9 32.7
7/17/93 - 6.3 41.8 427 449 42.1 38.2
7/18/93 - 55 40.2 41.3 42.6 40.0 338
7/19/93 - 8.0 457 46.6 477 454 31.0
7/20/93 - 4.0 325 323 354 35.8 23.0
7/21/93 - 3.0 29.9 27.1 323 396 21.1
7/22/93 - 0.7 203 10.7 13.9 30.8 16.1
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Table A.4. Well 4-11 bromide concentrations (mg/L) [USGS data for Cape Cod site].

Port

Day Injectate Grey Yellow Purple Green Red Blue
7/23/93 - 08 15.0 72 92 27.2 14.4
7/24/93 - 0.7 11.8 6.8 6.9 33.0 13.5
7/25/93 - 0.6 5.6 4.4 2.5 25.0 8.7
7/26/93 - 0.6 2.1 3.1 1.1 22.4 4.7
7/27/93 - 0.5 0.9 2.1 0.7 19.0 23
7/28/93 - no data 0.9 1.5 13 18.6 22
7/29/93 - no data 1.0 1.2 1.2 18.4 2.0
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Table A.5. Well 4-11 nitrate concentrations (mg N/L) [USGS data for Cape Cod site].

Port

Day Injectate Grey Yellow Purple Green Red Blue
6/12/93 16.96 no data no data no data no data no data no data
6/13/93 19.17 no data no data no data no data no data no data
6/14/93 15.96 no data no data no data no data no data no data
6/15/93 19.49 no data no data no data no data no data no data
6/16/93 18.79 no data no data no data no data no data no data
6/17/93 19.59 no data no data no data no data no data no data
6/18/93 18.78 no data no data no data no data no data no data
6/19/93 20.67 no data no data no data no data no data no data
6/20/93 20.86 22.64 20.88 20.55 19.33 15.30 14.19
6/21/93 20.57 19.45 21.74 19.70 20.25 16.00 14.42
6/22/93 20.48 16.54 18.71 19.75 19.67 12.11 10.23
6/23/93 19.71 21.45 20.60 22.27 18.55 11.82 14.62
6/24/93 20.79 19.57 19.79 19.83 19.11 13.02 15.34
6/25/93 17.47 22.33 20.14 18.31 19.74 15.37 13.95
6/26/93 19.96 20.89 19.73 19.19 20.03 16.87 13.06
6/27/93 19.83 21.84 18.17 19.16 19.67 17.50 16.24
6/28/93 20.11 17.49 18.31 15.77 16.18 12.16 13.78
6/29/93 no data 23.04 2227 21.79 20.21 19.36 15.39
6/30/93 no data 22.59 22.76 20.79 20.92 20.66 18.37
7/1/93 no data 22.85 18.03 21.92 21.18 20.71 19.94
7/2/93 no data 23.61 23.48 22.11 21.36 21.91 20.75
7/3/93 no data 22.97 2517 22.27 21.24 21.20 20.82
714193 no data no data no data no data no data no data no data
7/5/93 no data 23.70 23.44 23.84 22.56 21.34 20.87
7/6/93 no data 23.24 23.20 23.33 20.94 39.00 2134
7/7/93 no data 23.67 23.06 23.33 22.29 21.74 20.13
7/8/93 no data 21.73 23.10 21.22 18.32 19.83 20.45
7/9/93 - 22.73 20.28 19.05 14.35 20.59 18.44
7/10/93 - 21.90 23.34 15.84 19.47 19.65 12.40
7/11/93 - 20.92 24.17 12.87 16.50 14.33 17.92
7/12/93 - 22.25 23.89 18.62 18.78 14.03 16.31
7/13/93 - 22.86 22.53 19.66 20.13 21.59 7.13
7/14/93 - 22.38 21.71 15.59 18.10 18.18 17.44
7/15/93 - 21.68 20.48 17.90 18.35 18.13 18.23
7/16/93 - 24.53 20.50 19.41 20.01 15.84 20.21
7/17/93 - 21.87 20.17 18.32 20.19 14.91 19.47
7/18/93 - 22.14 19.34 19.67 18.19 10.50 21.09
7/19/93 - 23.70 21.67 19.15 20.10 17.94 11.33
7/20/93 - 15.82 19.21 18.19 20.16 14.11 19.96
7/21/93 - 18.72 20.99 17.10 21.64 20.64 18.36
7/22/93 - 21.07 19.43 20.54 20.02 19.02 20.18

7/23/93 - 22.35 20.73 20.34 17.97 18.91 11.51




Table A.5. Well 4-11 nitrate concentrations (mg N/L) [USGS data for Cape Cod site].

Port
Day Injectate Grey Yellow Purple Green Red Blue
7/24/93 - 19.91 20.19 19.88 22.09 17.54 12.44
7/25/93 - 20.36 19.72 21.43 21.99 19.67 21.60
7/26/93 - 20.41 22.12 20.33 13.12 19.41 24.69
7/27/93 - 23.04 20.67 17.72 19.28 18.71 22.72
7/28/93 - 19.69 21.98 21.49 20.56 18.05 0.37

7/29/93 - 22.98 22.27 12.40 20.94 18.56 0.39




Table A.6. Well 4-11 nitrite concentrations (mg N/L) [USGS data for Cape Cod site].

Port

Day Injectate Grey Yellow Purple Green Red Blue
6/12/93 0.16 no data no data no data no data no data no data
6/13/93 0.14 no data no data no data no data no data no data
6/14/93 0.14 no data no data no data no data no data no data
6/15/93 0.14 no data no data no data no data no data no data
6/16/93 0.14 no data no data no data no data no data no data
6/17/93 0.13 no data no data no data no data no data no data
6/18/93 0.13 no data no data no data no data no data no data
6/19/93 0.13 no data no data no data no data no data no data
6/20/93 0.12 0.21 0.27 0.29 0.30 0.32 0.32
6/21/93 0.12 0.21 0.26 0.27 0.26 0.31 0.31
6/22/93 0.12 0.21 0.23 0.25 0.24 0.32 032
6/23/93 0.11 0.22 0.21 0.10 0.20 0.37 0.33
6/24/93 0.11 0.23 0.18 0.21 0.18 0.30 0.32
6/25/93 0.09 0.24 0.18 0.19 0.17 0.29 0.29
6/26/93 0.11 0.25 0.21 0.20 0.18 0.27 0.32
6/27/93 0.10 0.25 0.25 0.17 0.54 0.24 0.31
6/28/93 0.10 0.24 0.29 0.33 0.61 0.20 0.28
6/29/93 0.10 0.22 0.36 0.31 0.68 0.25 0.25
6/30/93 0.09 0.21 0.29 0.34 0.60 0.42 0.31
7/1/93 0.09 0.21 0.28 0.30 0.44 0.76 0.33
7/2/93 0.09 0.20 0.26 0.34. 033 0.39 0.34
7/3/93 0.08 0.17 0.25 0.43 0.29 0.30 0.34
7/4/93 no data no data no data no data no data no data no data
7/5/93 0.08 0.15 0.23 0.49 0.31 0.27 0.33
7/6/93 0.07 0.17 0.25 0.43 0.29 0.30 0.34
717193 0.07 0.15 0.23 0.49 0.31 0.27 0.33
7/8/93 0.07 0.14 0.22 1.10 0.37 0.28 0.38
7/9/93 - 0.14 0.21 1.37 0.31 0.31 0.40
7/10/93 - 0.14 0.22 1.50 0.36 0.32 0.25
7/11/93 - 0.13 0.24 1.59 0.37 0.24 0.37
7/12/93 - 0.13 0.24 1.32 0.47 0.26 0.52
7/13/93 - 0.14 0.23 1.26 1.07 0.46 1.01
7/14/93 - 0.16 0.20 1.67 1.38 0.79 1.71
7/15/93 - 0.15 - 0.20 1.69 0.88 1.58 1.66
7/16/93 - 0.17 0.16 1.85 0.48 3.23 1.44
7/17/93 - 0.16 0.15 1.46 0.13 4.45 1.19
7/18/93 - 0.15 0.14 0.84 0.10 1.68 1.13
7/19/93 - 0.13 0.13 0.32 0.10 0.76 1.06
7/20/93 - 0.14 0.14 0.20 0.11 0.25 1.18
7/21/93 - 0.14 0.15 0.22 0.17 0.22 0.96
7/22/93 - 0.15 0.17 0.29 0.26 0.29 091
7/23/93 - 0.14 0.21 0.35 0.30 042 1.31
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Table A.6. Well 4-11 nitrite concentrations (mg N/L) [USGS data for Cape Cod site].

Port

Day Injectate Grey Yellow Purple Green Red Blue
7/24/93 - 0.14 0.24 0.42 0.33 0.51 1.56
7/25/93 - 0.14 0.26 0.39 0.34 0.67 1.32
7/26/93 - 0.15 0.26 0.34 0.34 0.96 0.62
7/27/93 - 0.14 0.30 0.33 0.35 1.17 041
7/28/93 - no data 0.30 0.34 0.35 1.59 037
7/29/93 - no data 0.29 0.34 0.24 5.00 0.39
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Table A.7. Well 6-11 bromide concentrations (mg/L) [USGS data for Cape Cod site].

Port

Day Injectate Grey Yellow Purple Green Red Blue
6/11/93 35.7 no data no data no data no data no data no data
6/12/93 445 no data no data no data no data no data no data
6/13/93 39.3 no data no data no data no data no data no data
6/14/93 37.5 no data no data no data no data no data no data
6/15/93 35.0 no data no data no data no data no data no data
6/16/93 339 no data no data no data no data no data no data
6/17/93 41.6 no data no data no data no data no data no data
6/18/93 32.7 no data no data no data no data no data no data
6/19/93 39.1 no data no data no data no data no data no data
6/20/93 31.8 no data no data no data no data no data no data
6/21/93 341 no data no data no data no data no data no data
6/22/93 39.1 no data no data no data no data no data no data
6/23/93 283 no data no data no data no data no data no data
6/24/93 40.2 0.5 04 0.4 0.3 0.4 0.3
6/25/93 40.2 0.5 0.4 0.6 0.5 0.5 04
6/26/93 39.7 0.6 1.7 2.7 0.6 0.6 0.6
6/27/93 359 0.9 6.1 6.4 0.6 0.6 0.5
6/28/93 378 1.5 11.2 7.8 0.7 0.7 0.6
6/29/93 39.9 3.5 20.8 12.2 0.9 0.9 0.7
6/30/93 28.7 34 16.2 9.5 1.0 1.0 0.7
7/1/93 38.0 35 18.0 13.1 1.0 1.3 0.6
7/2/93 423 2.9 15.5 12.4 1.7 2.0 0.7
7/3/93 34.9 1.6 6.1 6.5 2.2 2.4 0.7
7/4/93 no data no data no data no data no data no data no data
7/5/93 447 0.7 1.3 1.8 2.3 6.8 1.5
7/6/93 457 0.6 0.7 0.9 6.9 19.1 2.5
7/7/93 422 0.5 0.5 0.9 84 18.8 438
7/8/93 50.7 0.5 0.5 0.9 7.9 20.8 9.6
7/9/93 - 0.6 0.6 1.0 9.8 241 21.8
7/10/93 - 0.5 0.7 0.9 7.3 15.5 23.4
7/11/93 - 1.2 0.8 0.9 9.9 16.6 284
7/12/93 - 0.7 0.6 0.9 7.6 11.9 232
7/13/93 - 0.6 0.6 0.8 6.7 12.9 24.2
7/14/93 - 0.7 0.6 0.8 48 18.1 30.5
7/15/93 - 0.7 0.6 0.7 54 20.6 32.0
7/16/93 - 0.5 0.4 0.5 4.0 214 30.5
7/17/93 - 0.9 038 1.0 6.3 253 342
7/18/93 - 0.9 0.7 1.0 7.0 24.6 29.8
7/19/93 - 1.1 25 4.2 13.1 27.0 319
7/20/93 - 1.1 4.0 6.3 10.3 20.7 253
7/21/93 - 1.5 9.9 13.5 14.6 253 27.3
7122193 - 3.0 15.7 17.7 17.8 20.2 255
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Table A.7. Well 6-11 bromide concentrations (mg/L) [USGS data for Cape Cod site].

Port

Day Injectate Grey Yellow Purple Green Red Blue
7/23/93 - 5.5 21.7 21.2 19.3 16.8 26.7
7/24/93 - 9.5 31.6 33.4 26.6 15.1 36.4
7/25/93 - 9.5 30.1 31.7 23.8 123 327
7/26/93 - 9.9 272 28.2 20.7 13.2 295
7/27/93 - 8.6 24.8 22.9 17.0 17.0 260
7/28/93 - no data 20.8 19.7 13.9 22.0 22.0
7/29/93 - no data 12.3 13.3 9.0 249 16.6
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Table A.8. Well 6-11 nitrate concentrations (mg N/L) [USGS data for Cape Cod site].

Port
Day Injectate Grey Yellow Purple Green Red Blue
6/12/93 16.96 no data no data no data no data no data no data
6/13/93 19.17 no data no data no data no data no data no data
6/14/93 15.96 no data no data no data no data no data no data
6/15/93 19.49 no data no data no data no data no data no data
6/16/93 18.79 no data no data no data no data no data no data
6/17/93 19.59 no data no data no data no data no data no data
6/18/93 18.78 no data no data no data no data no data no data
6/19/93 20.67 no data no data no data no data no data no data
6/20/93 20.86 no data no data no data no data no data no data
6/21/93 20.57 no data no data no data no data no data no data
6/22/93 20.48 no data no data no data no data no data no data
6/23/93 19.71 no data no data no data no data no data no data
6/24/93 20.79 no data no data no data no data no data no data
6/25/93 17.47 no data no data no data no data no data no data
6/26/93 19.96 no data no data no data no data no data no data
6/27/93 19.83 23.19 20.66 22.18 18.95 15.68 14.19
6/28/93 20.11 19.20 21.88 15.95 16.70 10.90 7.59
6/29/93 no data 21.88 23.03 22.05 21.76 18.28 14.12
6/30/93 no data 23.08 21.39 22.82 19.19 12.85 16.43
7/1/93 no data 23.65 21.25 21.93 22.43 18.81 16.48
7/2/93 no data 24.08 22.50 23.07 20.68 19.28 18.40
7/3/93 no data 22.76 24.62 24.05 22.72 19.81 18.70
7/4/93 no data no data no data no data no data no data no data
7/5/93 no data 24.36 24.24 24.04 22.98 18.70 19.42
7/6/93 no data 23.55 23.81 23.66 21.19 20.28 19.35
717193 no data 2147 23.24 19.99 17.65 15.30 13.32
7/8/93 no data 22.16 18.46 18.66 2291 13.79 14.63
7/9/93 - 23.81 24.33 24.66 23.66 22.02 21.23
7/10/93 - 17.69 22.80 22.29 21.14 17.36 16.17
7/11/93 - 23.37 24.94 25.88 22.53 23.34 21.83
7/12/93 - 24.04 24.60 2482 22.46 18.41 19.25
7/13/93 - 19.65 25.09 25.78 24.65 24.01 18.70
7/14/93 - 24.18 25.26 26.14 25.18 23.43 23.06
7/15/93 - 23.89 25.22 25.17 25.73 23.53 23.67
7/16/93 - 26.22 - 2463 25.73 25.96 24.34 22.62
7/17/93 - 25.70 27.92 26.86 26.35 24.72 23.70
7/18/93 - 25.70 27.92 26.86 26.37 24.75 23.11
7/19/93 - 23.37 22.96 22.23 22.73 20.52 15.37
7/20/93 - 20.99 22.65 22.59 20.29 16.66 12.97
7/21/93 - 22.95 20.06 19.65 20.16 19.56 11.88
7/22/93 - 20.43 20.74 20.98 18.38 17.47 13.28
7/23/93 - 21.64 17.23 17.29 19.90 17.17 10.50
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Table A.8. Well 6-11 nitrate concentrations (mg N/L) [USGS data for Cape Cod site].

Port
Day Injectate Grey Yellow Purple Green Red Blue
7/24/93 - 18.59 18.96 19.90 15.74 16.34 9.84
7/25/93 - 20.74 16.56 15.87 16.47 18.51 9.05
7/26/93 - 21.61 19.59 19.81 20.62 18.87 6.17
7/27/93 - 22.06 20.89 20.00 2140 18.34 11.87
7/28/93 - 0.00 2173 20.33 21.94 17.38 9.79

7/29/93 - 0.00 22.06 21.55 2235 19.04 11.91




Table A 9. Well 6-11 nitrite concentrations (mg N/L) [USGS data for Cape Cod site].

Port
Day Injectate Grey Yellow Purple Green Red Blue
6/12/93 0.16 no data no data no data no data no data no data
6/13/93 0.14 no data no data no data no data no data no data
6/14/93 0.14 no data no data no data no data no data no data
6/15/93 0.14 no data no data no data no data no data no data
6/16/93 0.14 no data no data no data no data no data no data
6/17/93 0.13 no data no data no data no data no data no data
6/18/93 0.13 no data no data no data no data no data no data
6/19/93 0.13 no data no data no data no data no data no data
6/20/93 0.12 no data no data no data no data no data no data
6/21/93 0.12 no data no data no data no data no data no data
6/22/93 0.12 no data no data no data no data no data no data
6/23/93 0.11 no data no data no data no data no data no data
6/24/93 0.11 no data no data no data no data no data no data
6/25/93 0.09 no data no data no data no data no data no data
6/26/93 0.11 no data no data no data no data no data no data
6/27/93 0.10 0.23 0.25 0.27 0.31 0.37 0.30
6/28/93 0.10 0.25 0.22 0.22 0.36 0.21 0.16
6/29/93 0.10 0.23 0.22 0.26 0.32 0.33 0.26
6/30/93 0.09 0.24 0.22 0.26 0.32 0.31 0.33
7/1/93 0.09 0.24 0.23 0.33 0.32 0.35 0.31
7/2/93 0.09 0.24 0.25 0.27 0.31 0.32 0.32
7/3/93 0.08 0.25 0.28 0.29 0.32 0.32 0.32
7/4/93 no data no data no data no data no data no data no data
7/5/93 0.08 0.25 0.29 0.32 0.33 0.33 0.34
7/6/93 0.07 0.24 0.28 0.31 0.32 0.73 0.36
7/7/93 0.07 0.23 0.28 0.31 0.36 0.97 0.40
7/8/93 0.07 021 0.27 0.30 0.36 0.92 0.67
7/9/93 - 0.22 0.25 0.29 0.36 0.59 0.74
7/10/93 - 0.20 0.24 0.27 0.36 0.57 0.68
7/11/93 - 0.21 0.25 0.28 0.36 0.53 0.80
7/12/93 - 0.22 0.25 0.29 0.38 0.77 0.70
7/13/93 - 0.25 0.25 0.28 0.41 0.88 0.97
7/14/93 - 0.21 0.25 0.29 0.40 0.78 0.60
7/15/93 - 0.22 0.25 0.29 0.40 0.69 0.62
7/16/93 - 0.21 0.24 0.28 0.39 0.57 0.58
7/17/93 - 0.20 0.25 0.28 0.38 0.52 0.68
7/18/93 - 0.21 0.24 0.28 0.37 0.49 1.26
7/19/93 - 0.20 0.24 0.27 0.37 0.55 3.70
7/20/93 - 0.22 0.24 0.26 0.38 1.01 4.99
7/21/93 - 0.21 0.21 0.24 0.45 2.00 5.59
7/22/93 - 0.23 0.19 0.23 0.64 2.36 5.98
7/23/93 - 0.21 0.18 0.25 0.98 2.61 6.47
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Table A.9. Well 6-11 nitrite concentrations (mg N/L) [USGS data for Cape Cod site].

Port

Day Injectate Grey Yellow Purple Green Red Blue
7/24/93 - 0.23 0.17 0.30 1.66 2.77 8.29
7/25/93 - 0.20 0.18 0.37 1.98 2.80 13.00
7/26/93 - 0.26 0.28 0.58 1.01 3.87 26.00
7/27/93 - 0.20 0.20 0.83 0.78 4.20 33.00
7/28/93 - no data 0.30 0.96 0.83 4.20 31.00
7/29/93 - no data 0.32 0.67 0.95 1.93 9.42
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Table A.10. Well 6-11 formate concentrations (ppm) [USGS data for Cape Cod site].

Port
Day Injectate Grey Yellow Purple Green Red Blue
6/11/93 - no data no data no data no data no data no data
6/12/93 - no data no data no data no data no data no data
6/13/93 - no data no data no data no data no data no data
6/14/93 - no data no data no data no data no data no data
6/15/93 - no data no data no data no data no data no data
6/16/93 ~816 no data no data no data no data no data no data
6/17/93 ~816 no data no data no data no data no data no data
6/18/93 ~816 no data no data no data no data no data no data
6/19/93 ~816 no data no data no data no data no data no data
6/20/93 ~816 no data no data no data no data no data no data
6/21/93 ~816 no data no data no data no data no data no data
6/22/93 ~816 no data no data no data no data no data no data
6/23/93 ~816 no data no data no data no data no data no data
6/24/93 ~816 no data no data no data no data no data no data
6/25/93 ~816 no data no data no data no data no data no data
6/26/93 ~816 no data no data no data no data no data no data
6/27/93 ~816 no data no data no data no data no data no data
6/28/93 ~816 no data no data no data no data no data 0.0000
6/29/93 ~816 no data no data no data no data no data 0.0000
6/30/93 ~816 no data no data no data no data no data 0.0000
7/1/93 ~816 no data no data no data no data no data 0.0000
7/2/93 - no data no data no data no data no data 0.0000
7/3/93 - no data no data no data no data no data 0.0000
7/4/93 - no data no data no data no data no data no data
7/5/93 - no data no data no data no data no data 4.4540
7/6/93 - no data no data no data no data no data 9.9908
7/7/93 - no data no data no data no data no data 20.0858
7/8/93 - no data no data no data no data no data 57.6948
7/9/93 - no data no data no data no data no data 144.9901
7/10/93 - no data no data no data no data no data 220.2058
7/11/93 - no data no data no data no data no data 272.6191
7/12/93 - no data no data no data no data no data 310.1088
7/13/93 - no data no data no data no data no data 341.7439
7/14/93 - no data no data no data no data no data 382.3894
7/15/93 - no data no data no data no data no data 392.1457
7/16/93 - no data no data no data no data no data 424.4944
7/17/93 - no data no data no data no data no data 352.6000
7/18/93 - no data no data no data no data no data 381.4560
7/19/93 - no data no data no data no data no data 336.8739
7/20/93 - no data no data no data no data no data 314.0777
7/21/93 - no data no data no data no data no data 321.9223
7122193 - no data no data no data no data no data 326.9309
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Table A.10. Well 6-11 formate concentrations (ppm) [USGS data for Cape Cod site].

Port
Day Injectate Grey Yellow Purple Green Red Blue
7/23/93 - no data no data no data no data no data 325.6216
7124/93 - no data no data no data no data no data 286.2145
7/25/93 - no data no data no data no data no data 237.5411
7/26/93 - no data no data no data no data no data 183.5047
7/27/93 - no data no data no data no data no data 154.6000
7/28/93 - no data no data no data no data no data 119.7000
7/29/93 - no data no data no data no data no data 77.5000
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APPENDIX B. Illustrative Input File for the NBIO2D Model

Denitrification test 1: Formate Test

01 11 2 2 1

1 1. 0 0 2 00

86 36 0 1 1 1 2 0

0.125 0.127 1.0 0.0 0.0 0.0 000 030

formate

0 4 2 0

0.001 0.001 0001 0.001 0.001

0 0.6E-05 8.333E-05 0.0

0.70 50.0 10.0

oxygen

0 0 2 0

0.002 0.002 0.002 0.002 0.002

0 7.1E-053.333E-05 0.0

090 0770 0.770

nitrate

0 2 2 0

190 19.0 190 19.0 19.0

0 5.6E-05 3.333E-05 0.0

090 0770 0770

19.00 19.00 19.00 19.00 19.00 19.00 19.00 19.00
19.00 19.00 1900 1900 1900 1940 1940 1940
1940 1940 1940 1940 1900 19.00 19.00 19.00
1900 19.00 1900 1900 1900 19.00 19.00 19.00
19.00 19.00 19.00

nitrite

022 0

0.290 0.290 0290 0.290 0.290

0 5.6E-05 3.333E-05 0.0

090 0770 0.770

0290 0290 0290 0290 0290 029 0290 0.290
0290 029 0290 0290 029 0110 0.110 0.110
0.110 0.110 0.110 0.110 0290 0290 0.290 0.290
0.290 0.290 0.290 029 0290 0.290 0290 0.290
0.290 0.290 0.290

0425 0425 0425 0425 0425 0425 0425 0425
0.425 03560 03560 04136 04136 0479 0479 0.5669
0.5669 05664 05664 0.550 0.550 0425 0425 0425
0.425 0425 0425 0425 0425 0425 0425 0425
0.425 0425 0425

1.000 0.00 0.0100 0.0010 3.00E+03
1.00 1.00 0.04000 1.0000
00147 1 0333 0333 0 1 100 1.00

3 1 8 8 1

2 36 8 2 1

4 5 5 2 17 1

6 2 2 34 35 1
11 12 13 14 15 16

—_— 0 N W



140 020 020 055 1.0E-02
0.0060 0.0060 0.0402 0.0402
0.1000 500 0450 200 0.200
5.0E+11 90.0E+03 1.47E-06 1.47E-06
100 15.0 5.0E-04 0.0250
0 0 0.

100. 0.00 0.0050 045 250

0.000

1.00 0.750
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APPENDIX C. Formatted Input READ Statements from NBIO2D Code

oNoNoNoNoNoNoRoEoNoNoRoNoRtNoEoNoNoRoNoNoNoNoNoRoNoNoNo oo NoloNoNoNoNoRo XoRo o RoNo NeNoNoNoRo RO

PROGRAM: NBIO2D
VERSION: 2

TWO-DIMENSIONAL TRANSPORT OF DOC, DO, NO3, NO2 AND
DENITRIFICATION END PRODUCTS LINKED TO SUBSURFACE BIOMASS.
PROGRAM TO SOLVE TWO-DIMENSIONAL ADVECTION-DISPERSION EQ.

NTU = NUMBER OF TIME UNITS.
U(1) = SUBSTATE CONCENTRATION IN PORE SOLUTION (MG/ML).
U@2)=OXYGEN " " n » v

UB)=NITRATE " " " v »

U@ =NITRITE " " " = »

U(5)=NITROUSOXIDE " " " » »

U(6)=NITROGEN GAS " " " » "

UC(1)=SUBSTATE " WITHIN COLONY (MG/CM**3).

UC2)=OXYGEN " " " »

UCB3)=NITRATE " " = »

UC@)=NITRITE " " " "

NC = NO. OF COLONIES PER UNIT VOL OF AQUIFER (COL/M**3).

BM = BIOMASS CONCENTRATION (MG/CM**3).

W = CONCENTRATIONS AT TIME J.

V = ESTIMATED CONCENTRATIONS AT TIME J+1.

DF = DIFFUSION COEF. (CM**2/DAY)

DEL = THICKNESS OF COLONY DIFFUSIONAL LAYER (CM)

POR = POROSITY OF MEDIUM.

RHOCH = CELL MASS PER UNIT VOL OF COLONY (MG/CM**3).

SSA = EFFECTIVE SURFACE AREA (CM**2/CM**3),

BETA = SURFACE AREA FOR DIFFUSION PER UNIT BIOMASS (CM**2/MG).
RC = RADIUS OF COLONY (CM).

TAU = THICKNESS OF COLONY (CM).

BT = ADSORPTION CONSTANT (CM).

MUHO = MAXIMUM SPECIFIC GROWTH RATE (DAY**-1) @ OXYGEN RESPIRATION.

MUHNI1 = MAXIMUM SPECIFIC GROWTH RATE (DAY**-1) @ NITRATE RESPIRATION.

MUHN2= " " oo @ NITRITE RESPIRATION.

DKOH = MICROBIAL DECAY COEFFICIENT (DAY**-1) @ OXYGEN RESPIRATION.
DKNHI1 = MICROBIAL DECAY COEFFICIENT (DAY**-1) @ NITRATE RESPIRATION.
DKNH2= " " " " @ NITRITE RESPIRATION.

YHO = YIELD COEFFICIENT (DAY**-1) @ OXYGEN RESPIRATION.

YHN1 = YIELD COEFFICIENT (DAY**-1) @ NITRATE RESPIRATION.

YHN2 = " " ! @ NITRITA RESPIRATION.

KSO = SUBSTRATE (OXYGEN) SATURATION COEFFICIENT.

KSN1 = SUBSTRATE (NITRATE) SATURATION COEFFICIENT.

KSN2 = SUBSTRATE (NITRITE) " "

KG(2-4) = SATURATION CONSTANT FOR GROWTH.

KD(2-4) = SATURATION CONSTANT FOR DECAY.

GAM = OXYGEN USE COEFF FOR BIOMASS SYNTHESIS.

ETA1 = NITRATE USE COEFF FOR BIOMASS SYNTHESIS.
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sNoNoRoNoNoNoNoNoNoNoNoNoNoNo e

ETA2=NITRITE " " " " v

ALOH = OXYGEN USE COEFF FOR ENERGY OF MAINTENANCE.
ALNH1 = NITRATE USE COEFF FOR ENERGY OF MAINTENANCE.
ALNH2 —_ NITRITE " " " " " "

KC1 = OXYGEN INHIBITION COEFF FOR NITRATE

KC2 = NITRATE INHIBITION COEFF FOR NITRITE

VC = BIOMASS VOLUME PER COLONY (CM**3).

MC = BIOMASS PER COLONY (MG).

DEN = BIOMASS PER VOLUME OF AQUIFER (MG/CM**3).

RF() = RETARDATION FACTORS.

DTA = TIME STEP SIZE.

ZETAl = NITRITE GENERATION COEFFICIENT

ZETA2 = N20 PRODUCTION COEFFICIENT

ZETA3 = N2 PRODUCTION COEFFICIENT

CAPA = N20 DECAY COEFFICIENT

IMPLICIT DOUBLE PRECISION (A-H,0-Z)
COMMON /CONC/ U(100,40,10), V(100,40,10), W(100,40,10)
COMMON /COLCONC/ UC(100,40,10), VC(100,40,10), WC(100,40,10)
COMMON /HBIOCONC/ UMH(100,40), VMH(100,40), WMH(100,40)
COMMON /TAL1/ A(100,40,10), B(100,40,10), C(100,40,10),
F(100,40,10)
COMMON /TAL2/ FF(100,40,10), D(100,40,10), FK4(100,10), IFX
COMMON /CONST 1/ RADX(100,40,10),K ADX(100,40,10),DX,DY,TIME
COMMON /CONST2/ AW(100,40,10), BW(100,40,10), CW(100,40,10),
FL(100,40,10)
COMMON /CONST3/ MUHO,MUHN 1,.DKOH.DKNH1,KC1,QTOL
COMMON /CONSTK/ KSO(10),KSN1(10),KG(9),KD(9)
COMMON /CONSTN/ DKNH2, YHN2,ETA2, ALNH2 MUHN2 K C2 KSN2(10)
COMMON /CONSTE/ ZETA1,ZETA2,ZETA3,CAPA B6(10),B7(10),BCS
COMMON /CONST4/ BBC(10), RF(10), DTA, DT, CM, BC6, BC7
COMMON /CONST5/ N,NXN,NYN,ITOP,OM,ITOS,NTS,IBIO,INO2,IRES
COMMON /CONST6/ B2(10),B3(10),B4(10),B5(10),B8(10),B9(10)
COMMON /CONST7/ SMO(10), SMN(10), GAM, ETA1, PSI, BMAX
COMMON /CONSTS/ SRCDCY,TMS1,TMS2,NINJ,NDINJ(10)
COMMON /CONST9/ RL(100,40,10), RT(100,40,10), TH
COMMON /CONST10/ RADZ(100,40,10),KADZ(100,40,10), ADX(100,40,10),
ADZ(100,40,10)

COMMON /MASBAL1/ OLDST(10),0FLUX(10),0FLO(10),0HBIO(10),IMB(10)

COMMON /MASBAL?2/ OFXO(10),0FXI(10), TIN(10), TOUT(10),LAM(10)

COMMON /MASBAL3/ CM2,CM3,CM4,CM5,CM7,0FLIN(5),SMFR(100,10)

COMMON /MASBAL4/ CML1(40,10),CML2(40,10),CM1(40),
CMT(100,10),CM8(10),TFLO(9)

COMMON /MASBALS/ TBIO,TDIS,TMH,FDIS,RSID

COMMON /BCD1/ BCTS(10),BCTNS(10),BCLS(10),BCLNS(10),IBCL(10)

COMMON /BC2/ QY,EPY,EPNY.QX,EPX,EPNX,IBCT(10),BCT(40,10,200)

COMMON /TRANS/ IXO8(8), NONS, ISN8, NEN8, INC8

COMMON /LONG/ IYO9(8), NON9, ISN9, NEN9, INC9

COMMON /TWO/ TY, JX, NXO, IX, IFD, NTO

COMMON /VELO/ VELH(100,40), VELV(100,40), VELM

COMMON /NODE/ XNODE(100,40), ZNODE(100,40), NNUM(100,40),
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& NELM(100,40)

COMMON /DISP/ DDL(100,40,10), DDT(100,40,10), IC(10)
COMMON INN(8), INN(8), NFSS(10), UNS(10), SYO(10), SYN(10)
COMMON XCORD(8),YCORD(8),UPS(8,8,10),QPS(8,8), TITL(20),IIC(10)
COMMON PS(10), SS1(10), SS2(10), CMF(10), TMIN(10)
COMMON DO(10), NO3(10), MNUT(10), DTMA(10), DFC(10), SFC(10)
COMMON DF(10), NY(10), BT(10)
DOUBLE PRECISION MUHO,MUHN1,KSO,KSN1,MNUT,ICN,NO3,MC

¢ OPEN (UNIT=20, FILE="tmbal DAT', STATUS="new)
DOUBLE PRECISION MUHN2 KC2,KSN2
DOUBLE PRECISION IC,NU,IN,JN,LAM,ICMH,KC1,KG,KD

C---TMASS(SPECIE,ITERATION, 1=TIME:2=MASS), TOTMASS(SPECIE,ITERATION)
DOUBLE PRECISION TMASS(10,100,2), TOTMASS(10,100)
INTEGER IRK
CHARACTER*30 RNAME(10)
CHARACTER*15 FNAME

ITER=0
IPRINT = 50
IBC=0

OPEN (UNIT=15, FILE='main.in', STATUS='OLD")

OPEN (UNIT=16, FILE='OUTPUT .out', STATUS='NEW")
OPEN (UNIT=17, FILE='velo.in', STATUS="old")

OPEN (UNIT=18, FILE='masbal.dat', STATUS="unknown')
OPEN (UNIT=19, FILE='icon.in', STATUS="old")

OPEN (UNIT=20, FILE='tmbal. DAT', STATUS="new')
OPEN (UNIT=21, FILE="tpro.DAT', STATUS='unknown'")
OPEN (UNIT=22, FILE='Ipro.DAT', STATUS='unknown')
OPEN (UNIT=23, FILE='con.DAT', STATUS="unknown')
OPEN (UNIT=24, FILE='end. DAT', STATUS="unknown')
OPEN (UNIT=27, FILE='advect. DAT', STATUS="unknown')
OPEN (UNIT=29, FILE="restart. DAT', STATUS="unknown')
OPEN (UNIT=31, FILE="pbio.DAT’, STATUS='unknown')
OPEN (UNIT=32, FILE="pdis. DAT', STATUS="unknown')
OPEN (UNIT=33, FILE='pres.DAT', STATUS="unknown")

oNoReNoNoRoNoReNoNoReNo oo Ko NOoKe!

READ(15,615)TITL
READ(15,670)ITOP,ITOS,IBIO,IRS,IVF,IFD,IRK
READ(15,670)INO2,IRES,IEND, IFX,ICON,ICOL ICM
READ(15,675)NXN,NYN,NPS ,NFC,NTO,NTS,NOD,NFN
READ(15,620)DX,DY, VTHK,QX,QY,EPX,EPY,POR
IF(INO2.EQ.1.AND.NTS.LE.3)NTS=4
IF(IEND.EQ.1. AND.NTS.LE.4)NTS=6
DO 621 L=1,NTS
LX=2
IF(L.EQ.1.OR.L.GE.7)LX=1
READ(15,631)RNAME(L)
READ(15,630)IBCL(L),IBCT(L),IMB(L),IIC(L)
READ(15,640)IC(L),BCTS(L),BCTNS(L),BCLS(L),BCLNS(L)
READ(15,645)NY(L),DF(L),BT(L),UNS(L)
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[FILX.EQ.HDREAD(15,633)LAM(L),KSO(L),KSN1(L)
IF(LX.EQ.2)READ(15,633)LAM(L),KG(L)KD(L)

[FIBCT(L).EQ.2)READ(15,620)(U(1,J,L),J=2,NYN-1)
IF(IBCT(L).EQ.4)THEN
READ(14,675)NTUT
DO 1624 KB=1,NTUT
1624  READ(14,620)BCT({,L.KB),J=2,NYN-1)
ENDIF
IF(ITOP.EQ.1)GO TO 621
IF(IBCL(L).EQ.2)READ(15,620)U(LNYN,L),I=1,NXN-1)
IF(IIC(L).EQ.)READ(15,620)(U(2,J,L),J=2,NYN)
IF(IC(L).EQ.2)THEN
DO J=2NYN
READ(19,*)(W(LJ,L),]l=1 NXN-1)
ENDDO
ENDIF
621 CONTINUE
IF(NTS.LE.4)GO TO 623
IF(IEND.EQ.1)GO TO 623
DO 622 L=5 NTS
622  READ(15,650)SMO(L),SMN(L),SYO(L),SYN(L)

623  IF(IVF.EQ.1)THEN
DO 632 I=1,NXN-1
DO 595 J=2,NYN

595 READ(17,637) VELH(1,J),VELV(,J)
632 CONTINUE
ELSE

READ(15,620)(VELH(1,J),]=2,NYN)
DO 596 J=2,NYN
DO 597 [=2,NXN-1

597 VELH(1,Jy=VELH(1,J)
596 CONTINUE
ENDIF

598 READ(15,640)VELX,VELY,AL,AT,SSA
READ(15,650)TH,OM,TOL,OMBC
READ(15,660)TMINT,NTU1,KTU1,DTA1,DT1,NTU2,KTU2,DTA2,DT2
READ(15,610)KIT1,IT1,JX1,NXO1,IX1,IY1
READ(15,610)KIT2,IT2,JX2,NX02,IX2,1Y2
READ(15,670)I08,NON8_ KOPS IP8 ISN8,NENS INC8
IF(108.EQ.0)GO TO 678
READ(15,675)(IX08(I),I=1,NONS)

678 READ(15,670)I09,NON9,KOP9,IP9,ISN9,NEN9,INC9
IF(109.EQ.0)GO TO 679
READ(15,675)(IYO9(I),]=1,NON9)

679 READ(15,640)GAM,OMG,PSLETA1,KC1
READ(15,680)DKOH,DKNH1,ALOH,ALNH]1
READ(15,620)ICMH,MUHO, YHO,MUHN1,YHN1
READ(15,640)ICN,RHO,RC,TAU
READ(15,645)IBMAX,BETA DEL,QTOL



641

647
643

644

642

654

653

610
615
631
620
625
630
633
640
645
650
655

[FICM.EQ.1)READ(15,620) UMH(1,J),J=2,NYN-1)

READ(15,625)IQ1,1Q2,QNS
READ(15,620)KSN2(1), MUHN2, DKNH2, YHN2, ETA2, ALNH2,KC2,ZETA1
IF(IEND.EQ.1)READ(15,633)ZETA2,ZETA3,CAPA

IF(ITOS.EQ.0)GO TO 641
NFS =0
GO TO 642
READ(15,675)(NFSS(M),M=1,NFC)
DO 643 M=1,NFC
DO 647 K=1,NPS
READ(15,620)xcord(K),ycord(K),QPS(K,M),(UPS(K,M,L),L=1,NTS)
CONTINUE
DO I=1,NXN-1
VELH(LNYN) = 0.D0
ENDDO
DO 644 K=1,NPS
INN(K) = XCORD(K /DX + 1
INN(K) = YCORD(K)/DY + 2
CONTINUE
NUU=1
NFS = NFSS(1)
GO TO 646

IF(IFX.EQ.1)THEN
READ(15,625)IFN,NFC,VFR
IF(NFC.GE.1)READ(15,675)(NFSS(M),M=1,NFC)
NFC =0
IF(NFC.GE.1)NFC = NFSS(1)

NUU= 1
DO 654 L=1,NTS
READ(15,620)SFC(L),DFC(L)
ENDIF
IF(IFX.EQ.2)THEN
READ(15,655)IFN, VFR,FOD, TMS,FDIS
DO 653 L=1,NTS
READ(15,620)DTMA(L),DFC(L)
ENDIF

FORMAT(6I5)
FORMAT(20A4)
FORMAT(A30)
FORMAT(8D10.3)
FORMAT(215,1D10.3)
FORMAT(415)
FORMAT(3D10.3)
FORMAT(5D10.3)
FORMAT(115,3D10.3)
FORMAT(4D10.3)
FORMAT(115,4D10.3)
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660
670
675
680
637

646

902
901

909
908

FORMAT(D10.3,2(215,2D10.3))
FORMAT(7I5)

FORMAT(SI5)
FORMAT(6D10.3)
FORMAT(2E17.10)

NTU =NTU1
KTU=KTU1
DT =DT1
DTA=DTAl
KIT =KIT1
IT=1IT1
JX =JX1
NXO =NXO01
IX=1IX1
IY =1Y1
TIME = TMINT
TM =TMINT
TM1 = NTUI*DTAl + TM
TM2 = NTU2*DTA2 + TM1
KE=0
TMF = 0.D0

AX = DX*(NXN-2)
BY = DY*(NYN-2)
N=NXN-2
ASRC = DY*DY*NPS
ATOT = AX*BY
FRC = ASRC/ATOT
NNODES = (NXN-1)*(NYN-1)
NELEM = (NXN-2)¥(NYN-2)
NNM = 0
NLM = 0
ICPT =1
IFN1 = IFN
IFN2 =TFN + NFN - 1
DO 901 I=1,NXN-1
DO 902 J=2,NYN
NNM = NNM + 1
NNUM(LJ) = NNM
XNODE(LJ) = DX*(I-1)
ZNODE(LJ) = DY*(J-2)
CONTINUE

DO 908 I=1,NXN-2
DO 909 J=2,NYN-1
NLM = NLM + 1
NELM(LJ) = NLM
CONTINUE

PHI = 1.DO
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