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ABSTRACT

Nitrate, typically derived from agricultural runoff and wastewater disposal, is the
most widespread groundwater contaminant in the United States. A series of two- and
three-dimensional finite-element groundwater models are presented here to simulate
groundwater nitrate transport and remediation in the Florida Keys, where wastewater
injection is suspected of contributing to the deterioration of the offshore coral reef. These
models include quantification of the hydrogeology of reversing groundwater flow due to
tidal pumping and nitrate removal rates based on a new application of a molecular
technique for measuring microbial respiration rates.
Physical constraints on tidal pumping, including comparisons of net to total
submarine groundwater discharge rates and the variable-density mixing of recirculated
seawater, were derived from observed tidal properties and published aquifer
characteristics, with model calibration to previously conducted tracer experiments. The
model demonstrates that even moderate tidal fluctuations are capable of driving reversing
groundwater flow patterns, with net groundwater velocities and tracer distributions that
closely match field measurements. Tidally pumped contaminant plumes were shown to
be more dispersed than plumes in comparable static flow fields.
Microbial denitrification rates were correlated with the relative abundance of the
expressed nitrite-reductase gene nirS as measured by Quantitative Reverse Transcriptase
Polymerase Reaction (Q-RT-PCR), to determine if gene expression is proportional to the
rate of the metabolic process facilitated by the gene product. Measured denitrification
rates by cultures of Paracoccus denitrificans varied from 1.67 to 50.5 mg/l/hour, and
iii

relative gene transcript abundances varied from 16 to 303 copies/ml. The relationship
between nirS gene expression and denitrification was linear (R2 = 0.98) at denitrification
rates above 4 mg/l/hour, suggesting that Q-RT-PCR may be an effective tool for
assessing the rate of denitrification by Paracoccus denitrificans.
A variety of different kinetic models for nutrient removal were applied to the
variable-density groundwater flow model of the Florida Keys to assess total nutrient
loading rates to the coastal environment. Model results suggest that wastewater-derived
nutrients in the Keys are discharged within several meters of shore, and that the
eutrophication of the offshore coral reef ecosystem is thus not attributable to long range
subsurface nutrient transport.
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PREFACE

The thesis presented here is the newest chapter in a long history of Penn State
graduate student work on the fate of wastewater nutrients in the Florida Keys. Most of
this work has been field-based collection and analysis of groundwater and wastewater
samples, with the occasional laboratory experiment designed to reproduce various
nutrient removal mechanisms. There are two primary new additions to this body of work
presented here, one decidedly mathematical and one decidedly interdisciplinary.
The first is a quantitative analysis of contaminant plume development and
groundwater flow in response to periodic tidal forcing. Coastal environments are
characterized by the interaction of variable density fluid mixing and reversing hydraulic
gradients, making projections about groundwater flow paths somewhat uncertain. The
recent development of finite element models capable of spatially detailed three
dimensional model geometries with time varying boundary conditions that can
simultaneously solve both the density dependent fluid flow equations and the reactive
contaminant transport equations has opened up this problem to mathematically rigorous
analysis. Starting with this development, the biogeochemistry of subsurface
environments in the coastal zone will move out of the realm of speculation and into the
realm of quantifiable science.
The second major contribution is the introduction of an entirely new molecular
method for quantifying subsurface denitrification rates. To my knowledge, this technique
has never been applied to problems of this nature, such that the method development
presented in Chapter 2 represents a wholly original piece of research. In general outline,
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the intent is to use the relative concentrations of expressed copies of the genes
responsible for denitrification as a proxy for denitrification rate. By focusing on the
actively expressed RNA concentration of genes known to code for the functional
enzymes that drive microbial denitrification, and establishing a correlation between
denitrification rate and expressed gene abundance in a laboratory setting, I have
attempted to lay the groundwork for a technique that may one day allow geochemists to
measure instantaneous rates of any geochemical transformation with a known genetic
system, on a single sample and at minimal cost. At present, the list of geologically
relevant systems potentially amenable to this technique includes most of the nitrogen,
sulfur, and iron cycles, as well as several of the major trace elements including uranium,
chromium, and arsenic.
The common thread of this document is a desire to better understand the
biogeochemical cycling of what is potentially the largest freshwater flux on the planet,
subterranean flow. Groundwater models provide the framework for such analysis, but are
only useful to the geochemist or the microbiologist as a platform on which to build a
coherent research agenda focused on illuminating what has long been a largely invisible
process; nutrient and contaminant transformations in the biologically active zone between
impermeable deep bedrock and the earth’s water laden surface.
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Chapter 1. NUMERICAL MODELING OF REVERSING GROUNDWATER
FLOW SYSTEMS IN TIDALLY PUMPED COASTAL AQUIFERS
Abstract
Tidal pumping is a hydrogeologic phenomenon characterized by a reversing flow
direction that has been hypothesized to be common in coastal groundwater aquifers.
While net hydraulic gradient typically drives groundwater and pollutants towards the
ocean, locally high tides may temporarily reverse the flow, causing saltwater intrusion.
These saline waters then mix with terrestrially derived waters and, as the tide falls, are
again discharged back to the ocean. The specifics of these dynamic mixing and return
processes are not well understood.
Here, a series of two and three dimensional finite element models constructed
with the FEFLOW package are presented. Simulation results include the degree of
reversed flow, net submarine groundwater discharge volumes, velocities, and
distributions, and the effects of tidal pumping on the transport and eventual fate of
subsurface contaminant plumes. Model parameters are calibrated to a previous tracer
study in the Florida Keys, an environment particularly well suited to the study of tidal
pumping because of the unusually high hydraulic conductivity of the Key Largo
Limestone and the disparate tidal signals between Florida Bay and the Atlantic Ocean,
which drive reversing cross-island flow across the Keys.
The simulations of tidal pumping at Key Largo, Florida, were driven by a mean
tidal offset of 0.16 m and a sinusoidal diurnal tide with a 0.4 m amplitude. The calibrated
model predicts cross-island groundwater velocities at Key Largo that vary between 2 m/d
to the southeast at low tide and 0.9 m/d to the northwest at high tide, with a net average
1

groundwater flux of 11 m3/d and a total discharge rate of 50.9 m3/d per meter of coastline.
Tidal amplitudes at Key Largo result in reversed groundwater flow for about ⅓ of each
tidal cycle. An empirical relationship for calculating the difference between total and net
groundwater flux as a function of tidal amplitude, mean tidal offset, and hydraulic
conductivity is derived, and sensitivity to each parameter is explored, demonstrating that
hydraulic conductivity is less important to tidal pumping fluxes than the ratio of tidal
amplitude to mean tidal offset. Differences in contaminant plume migration between
static head and tidally pumped conditions are documented, and show that a reversing
flow system results in lower maximum contaminant concentrations spread out over a
larger area at the point of discharge. Model results suggest that wastewater-derived
nutrients in the Florida Keys are discharged within several meters of shore, and that the
eutrophication of the offshore reef is thus not attributable to long range subsurface
nutrient transport.

Introduction
Tidally influenced coastal aquifers are characterized by ambient seaward flow of
fresh water derived from terrestrial precipitation, changing head conditions at the watersediment interface which sometimes drive landward flow of seawater, density-dependent
mixing of the two, and net seaward discharge of the resulting water mass (Figure 1). This
“tidal pumping” mechanism has been hypothesized to dominate coastal hydrogeology by
periodically reversing the flow direction, resulting in abnormally high contaminant
dispersal rates and specific fluid fluxes while preserving long term average net fluid
fluxes and solute delivery rates (Bokuniewicz, 1989; Halley et al., 1997).
2

Details of these mixing and return processes are not well understood, in part due
to the difficulty of carrying out experimental measurements of submarine groundwater
discharge and recharge rates under various tidal conditions. Terrestrially derived
groundwater discharge in many cases exerts a strong influence on the biogeochemical,
hydrochemical, hydrogeological, thermal, and sedimentation regimes of the coastal zone.
Tidal pumping is the dominant control on this process, and thus has broad but poorly
constrained implications for the magnitudes of freshwater inputs to the world’s oceans,
the concentrations of dissolved species carried in those inputs (Corbett 2000; Burnett et
al., 2003), on rates of nutrient loading to coastal environments and porewater exchange,
and on the transport and eventual fate of subsurface contaminant plumes. Tidal pumping
has also been implicated in ensuring renewable dissolution potential in carbonate settings
(Whitaker et al., 1999, Shinn et al., 1999 ), nutrient diagenesis in esturarine environments
(Ullman et al., 2002), and dolomitization of carbonates (Saller and Koepnick, 1990).
Reversing groundwater flow enhances the dispersion of dissolved constituents, increases
effective flowpath lengths and groundwater residence times, and effectively alters the
biologically and diagenetically important subsurface chemical environment by importing
seawater “upstream” against the direction of net flow. Ignoring diurnal tidal pumping
when studying coastal zone hydrogeology is common practice, but it can lead to a
dramatic overestimation of maximum nutrient or contaminant concentrations at the
discharge surface.
To help quantify the effects of tidal pumping, we have here focused our modeling
efforts on a specific field site that lends itself to analysis by numerical models. The
Pleistocene carbonate barrier islands of the Florida Keys extend 240 km southwest from
3

Miami, Florida, and form a semi-permeable hydraulic barrier between Florida Bay and
the Atlantic Ocean. Florida Bay, to the northwest of the Keys, exhibits very little tidal
variation, though it does respond to local weather patterns as wind forcing blows water
into or out of the Bay, and to hydrodynamic effects that elevate Bay water levels by ~10
cm (Reich et al., 2002; Lee and Smith, 2002). Local tides in the Atlantic Ocean, to the
southeast of the Keys, have total amplitudes of ~1 m (Reich et al., 2002). The
combination of these tides and elevated mean water levels on the Florida Bay side result
in a net hydraulic gradient towards the Atlantic Ocean, with reversed gradient during
times of high tide. This reversing head gradient has been hypothesized to drive reversing
groundwater flow with a net direction towards the Atlantic (Halley et al., 1997), but the
degree of reversibility, the extent of seawater-groundwater exchange during each tidal
stage, or the implications of this system for net groundwater discharge rates, freshwater
lens development or contaminant plume migration have not previously been studied
quantitatively in light of local aquifer characteristics. Small freshwater recharge rates are
supplemented by low-salinity wastewater disposal to provide brackish lenses that
contribute to variable-density flow. The relatively high conductivities of these carbonates
allows for rapid groundwater head propagation over time scales comparable to tidal
variations, and a large body of previous experimental tracer studies provides ample data
for comparison with model predictions (Paul et al, 1997; Dillon et al, 1999; Corbett et al.,
1999, Dillon et al, 2000; Corbett et al., 2000; Reich et al, 2002; Griggs et al., 2003).
Tracer studies conducted in the Keys support the idea of net groundwater
transport from Florida Bay to the Atlantic Ocean (Dillon et al., 2000; Reich et al, 2002;
Dillon et al., 2003). Though such studies can provide empirical estimates of groundwater
4

velocities, they are necessarily point measurements devoid of three-dimensional flowpath
information and, without an impractically dense network of observation wells, reveal
little information about tracer distribution.
In this study, we constructed a series of two- and three-dimensional finite-element
models to better understand the hydrogeology of tidal pumping and its effect on
groundwater-seawater exchange, contaminant plume dispersion, nutrient delivery to the
coastal zone, and submarine groundwater discharge rates. Previous studies have
addressed the position of the freshwater saltwater interface for constant density seawater
and static boundary conditions (Kim et al., 2005; Chen, 2004) or variable tidal signals for
specific idealized cases of uniform density and simplified geometries, but such analyses
usually lack feedback between these two effects, in which the flow of submarine
groundwater is determined by both density-driven vertical flow and the time-varying
head of a tidal signal in non-steady-state solution. Best fit aquifer parameters derived
from calibrations to previous groundwater flow and tracer studies (Reich et al., 2002;
Oberdorfer et al., 1990) were used as a base case from which to test model sensitivity of
the shape and extent of an injected contaminant plume as a function of mean tidal offset,
tidal amplitude, and hydraulic conductivity and dispersivity, when compared to a
qualitatively similar static flow field. The numerical analysis of fluxes presented here is
intended to provide a quantitative framework to future studies of groundwater exchange
due to tidal pumping, which have historically been limited to qualitative comparisons by
a lack of mathematically sound and field calibrated hydrogeologic analysis. Specific
model predictions of mixing and discharge rates are then generalized to empirical
relationships for estimating aquifer response for a wide range of tidally pumped systems.
5

Figure 1: Cross sectional diagram through the Florida Keys illustrating reversible groundwater
flow of the tidal pumping mechanism. Florida Bay is on the left and has a stable but moderately
high head, while the Atlantic Ocean on the right has a 0.5 m amplitude tidal variation When
both tides are high the Atlantic tide is higher and groundwater flow is towards the left. During
low tide the Atlantic tide falls further, and net groundwater flow is towards the right. FEFLOW
results presented here are for a 500 m wide island with a hydraulic conductivityof 150 ×10-4 m/s.
Note vertical exaggeration.

6

Methods
A commercially available, three-dimensional, finite element computer package
called FEFLOW was utilized to model the density dependent groundwater flow across the
Keys in response to changing tides. The groundwater flow and transport model presented
here has been used to simulate the effects of tidal pumping on total and net groundwater
discharge rates, and on the dispersal and discharge of contaminant patches and steady
state plumes.
The numerical model presented here has time varying inputs and outputs assigned
to model boundaries and a variety of aquifer parameters assigned to the contained domain,
and simulates flow vectors and mass transport. Such models can provide a spatially and
temporally detailed estimate of flow for complex aquifer geometries that do not have
known analytic solutions. A sensitivity analysis with a well-calibrated model can help
identify the processes, aquifer parameters, and boundary conditions that most
significantly affect flow, transport, mixing, or discharge.
The FEFLOW code used here has been tested extensively against standardized
benchmark problems for variable density fluid flow (Diersch and Kolditz 1998; Kolditz
et al. 1998), and has proven reliable and versatile when simulating coupled reactive
contaminant transport and buoyancy dependent flow in two and three dimensions.
Further validation of the model results was obtained by comparing model predictions to
solutions for simplified but analogous problems for which analytic solutions do exist,
such as tidal head propagation with non-reactive uniform density flow with periodic
forcing (Ferris, 1951; Carr and Van der Kamp 1969; Townley 1995) (see Appendix A).
7

FEFLOW model reproductions of a previous atoll island modeling study that

predicted reversing groundwater flow faithfully reproduced the flow directions and
velocities, using published values of 0.9 m amplitude tides, a two layer aquifer with 10
m/d and 1000 m/d hydraulic conductivities, and model dimensions of 6500 m length by
1227 m depth (Oberdorfer et al., 1990). These models were axisymmetric about a central
lagoon, and FEFLOW models reproduced the previously modeled flow patterns and
freshwater lens depths observed at Enjebi Island, Enewetak Atoll (see Appendix B).
Model calibration of contaminant mass transport was performed by comparison to
a series of tracer studies conducted by Reich et al. in the Key Largo Limestone of the
Florida Keys from 1997 to 1998 (Reich et al., 2002). Reich et al. installed a 61 m
diameter ring of eight multi-stage monitoring wells around a central tracer injection well
on either side of Key Largo in an area chosen to be representative of natural gradient flow,
within a few hundred meters of shore (Figure 2). Short pulses of fluorescein and
rhodamine dyes as groundwater tracers were injected at 20 l/min for eleven minutes, and
chased with another 11 minutes of ambient seawater. Through analysis of the water
samples taken from all surrounding observation wells over the next 300 days, Reich et al.
were able to determine the net direction and average speed of groundwater flow in the
Florida Keys nearshore environment. Surveyed tidal gauges reported an average
difference in head of 0.16 m over a separation of 500 m, and the authors used
conservative estimates of hydraulic conductivity and effective porosity to calculate a
theoretical flow velocity of 2.6 m/d, in agreement with their observations from the tracer
experiments.
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Figure 2: Locations of well clusters from the Reich et al. (2002) tracer study. A central injection
well was surrounded by eight multistage monitoring wells drilled to 6.1 and 13.6 m. The location
of the tracer tests was chosen to be representative of natural undisturbed gradient flow. Note that
figure is not to scale, with approximately 500 m of separation across Key Largo. Used with
permission.

Representative breakthrough curves for the fluorescein dye injection on the
bayside well cluster were chosen to calibrate the FEFLOW model because several of the
9

rhodamine injections were not observed at all monitoring wells. Values for model
parameters like hydraulic conductivity and dispersivity were initially chosen based on
previously published estimates, and then were fine-tuned to best fit the observed tracer
breakthrough curves. Table 1 summarizes the initial and best-fit values of model
parameters.
Table 1. Hydrogeologic properties used in numerical model
Property
Initial value units
source
-4
162 ×10
Conductivity, KLL
m/s
Vacher, 1992
Longitudinal Dispersivity
5
m
Kolditz et al., 1998
Transverse Dispersivity
0.5
m
Kolditz et al., 1998
Surface Recharge
0.5
m/yr Reich et al., 2002
Porosity
0.3
1
Enos and Perkins, 1977
-4
1.0 ×10
Compressibility
1/m
Kolditz et al., 1998
1.0 ×10-9
Molecular Diffusion
m2/s Kolditz et al., 1998
Tidal Amplitude
0.4
m
Reich et al., 2002
Mean Tidal Offset
0.14
m
Reich et al., 2002
Stratigraphic Depth
36
m
Enos and Perkins, 1977
3
Density of Seawater
1.024
g/cm Fofonoff, 1985

Tuned value
150 ×10-4
1.15
0.11
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a

KLL = Key Largo Limestone

Model simulations of this tracer study were based on a two-dimensional vertical
cross section which bisected the installed ring of monitoring wells, with a 500 m key
separating Florida Bay from the Atlantic Ocean. A confining layer of low conductivity
surface sediments was added based on field observations. Florida Bay was modeled as a
constant head boundary while the Atlantic Ocean tide to the south was modeled as a
diurnal sine wave with a half amplitude of 0.4 m and a mean tidal offset of 0.14 m based
on surveyed tidal measurements (Reich et al., 2002). Total model depth was limited to
36 m, the depth of the Key Largo Limestone, which is underlain by a relatively low
conductivity calcarenite sand at the field site on Key Largo (Hoffmeister and Multer,
1968). Total lateral extent of these models was 4500 m, with the confining layer
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restricted to within 100 m of shore. Subaerially exposed boundaries of the model, along
the elevated section of Key Largo, were specified as constant recharge boundaries with a
value of 0.5 m/yr evenly distributed over the course of the year (Figure 3). The
simulations presented and discussed in this section neglected the density difference
between saline groundwater, seawater, and the small amount of freshwater recharge.
Surface infiltration fluxes were sufficiently small compared to saltwater recharge to have
no noticeable affect on groundwater flow velocities or directions.

Figure 3: Schematic representation of boundary types for two and three-dimensional FEFLOW
models. Two dimensional models were run as vertical cross sections, with a nominal depth of 1 m.
The surface of the key was elevated 2 m, and specified as a constant recharge boundary. The far
edges, bottom, and front and rear of the model are no-flow boundaries.

All model geometries were spatially discretized using one of FEFLOW’s iterative
mesh-generation tools. These algorithms seek to subdivide a superelement outline of the
model domain into regular and homogenous triangular elements, which are then further
subdivided by manually dictated mesh enrichment to provide increased resolution in key
areas. Resulting mesh geometries contained individual elements ranging in size from 100
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m to 0.1 m in length, with mesh enrichment focused on the area of interest between the
points of injection and observation.
Temporal discretization was achieved by using automatic time step control with a
forward Euler/backward Euler predictor-corrector scheme which is first-order accurate in
time. Initial time steps were 10-5 days and, in cases of steady state models, were allowed
to rise incrementally up to a maximum time step of one day. Models with diurnal tides
were limited to a maximum time step of 0.025 days.
Model outputs were compared to measured fluorescein concentrations at 6.1 and
13.6 m depth at 30.3 m downstream from the point of injection using a residual sum of
squares analysis at 13 times over 117 days of observation, encompassing the passing of
the entire injected tracer pulse past the monitoring wells. Best fit values for conductivity
and lateral and transverse dispersivity under the specified tidal conditions and injection
rates were then used as a base case to discern model sensitivity to variations in
conductivity, dispersivities, tidal amplitude, and mean tidal offset, with respect to their
influence on average and maximum fluid discharge rates and contaminant plume
transport.

Results
Fitting of Model Parameters
Model predictions for breakthrough curves at the specified distances and depths
reproduce the observed field measurements very closely at either the shallow or deep
observation wells, but not both simultaneously (Figure 4). Reich et al. (2002) injected
fluorescein dye at a depth of 6.1 m and concentrations were measured 30.3 m in the
12

downgradient direction at 6.1 and 13.6 m depth for 300 days. The best fit model result
was obtained using tuned values of conductivity of 150 ×10-4 m/s, longitudinal
dispersivity of 1.15 m, and a transverse dispersivity of 0.11 m (Figure 4).
Though breakthrough curve shapes can be tuned slightly with model parameters,
the simulated delay time between the arrival of peak concentrations at the two
observation wells is always greater than the observed times when preserving relative
curve shapes. The residual sum-of-squares analysis used to find the best fit values for
conductivity and dispersivities from the ~200 simulations weights absolute difference
more than percentage change, resulting in best fit parameters that more closely match the
higher concentrations of the shallow rather than the deep observation well.
A sharp but temporary decrease in measured concentration at the shallow
observation well at day 42 has been attributed to multiple flow velocities associated with
primary and secondary porosity that some authors have reported in the Key Largo
Limestone (Dillon et al., 1999), but published values for these velocities typically differ
by an order of magnitude (Paul et al, 1995; Corbett et al., 1999; Dillon et al., 2003). The
implied interpretation of the single low concentration value at 42 days as representative
of the arrival of two separate maximum concentration peaks at 36 and 49 days is not
consistent with the previously reported flow velocities. Despite this, the observed
concentration decrease was retained in the residual sum of squares analyses because no
justifiable reason was found to discard it.
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Tracer Breakthrough Curves at 30.3 meters
0.7
Field test data, shallow observation well
0.6

Field test data, deep observation well
Model output, shallow observation well

Concentration (mg/l)

0.5

Model output, deep observation well

0.4

0.3

0.2

0.1

0
0

10

20

30

40

50

60
time (days)

70

80

90

100

110

120

Figure 4: Comparison between simulated and measured breakthrough curves. The residual sum
of squares analysis used necessarily weights the higher concentration of the shallow observation
well more heavily, resulting in larger apparent mismatch for the deep observation well.

Though a variety of values for each model parameter was used in attempting to
achieve the best match to the observed data, representative values equally distant above
and below the best fit value are plotted below to demonstrate the model sensitivity to
each of the various tuned parameters (Figure 5-9). In all model reproductions of this
tracer study a thin layer of near-shore surface confining sediments was added to prevent
vertical flow from occurring immediately adjacent to shore, which would otherwise
prevent any measurable concentration of tracer from reaching the observation. Variations
in conductivity and dispersivities demonstrated here are for fixed values of tidal
amplitude and mean tidal offset.
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Breakthrough Curve Sensitivity to Hydraulic Conductivity
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Figure 5: Breakthrough Curve Sensitivity to Hydraulic Conductivity.

Decreasing hydraulic conductivity widens and delays the breakthrough curves at
both the shallow and deep observation wells, while increasing the delay between the
times of peak arrival (Figure 5). Though the best fit value for conductivity had
insufficient delay between the shallow and deep arrivals, increasing conductivity distorts
the plume shapes too severely to be compensated for by varying other model parameters.
Though previously reported estimates run as high as 12,000 m/day, the most commonly
reported value for conductivity of the Key Largo Limestone is that of Vacher (Vacher et
al., 1992), who reports 1400 m/day (167 ×10-4 m/s). The best fit value from these model
results, calibrated to Reich’s tracer data, suggests a slightly lower conductivity of
150×10-4 m/s.
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Breakthrough Curve Sensitivity to Transverse Dispersivity
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Figure 6: Breakthrough Curve Sensitivity to Transverse Dispersivity.

Where the flow is horizontal, increasing transverse dispersivity causes increased
vertical motion of the contaminant plume, resulting in a lower concentrations at the
center of the mean flowpath (the shallow observation well) and high concentrations
above or below the mean flowpath (at the deep observation well). An increasingly high
transverse dispersivity would eventually result in identical concentrations at the two
observation wells, as vertical homogenization exceeded the vertical separation of the two
observation wells.
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Breakthrough Curve Sensitivity to Longitudinal Dispersivity
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Figure 7: Breakthrough Curve Sensitivity to Longitudinal Dispersivity.
Increasing longitudinal dispersivity decreases the maximum concentration at both
the shallow and deep observation wells by spreading out the mass distribution along the
axis of flow (Figure 7). While the time of arrival of maximum concentration is
unchanged, tracer begins to arrive sooner and lingers at the observation wells longer due
to the additional mass dispersion. The drop in maximum concentration is in this case an
inevitable consequence of the longitudinal spreading, because there is no concomitant
change in transverse dispersion to affect vertical mass flux.
Model Sensitivity to Boundary Conditions
Having conducted a sensitivity analysis to determine the aquifer properties that
best fit the field data for tracer breakthrough curves for the observed tidal signals, the
next series of runs examined the model sensitivity to variations in boundary conditions.
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With conductivity set at 150 ×10-4 m/s, longitudinal dispersivity set at 1.15 m, and
transverse dispersivity set at 0.11 m, the tidal signals were modified by varying the
amplitude of the sinusoidal tidal signal and the mean head gradient between Florida Bay
and the Atlantic Ocean, across the same 500 meter section of Key Largo.
Breakthrough Curve Sensitivity to Tidal Amplitude
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Figure 8: Breakthrough Curve Sensitivity to Tidal Amplitude.

Increasing tidal amplitudes increase the amount of time groundwater flow is
reversed, and the reversing flow generates extra dispersion in both the horizontal and
vertical directions. Breakthrough curves at on-axis and off-axis depths begin to converge
on an average value, as shown above to result from increasing transverse dispersivity
(Figure 6), and maximum concentrations decrease as the plume widens out, as shown
above for increasing longitudinal dispersivity (Figure 7). The net effect of increasing
tidal amplitude is a stronger decrease in the maximum concentration values along the axis
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of the plume (at the shallow observation well) than at off-axis locations (at the deep
observation well).

Breakthrough Curve Sensitivity to Mean Tidal Offset
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Figure 9: Breakthrough Curve Sensitivity to Mean Tidal Offset.

The effect of increasing mean tidal offset is to increase the net lateral flow
velocity, thus moving up the peak arrival times of tracer at both the shallow and deep
observation wells, while simultaneously decreasing vertical mixing, which results in a
higher maximum concentration at the shallow well and a slightly lower maximum
concentration at the deep observation well. The latter effect is entirely a byproduct of the
first; faster overall horizontal flow velocities mean that fewer tidal cycles of reversing
flow are available to act on the tracer patch, decreasing the amount of effective dispersion
that tidal pumping can generate. The decreased vertical mixing is more apparent than the
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decreased longitudinal mixing because the faster transit times naturally compress the
amount of time the tracer spends passing the observation wells, effectively narrowing the
apparent breakthrough curves. Together, these effects are similar to increasing
conductivity while simultaneously increasing transverse dispersivity.
All of the above models use a homogenous single layer aquifer, but a better match
to the observed field data can be obtained with minor variation of parameters to represent
local structural complexity. The Key Largo Limestone is a vuggy grainstone/boundstone
limestone with a large percentage of hermatypic corals of the fossil reef in growth
position, suggesting the possibility of localized conductivity variation between individual
coral heads. Simulating a coral head by decreasing the conductivity by a factor of 2 in a
2 m area surrounding the deep observation well, for example, substantially improves the
fit of model prediction to observed data by both delaying and diminishing the
breakthrough curve at the deep observation well while only nominally affecting the fit at
the shallow well (see Appendix C). Core logs taken at the site are consistent with this
possibility, but no data exist for the observation wells themselves to confirm or deny the
existence of such a feature.
Lateral flow velocities predicted by this calibrated model vary between 2.1 m/d,
when the Atlantic Ocean tide is lowest, and -0.8 m/d when the Atlantic Ocean tide is
highest and the flow is reversed. The average bulk water velocity in the net flow
direction, averaged over a full tidal cycle, is 0.8 m/d towards the Atlantic Ocean.
Previous groundwater tracer studies in the Florida Keys (Table 2) have used a variety of
methods to estimate lateral flow velocities, and typically report faster natural gradient
lateral flow velocities than are reported here, in some cases up to hundreds of meters per
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day. This apparent discrepancy can be resolved by analysis of the methods used to
estimate flow velocities used in each of these studies.
Table 2. Estimated Lateral Flow Velocities in the Key Largo Limestone of the Florida Keys
Study
m/day
Location
Tracer Used
Method
Lapointe et al., 1990
1 - 1.25
Big Pine Key
none
gw flow meters
Paul et al., 1995
13.7 - 581
Key Largo
viruses
first arrival time
Paul et al., 1997
60 - 840
Key Largo
viruses
first arrival time
Paul et al., 1997
4.56 - 48
Long Key
viruses
first arrival time
peak arrival time
Corbet et al., 1999
1.9 - 41.8
Long Key
SF6, radioiodine
peak arrival time
Dillon et al., 1999
6.5 - 78.7
Key Largo
SF6
Reich, 2002
0.1 - 3.0
Key Largo
fluorescein
first arrival time
peak arrival time
Dillon et al., 2003
0.27 - 3.8
Key Colony Beach
SF6
This study
-0.9 - 2.1
Key Largo
none
FE model

The earliest published estimates for cross-island flow were made by Lapointe et al.
(1990) using groundwater flow meters installed in monitoring wells. These instruments
use a central heating unit surrounded by 10 thermistors to measure direction and speed of
groundwater flow, and were calibrated with peristaltic pumps in packed wells constructed
the same way as the wells in which they were installed. The velocities thus obtained are
only valid over the very short distances represented within a single well. The Lapointe et
al. study found groundwater velocities centered within the range predicted by the current
modeling effort.
Paul et al. (1997) used viral tracers to estimate groundwater flow rates at Key
Largo. Known quantities of bacteriophages were flushed into septic systems or injected
into shallow wells adjacent to canal sites, and water samples were taken hourly at a series
of observation sites located along the canal between the injection site and the open ocean.
Paul et al. (1997) were attempting to quantify how quickly nutrients from these injection
wells might discharge to the coastal environment, and those chose a method that would
measure the fastest velocity achievable using interconnected open waterways, rather than
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the actual velocity in the saturated aquifer. Water samples collected were then used as
growth medium for culturing the host bacteria specific to the injected viruses, resulting in
very low detection limits. By calculating flow velocities using the first arrival of the
viruses, and not the peak arrival time, the groundwater velocities reported by Paul et al.
(1997) are dependent on the detection limit of his analytic method. This, and the choice
of groundwater flow paths that are connected by open water canals, resulted in the
highest reported flow velocities, which may not be representative of bulk cross island
flow velocities through the Keys aquifer.
Both Corbett et al. (1999) and Dillon et al. (1999) used SF6 to measure
groundwater velocities, at Long Key and Key Largo, respectively. The Dillon et al. study
injected the tracer into a shallow injection well screened from 0.61 to 10 m, and flow was
measured to a monitoring well only 3 m from the point of injection, and at a point in
Florida Bay 26 m from the point of injection. Tracer was observed at both sites in only a
few hours, but the rapid injection rate (10 l/min) may have overwhelmed the background
gradient flow over the scale of several meters, causing high readings of over 70 m/d at
the 3 m distant monitoring well. Samples taken from Florida Bay surface waters
represent the fastest flow through any available conduit within the area of effect and
subsequent mixing in the Bay, and so are not representative of net groundwater velocities.
Corbett et al. used SF6 and 131I injected between 18 and 27 m depth in the Key Largo
Limestone at the Keys Marine Lab on Long Key, and monitored groundwater samples
taken from seven multi-stage monitoring wells within 20 m of the injection well, but also
within 20 m of Florida Bay and a boat basin. Flow vectors for these injections show that
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the close proximity to tidal fluctuations of these water bodies distorted flow, and may be
responsible for the faster flow velocities measured there.
The Reich et al.study used for calibration purposes for the groundwater model
presented here is described above, but it is important to note that the flow velocities they
reported were obtained by dividing the distance to the observation well by the time of
first arrival of tracer, not the peak arrival time. This approach was necessitated by the
nature of tracer arrival at the ring of monitoring wells, which only returned peak values
for several of the 16 dual-depth monitoring wells. Many of the wells never saw tracer,
and several wells recorded very long lag time followed by steadily rising tracer
concentrations over several months, interpreted as pockets of “dead” flow created by
local variations in the subsurface hydrogeologic structure due to the shape of the fossil
coral reef which comprises the Key Largo Limestone. For the purposes of this study,
aquifer properties were calibrated to not only the peak arrival of tracer, but also the shape
of the tracer arrival curves and the lag between the shallow and deep observation wells.
The Reich et al. study was chosen for calibration purposes over the other studies cited
here by virtue of its more complete tracer data set with correlated tidal signals measured
by surveyed tide gauges, and because the chosen geometry of the tracer experiment is
more consistent with measuring cross-island flow. As a result of the differences between
first arrival and peak arrival of tracer, the maximum groundwater velocities reported here
over a distance of 30 m from the point of tracer injection are almost 50% below those
reported in the original tracer study (2.1 vs 3.0 m/d).

23

Discussion
The simulations presented here show that during reversed head conditions (high
tide) with a 0.4 m amplitude tide and 0.16 m mean tidal offset, the maximum reversed
groundwater velocity is 0.9 m/d towards Florida Bay, approximately 40% of the
maximum velocity in the net direction of 2.1 m/day. Groundwater direction in the
Florida Keys is reversed for 36% of the complete tidal cycle. Variations in these
velocities and percentages as function of varying tidal conditions are presented in Figures
10-13.

Figure 10: Reversing Head Gradients.
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In a reversing flow groundwater system, the mass dispersal and net fluid fluxes
are affected by the percentage of each tidal cycle in which the flow is reversed, which is
proportional to the percentage of time with reversed head gradient. For sufficiently high
conductivities or narrow barrier islands, the percentage of time with reversed flow and
the percentage of time with reversed head gradient would be the same. For simplicity of
presentation, the percentage of time with reversed head gradient can be calculated as a
function of the ratio of the mean tidal offset between a static head boundary and a
sinusoidal tide, and the tidal amplitude. For any arbitrary positive amplitude tide, a mean
offset of 0 m will have reversed head gradient for exactly half of the tidal cycle. When
the offset and amplitude are equal, the sinusoidal tide never exceeds the static head, and
flow is never reversed (Figure 10).
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Figure 11: Total Groundwater Discharge per meter width of Coastline.
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Calculated fluid fluxes through the sediment-seawater interface per meter width
of coastline (Figure 11), bounded by the shoreline and a hypothetical no-flow boundary
5000 m from shore, show that net fluid discharge per tidal cycle is unaffected by tidal
amplitude, though instantaneous flow velocities (slopes) are amplitude dependent.
Accumulated discharge volumes, under tidally pumped conditions, are equal to their
equivalent static flow field values for integer numbers of tidal cycles. At any time before
a full period of a complete tidal cycle, instantaneous accumulated volumes are
approximately a factor of two larger or smaller for a doubling or halving of tidal
amplitude.
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Figure 12: Total Groundwater Discharge per meter width of Coastline.
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Variations in mean tidal offset, along with variations in conductivity, exert the
strongest influence on net groundwater transport over long time scales because the
volume continues to rise indefinitely with time. This effect is unlike that of tidal
amplitude, which can generate large fluxes across the sediment-water interface that
consist largely of recirculated seawater infiltrating, mixing with aquifer waters, and then
discharging through the same boundary. Mean tidal offset, or head gradient, only
influences the instantaneous groundwater discharge velocity by slope of the axis of the
sinusoid (Figure 12), which has a comparatively small effect on discharge velocity
compared to tidal amplitude.
Tidal offset can be used to predict groundwater fluxes under static flow conditions
using Darcy’s Law, which would predict correct accumulated volumes at the end of every
12 hour tidal cycle, but would predict incorrect volumes or velocities at other times
during the cycle, when head gradients deviate from their mean value.
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Figure 13: Total Groundwater Discharge per meter width of Coastline.

Groundwater discharge volumes vary with respect to hydraulic conductivity as
predicted by Darcy’s law, just as they do for variations in tidal head, under static head
conditions (Figure 13). At the end of one full tidal cycle (12 hours) the accumulated
volume discharged from a tidally pumped system for any single conductivity is equal to
the volume predicted by Darcy’s law for a qualitatively similar static head system. The
apparent lag for different conductivities in the above graph is due to the damped
propagation of the tidal signal, and the values at 0, 12, and 24 hours form straight lines
that represent the accumulate volume for the static head condition. Under variable tidal
forcing, however, the nature of submarine groundwater discharge is revealed to be
relatively more sensitive to changes in amplitude than changes in conductivity.
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Unlike changes in amplitude, increasing conductivity results in an increased net
fluid flux for integer numbers of tidal cycles, but the variation in total flux is less
sensitive to conductivity than to amplitude. For the above specified conditions, a twofold increase in conductivity produces a doubling in net fluid flux after each full tidal
cycle, but only a 28% increase in accumulated volume at times of highest or lowest tide,
while a doubling of tidal amplitude produces no change in net fluid flux but a doubling of
accumulated volume at times of highest or lowest tide.
The relative magnitudes and changes in tidally pumped flow volumes are
consistent with the equation for the analytic solution of tidal head propagation in a one
dimensional system. For further discussion of these relationships, see Appendix A.
This reversing flow system significantly influences the amount of seawatergroundwater exchange in the subsurface environment of the Florida Keys. During
periods of normal flow, seawater from Florida Bay is transmitted southeast through the
Keys and Keys groundwater is discharged south to the Atlantic Ocean. This process is
reversed during high tide, and the high hydraulic conductivity of the local carbonate units
leads to a relatively high degree of flushing and replacement of groundwater.
Observation boundaries were established in FEFLOW to measure groundwater flux across
each surface during each stage of the tidal cycle. The model predicts that a net 14 m3/day
of groundwater are discharged to the Atlantic Ocean per meter width of shoreline,
corresponding to an average groundwater velocity of 0.4 m/day, though up to five times
that amount of total volume cross the discharge boundary in the seaward direction every
day. Due to the reversing nature of flow in a tidally pumped system, instantaneous
groundwater velocity can be much higher than average groundwater velocity, and the
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discharge rates predicted by Darcy’s law using mean tides are much lower than the actual
rates. Significantly, some portion of this additional discharge volume is derived from
seawater recharged through the discharge face during times of reversed flow. Variations
in the amount of groundwater-seawater exchange as a function of hydraulic conductivity
are presented in Figure 14, which shows that discharge velocities are highest immediately
adjacent to shore and then drop off sharply with increasing distance.
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Figure 14: Submarine groundwater discharge velocity decreases rapidly with distance from shore
with a near-exponential decay pattern.

Previous studies of the Florida Keys groundwater system have implicated tidal
pumping as a primary driver for fluid exchange across the sediment-water interface at
distances of several kilometers from shore (Kohout, 1960; Paul et al., 1995; Hughes et al.,
2007; Everett, 2007). The model presented here agrees with prior authors (Harr 1962;
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Corbett et al., 1999) in predicting that significant groundwater-seawater exchange is
limited to within a few tens of meters of the shoreline. Only by introducing arbitrarily
complex geology is tidal pumping numerically capable of driving significant fluid
exchange more than 100 m from shore.
The model suggests that introduced contaminants are discharged in a narrow zone
near the coast, though tidal pumping does increase the maximum distance of mass
discharge by several meters by virtue of the increased mass dispersion. Figures 15 and
16 show the progress of an injected slug of tracer (Figure 15) and a continuous injection
plume of tracer (Figure 16) under a static head condition of a 0.16 m head difference and
a tidally pumped condition of the same 0.16 m net head difference, but with a 0.4 m
amplitude tide that reverses flow for 37% of the tidal cycle.

Figure 15: Vertical cross section comparison of non-reactive tracer patches at 10, 80, and 160
days after injection under tidally pumped (right) and qualitatively similar static head (left)
conditions.
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Figure 16: Vertical cross section comparison of plume shapes from continuous tracer injection at
10, 100, and 200 days after injection for tidally pumped (left) and qualitatively similar state head
(right) conditions.

In both the tidally pumped and static head cases, mass discharge is confined to
within a few meters of shore, but the reversing flow of the tidally pumped system causes
more mass dispersion, creating a lower maximum concentration spread out over a larger
distance at the point of discharge. Significantly, this increase in offshore mass discharge
due to tidal pumping is only several meters of distance, and not capable of promoting the
long-range subsurface contaminant transport that some authors have argued is responsible
for eutrophication of the offshore coral reef system.
In most cases of wastewater disposal in the Florida Keys, the injected wastewater
has a lower salinity, and thus lower density, than the receiving aquifer. This results in
buoyant rise of wastewaters near the point of injection, followed by lateral transport in
the direction of net groundwater flow or in multiple directions in the case of tidally
pumped systems (Figure 17). The shape of the resultant freshwater plume and the
locations of wastewater discharge are partially determined by the degree of reversing
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groundwater flow. Combined simulation of density-independent nutrient injection and
density-dependent salinity variations are presented in chapter 3.

Figure 17. Low salinity (s=5) wastewater injection into a saline (s=40) aquifer at 5 m3/day results
in rapid vertical flow of wastewater near the point of injection, followed by lateral transport in the
direction of the hydraulic gradient. Saltwater-freshwater mixing is increased by this vertical flow,
and reversing groundwater flow directions that result from tidal pumping distribute the lowsalinity zone over a wider area. Florida Bay is on the left and the Atlantic Ocean is on the right.
Top: static head boundary conditions generate a steady state plume shape that discharges to the
Atlantic Ocean. Bottom: tidal pumping reverses groundwater flow, distributing the low-salinity
plume over a wider area and increasing salinities at the point of discharge. Note that this 0.16 m
head difference and 0.5 m amplitude tide is nearly sufficient to drive discharge to Florida Bay,
250 m northwest of the point injection.

In the case of static boundary conditions, the net flow through a Key of known
width can be predicted from Darcy’s Law,
q = - K × ∇P
where q is net flux (volume/area/time), K is conductivity (distance/time), and ∇P is the
head gradient (distance/distance). When introducing time-varying boundary conditions
for hydraulic head difference, the value of flux will change in proportion to the
corresponding change in ∇P. The total flux out, when flow is reversed for some portion
of the tidal cycle, will be equal to the flux predicted by Darcy’s Law, scaled by some
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factor that is determined by the relative values of tidal amplitude, mean tidal offset, and
hydraulic conductivity:
q = - K × ∇P × C
where C = f(amplitude, offset, conductivity). Using the finite-element model presented
here over a range of values, this function for determining the scaling factor between
Darcy’s Law prediction and actual total flux was determined to be
C = B × (A/O)x
Ky
where A = tidal amplitude, O = mean tidal offset, K = hydraulic conductivity, B is a
scaling coefficient, and x and y are fitted parameters that weight the relative importance
of each contributing factor to determining the scaling factor for total flux between the
Darcy flux and the actual flux under tidally pumped boundary conditions. The structure
of this scaling coefficient shows that the while the magnitudes of both amplitude and
mean tidal offset affect total flux, it is the ratio of these two that is most important in
determining the difference between static and tidally pumped discharge rates.
The parameter space of x and y was explored over the range [10, -10] using a
residual sum of squares analysis between the realized fluxes predicted by the finite
element model and the fluxes predicted by this empirically fit equation. For this purpose,
a variety of aquifer parameters was used to extend the range of utility of the empirical
equation, including conductivity values from 75 ×10-4 to 225 ×10-4 m/s, half amplitudes
up to 1.0 m, and mean tidal offsets up to 0.7 m. To reduce the problem to two variables
that could be plotted on a 3D surface, for each combination of x and y values the value of
the scaling coefficient B was chosen to minimize the residual sum of squares value,
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effectively removing one degree of freedom from the problem. The resulting calculations
of the residual sum of squares value for each value of x and y weighting factors is plotted
in Figure 17 over the range [0, 1; 0, 1.1], and shows a minimum at x = 0.795 and y =
0.694. These values are likely to be specific to the model geometry used, including a 500
m separation between the static head condition and the tidal signal, and 32 m depth to an
effective confining layer, but are applicable to a wide range of different tidal amplitudes,
tidal offsets, and aquifer conductivities.
The total submarine groundwater discharge volume for sinusoid tidal boundary
conditions, with fitted parameters determined from this analysis, is given by the equation
q = - K × ∇P × B × (A/O)x = - K0.3 × ∇P × B × (A/O)0.8 , where
Ky
q=
K=
∇P =
B=
A=
O=

total groundwater flux (volume/area/time)
hydraulic conductivity (distance/time)
pressure gradient (distance/distance)
a scaling coefficient, equal to 241 m/d for other values given in metric units
tidal amplitude (distance)
mean tidal offset (distance).
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Figure 18: Empirically determined fitting surface of the residual sum of squares difference for
the exponents used in determining the scaling factor between Darcy flux and actual flux under
time varying tidal head boundary conditions, for the equation given in the text.

Conclusions
Tidal pumping, as a hydraulic phenomenon, is not restricted to the Florida Keys,
nor even to barrier islands. In any coastal environment, the actions of a single tide cause
locally fluctuating groundwater heads that facilitate saltwater intrusion by pumping water
across the sediment water interface. In cases of extremely low angle beach faces,
changing tides can induce horizontal and vertical components of motion that are of the
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same order (Mango et al., 2004). Axially symmetric atoll islands typically experience
significant tidal pumping as a primary driver of lagoon hydrology. In all cases where
changing boundary tides affect groundwater exchange, rates of discharge or seepage are
controlled by the magnitude of forcing and the particular properties of the aquifer being
influenced.
Finite-element model simulations run in FEFLOW have quantitatively
demonstrated that the natural conditions present in the Florida Keys are capable of
driving a reversing groundwater flow system. The nature of the model’s post-processing
tools allows for a robust analysis of the processes involved in tidal pumping, including
the degree of groundwater reversibility, the extent of seawater-groundwater exchange, the
effect on and fate of injected wastewater plumes, and the response of these processes to
potential future changes in external forcing. Tidal pumping enhances groundwaterseawater mixing in coastal environments, and introduces added effective dispersion of
non-uniformly distributed dissolved contaminant masses.
Net groundwater fluxes are dependent on specific aquifer parameters and local
conditions, but the calibrated model presented here predicts cross island flow velocities
slightly lower than previously reported tracer studies, with net cross island fluxes of 13.6
m3 per m width of coastline per day delivered with an average flow velocity of 0.8 m/d
southeast. Temporary flow velocities as high as 2.1 m/d to the southeast and 0.9 m/d to
the northwest predicted here may help explain the larger velocity estimates of previous
tracer studies that focused on short term tracer tests.
Contaminant plume migration for temporary and continuous injection of a
conservative tracer has been modeled under reversing flow conditions, and demonstrates
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that steady state plumes are less extensive when tidally pumped than would be expected
from mean head gradients, though the average groundwater velocity is unchanged. Tidal
pumping thus increases mass residence times and, by introducing extra contaminant flow
normal to the direction of flow, increases the amount of aquifer material available for
sorption/desorption reactions.
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Chapter 2. QUANTIFYING MICROBIAL DENITRIFICATION RATES
USING EXPRESSED FUNCTIONAL GENE ABUNDANCE

Abstract:
Relative abundance of the functional denitrifying gene nirS transcript was
measured using Quantitative Reverse Transcription PCR (Q-RT-PCR) to determine if
expression of this functional gene is proportional to the rate of the metabolic process
facilitated by the gene product. RNA and DNA were extracted from the model organism
Paracoccus denitrificans grown in batch culture under denitrifying conditions, and
analyzed for normalized gene transcript abundance. Measured denitrification rates varied
from 1.67 to 50.5 mg/l/hour, and relative gene transcript abundances varied from 16 to
303 copies/ml when normalized to the expression of the constitutive RNA polymerase
encoding gene rpoB. The relationship between nirS gene expression and denitrification
was linear (R2 = 0.98) at denitrification rates above 4 mg/l/hour, suggesting that Q-RTPCR may be an effective tool for assessing the rate of denitrification by Paracoccus
denitrificans.
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Introduction:
Microbial denitrification is the most significant mechanism for the removal of
fixed nitrogen from the environment. Denitrifying microbes reduce NO3- sequentially
through NO2-, NO, and N2O to N2 gas (Figure 19), which is released to the atmosphere.
This process is responsible for up to 90% of nitrogen losses from fertilizers applied to
agricultural soils, 85% of losses from riparian forests, and 80% of the removal of
dissolved nitrogen delivered to coastal watersheds by submarine groundwater discharge,
through the actions of subsurface microbial communities (Freney et al., 1990; Seitzinger,
1990; Correll et al., 1992; Von Rheinbaben, 2007). The partially reduced forms of
nitrogen may also be released to the atmosphere, where they are potent greenhouse gases.
Cultivated denitrifying systems are used in engineered wastewater treatment facilities to
reduce excess nitrogen, and a similar process occurs naturally in the bioremediation of
aquifers in which wastewater injection or leaking septic systems deliver high nitrate loads
to reducing environments.
Quantifying rates of microbial denitrification thus has important implications for a
broad range of disciplines related to the nitrogen cycle. Existing methods of quantifying
environmental denitrification rates, including stable isotope labeling (Hauck and Melsted
1956; Myrold 1990), acetylene inhibition (Balderston et al. 1976; Yoshinari and Knowles,
1976), N2 flux measurements (Scholefield et al. 1997; Butterbach-Bahl et al. 2002;
Cárdenas et al. 2003), and mass balance analyses (Allison 1955; Goolsby et al. 1999;
David and Gentry 2000; Pribyl et al. 2005) all suffer from limitations in subsurface or
rapidly flushed environments. Low conductivity sediments inhibit the diffusion of
acetylene gas or isotopically heavy nitrogen to denitrification sites, and the diffusion of
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N2 or other gaseous products away from those sites. Streams, rivers, or rapidly flushed
groundwater systems make tracer recovery difficult. Direct gas flux measurements can
measure N2 gas production per area, but are difficult to translate to volumetric rates. For
time-resolved denitrification studies or cases in which immediate rates are important,
determination of instantaneous rates would be more appropriate. While existing
denitrification measurement techniques are appropriate and useful in many environments,
a variety of molecular techniques have recently been introduced to supplement the
traditional geochemical approaches.
Research on the abundance and diversity of denitrifiers has focused on the
functional genes of the denitrification pathway rather than any specific phylogenetic
group, because denitrification is a widespread respiratory pathway among a diverse group
of bacteria, archaea, and fungi (Zumft, 1997). Following this approach, we have
developed a method for assessing denitrification rates based on quantifying the catalyst
transcript of one step in the denitrification pathway by using a quantitative reversetranscription polymerase chain reaction (Q-RT-PCR) to measure the abundance of
expressed copies of the nirS gene. Q-RT-PCR has previously been used to quantify the
abundance of nirS transcripts as a means of quantifying species abundance (Gruntzig et
al., 2001), but transcript abundances have not previously been shown to correlate with
microbial respiration rates in laboratory or environmental settings.
Each sequential reduction in the denitrification pathway is catalyzed by a
denitrifying enzyme produced by one of several denitrifying genes (Figure 19). Despite
being found in such a phylogenetically diverse assemblage of organisms, the number of
known genes responsible for each step is relatively limited. Several studies have focused
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on genes coding for nitrate or nitrous oxide reductases (Flanagan et al., 1999; Gregory et
al., 2000; Michotey et al., 2000; Scala and Kerkhoff, 2000; Mergel et al., 2001; Rich et
al., 2003), but most investigators have focused on the membrane associated nitrite
reductases (Figure 20), which are significant to microbial nitrogen cycling because the
transformation of nitrite to nitric oxide represents the first committed step of the
denitrification pathway, producing a form of nitrogen that is no longer available to most
organisms. Nitrite reductases are known to exist in two major families, those derived
from the copper-containing nirK and those from the heme-containing nirS genes. NirK
appears to be found in a more diverse range of physiological groups, but the nirS gene
appears to be more abundant in natural systems (Bothe et al., 2000). The two types of nir
genes are mutually exclusive in any single organism, and the corresponding proteins are
structurally distinct but physiologically equivalent.
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Figure 19. Genes involved in the sequential reduction of nitrate. Reverse pathways and the N
fixation pathway are not shown.

Figure 20. Locations of the primary denitrifying enzymes in and around the cell membranes,
showing order of reduction and direction of transport. Transport mechanisms are not known for
all nitrogen species.
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Paracoccus denitrificans is a widely studied model organism and facultative
anaerobe capable of denitrification under a wide range of conditions. Its genome
contains two copies of the nitrite-reductase-coding nirS gene. P. denitrificans is
commonly used to study microbial denitrification because it is easy to grow to high cell
densities under aerobic conditions, and can quickly switch to using nitrate as its primary
electron acceptor when oxygen is unavailable. The strain used here is the DSMZ type
strain # 413, a modified form of which was sequenced and annotated by the DOE Joint
Genome Institute in 2004.
NirS transcript abundances were quantified using quantitative (also known as realtime) reverse transcription PCR, a technique widely used by the medical research
community to study expressed gene abundances. The quantitative-PCR technique
utilized here is based on the 5’ nuclease assay and has been refined by the use of
fluorescent TaqManTM probes. The technique utilizes a forward and reverse primer pair,
nested around a hybridized probe with a fluorescent label at the 5’ end and a quencher at
the 3’ end that absorbs the emission spectra of the fluorophore. As DNA polymerase
cleaves the probe, separating the fluorophore from its quencher, real-time concentrations
are measured as the increase in fluorescence is detected during each PCR cycle.
Fluorescence increases logarithmically until a limiting reagent is found. By measuring
the logarithmic accumulation of product during amplification and comparing it to a
standard curve, initial starting concentrations of gene abundance can be determined. By
focusing on RNA copies of a particular gene, only genes that are actively being expressed
are measured; the short half-lives of RNA molecules in the cell suggest that detection of
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RNA copies of functional genes is likely to be correlated with gene expression at the time
of sample collection (Groffman et al., 2006). By establishing a relationship between
denitrification rate and concurrent expression of a functional denitrifying gene,
instantaneous dentrification rates can theoretically be measured by the application of this
technique to microbial cultures or environmental samples.

Methods:
Preparation of Paracoccus denitrificans inoculum. Initial inoculum for liquid
media batch reactors was prepared by growing P. denitrificans strain DSM 413 (German
Collection of Microorganisms and Cell Cultures, Braunschweig, Germany) at room
temperature for 48 hours in aerobic cultures of DIFCO Nutrient Broth agitated at 75 rpm
to maintain cell suspension. Subsequent inoculations were serially transferred from
previous experiments.
Preparation of batch reactors. Liquid media batch reactors were prepared by
degassing DIFCO Nutrient Broth supplemented with between 50 and 500 mg/l NO3–N
for 20 minutes with N2 gas. The degassed medium was transferred to an anaerobic
chamber, 100 ml was distributed to a 100 ml serum bottle, and the bottles were capped
with an oxygen-impermeable rubber stopper. All bottles were autoclaved for 20 minutes
at 120° C immediately after distribution and prior to inoculation. Initial experiments
were inoculated with 1 ml of media from the aerobic suspension, and subsequent
experiments were inoculated with 2 ml of cell suspension drawn from the initial
experiments. To determine if media transfer affected the results, later experiments were
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inoculated with 2 ml of a cells suspension drawn from an existing experiment, pelletized
by centrifugation at 4000 rpm and resuspended in 1 ml tris-buffer at pH 7.
Incubation conditions and sampling. Anaerobic serum bottles were incubated in
water baths held at either 30.5 ±1° C, 27 ±1° C, or 23 ± 1° C. Initial 1 ml samples for
immediate nitrate analysis were withdrawn using syringes triple flushed with sterilized
N2 gas, and subsequent samplings were done at intervals ranging from 1 to 24 hours. A
total of 19 different batch reactors were sampled for DNA and RNA extraction during
active denitrification. Negative controls were run without inoculum, without added
nitrate, and with sterile media inoculum. All analyses were performed in duplicate. Each
experiment was monitored until it reached zero mg/l or 300 hours had passed without a
decline in concentration.
Nitrate and nitrite analyses. Nitrate concentration measurements were conducted
using Hach method 8192 for low range nitrate, with a Hach DR/4000V
spectrophotometer. All samples were diluted to less than 0.5 mg/l NO3–N to
accommodate the sensitivity of the analytical method. The analytical procedure uses
cadmium powder to reduce nitrate to nitrite, and then reacts nitrite ion with sulfanylic
acid to form an intermediate diazonium salt, which subsequently combines with a
chromotropic acid to form a pink-colored product, the absorbance of which is measured
at 507 nm. Nitrite concentrations were measured by omitting the cadmium reduction step.
DNA and RNA extraction and quantification. Throughout the course of each
experiment, DNA extraction was performed using the MoBio Ultraclean DNA extraction
kit (MoBio Laboratories, Carlsbad, CA) with a starting volume of 2.0 ml of media and 10
minutes of mechanical agitation by beat beating in a lysis buffer. Within one hour of
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sampling for DNA extraction, RNA extraction was performed using the QIAGEN
RNeasy Mini Kit with a separate 1.8 ml of media and double elution from the silica
membrane in the last step. All final elutions were measured on a NanoDrop ND-1000
spectrophotometer between 220 and 350 nm to assess quality and quantity of genetic
material using the A260/A280 ratio. Samples were stored for up to one week in designated
DNA or RNA mini-coolers in a -20° C freezer. See Appendix D for complete extraction
protocols.
Primers and probe. The primer and probe sequences used here were specifically
designed to target the nirS and rpoB genes of P. denitrificans. The software tool
PrimerExpress v1.0 from Applied Biosystems Inc. (Foster City, CA) optimized a primer
and probe set to produce a PCR product of between 70 and 100 base pairs in length, with
a probe melting temperature 9 to 10 degrees above the primer melting temperatures
(Table 3). For normalization purposes, an analogous primer/probe set was designed for
the prokaryotic housekeeping gene rpoB. The 5’ end of both probes were labeled with 5FAM while the 3’ ends were labeled with Biosearch Technologies’ (Novato, CA)
proprietary BHQ-1 quencher. The primers were synthesized by Integrated DNA
Technologies (Coralville, Iowa) and the fluorescent probe was synthesized by BioSearch
Technologies. RNA samples were transcribed to cDNA immediately prior to analysis by
Q-PCR. See Appendix E for sequence alignments of primers and probe to P.
denitrificans and a variety of other denitrifiers.
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Table 3: Summary of Primer and Probe Characteristics
Name
Sequence

Length

Tm

%GC

nirS Forward Primer

CCG TCG GGA TGA AAT ACG TC

22

54

50

nirS TaqMan Probe

TCC TGC TGG TCG ACT ACA CCG ACC

24

82

63

nirS Reverse Primer:

GGA AGC GTT CTG CCT CGA TC

20

56

60

rpoB Forward Primer

CCG TCG GGA TGA AAT ACG TC

20

54

55

rpoB TaqMan Probe

TGA AGC TGC ACC ACC TTG TCG ACG

24

83

58

rpoB Reverse Primer

GAA CGG GCG TGC ATC TTG

18

53

61

Quantitative PCR. DNAse digestion was performed in a laminar flow hood with
a reaction mixture of 2 ng RNA, 2 μl of 10X buffer (Ambion Inc, Austin, TX), 2 μl
DNASE with a 1:10 dilution (Ambion, part #2222), 6.7 μl of yeast tRNA (Invitrogen
Corp, Carlsbad, CA), with DEPC-treated water added to a total volume of 20 μl.
Incubations were heated to 37 °C for 30 minutes, 65 °C for 5 minutes, cooled to 4 °C and
immediately transferred to the RT reaction mixture. These purified RNA exctractions
were then reverse transcribed to cDNA prior to Q-PCR using the ABI High Capacity RT
kit (part #4322171), which adds 5 μl of the DNAsed RNA to 35 μl of the RT reaction,
and incubates at 37 °C for 2 hours.
The reaction mixture for the PCR reactions consisted of 5 μl of cDNA, 12.5 μl of
TaqMan 2X Universal Master Mix (Applied Biosystems Inc. part #4324018), 1.0 μl of
the 10 μM forward primer, 1.0 μl of the 10 μM reverse primer, and 0.5 μl of the 1 μM
fluorogenic probe. A total volume of 25 μl was used, and PCR amplification was run for
2 minutes at 50 °C, 10 minutes at 95 °C, and then 40 cycles of 15 seconds at 95 °C
followed by 1 minute at 60 °C. All runs included –RT negative controls with no template
DNA, all of which proved negative.
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Amplification product concentration was monitored by an ABI 7300 Real Time
PCR System from Applied Biosystems running SDS v1.2. Fluorescence was normalized
by dividing by the emission of the housekeeping gene rpoB. Cycle numbers required to
pass an arbitrarily assigned fluorescence threshold value of 0.0273 delta-Rn were
compared to standard curves to determine the initial copy number of the target gene. The
delta-CT method for quantifying transcript numbers measures the amount of target
relative to an endogenous reference and relative to a calibrator, and is described in detail
in the ABI PRISM 7700 Sequence Detection System User Bulletin #2, available from
Applied Biosystems Inc. Fluorescence curves are included in Appendix E. All samples
were run in triplicate.

Results and Discussion:
Nitrate concentrations in constant temperature batch reactors typically declined
from several hundred mg/l NO3-N to zero in less than 200 hours. After an initial rise in
measured nitrate and nitrite concentrations (Figures 21, 22), nitrate levels declined slowly
until the last 6-24 hours, at which point they fell rapidly to zero. The magnitude of the
increase in nitrogen concentration between inoculation and the onset of denitrification
appears to be correlated with the initial concentration; any given nitrate concentration
appeared to nearly triple over the first 24 to 36 hours of each experiment.
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Nitrate concentrations in experiment #80

500

[NO 3- -N] (mg/l)

400

300

200

100

0
0

20

40

60

80

100

120

140

160

180

time (hours)

Figure 21: After an initial rise in nitrate concentrations from 190 mg/l to nearly 500 mg/l, nitrate
depletion in experiment #80 (30° C) appeared to be uniform and linear until 150 hours after
inoculation. 12 hours after the last observation of linearly decreasing nitrate concentrations,
nitrate was discovered to have dropped to zero, suggesting that the onset of denitrification
happened very rapidly. Denitrification rates for experiment #80 were 1.6 and 1.9 mg/l/day.

To ensure that the analytic method used to measure nitrate concentrations was not
being inhibited by or interfered with by the growth medium, concentrations were
measured at serial dilutions up to 500:1, approaching the detection limit of the method.
Additionally, nitrate concentrations were measured independently by ion chromatography
on a Dionex ED50 electrochemical detector connected to an EG50 eluent generator and
an AS40 automated sampler, which verified correct reporting of all nitrate samples tested
to within 10%.
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Nitrate concentrations in experiment #81
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Figure 22: Nitrate concentrations over the course of experiment #81 show an initial increase
from 160 mg/l to at least 450 mg/l, followed by graduate nitrate depletion until 150 hours, at
which point denitrification rates increased dramatically. An enlarged view of the last 24 hours of
experiment #81 is provided in Figure 24.

Approximately 75% of the initial nitrogen rise was in the form of nitrite (Figure
23), which may be the result of heterotrophic nitrification of ammonium to nitrite during
growth on organic carbon. The smaller rise in nitrate concentrations remain unexplained,
but is not observed in experiments inoculated with cells resuspended in water or buffer,
inoculated with sterile growth media, or not inoculated at all, suggesting a possible role
for biological media conditioning. The presence of increasing nitrate could indicate that
the experiments were not kept completely anaerobic. Though spot-checks of dissolved
oxygen concentrations revealed no measurable amount in any of the experiments sampled,
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the possibility of small amounts of O2 leakage contributing to the observed nitrate rise
cannot be absolutely precluded.

Nitrate and Nitrite concentrations in experiment #91
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Figure 23: Nitrate and nitrite concentrations in experiment #91 (27° C).

Several of the early experiments did not show nitrate reduction, possibly due to
improperly prepared media, insufficient or contaminated inoculum, or incorrect growth
conditions. Many experiments which successfully consumed nitrate proceeded too
rapidly to allow DNA and RNA extractions with sufficient frequency to capture the
decline, and a majority of the early DNA and RNA extractions did not yield genetic
material of sufficient quantity and quality to perform RT-Q-PCR. Of the 19 actively
denitrifying experiments sampled, reliable gene quantification and sufficiently resolved
denitrification rates were only resolved in experiments #80 and #81.
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Denitrification rates in anaerobic batch reactors were measured by mass balance
of nitrogen concentrations, assuming complete conversion of nitrate to N2 gas. To
perform this analysis, an exponential curve was fit to the data after inversion around the
maximum value, in order to convert the data to a format that could be fit by a simple
exponential function. Denitrification rates were derived from the slopes of these curves
(Figure 25). The initial brief period in which concentrations were measured to increase
was not included in this analysis. Rates were typically low (less than 2 mg/l / hour) until
a visible increase in cell density was observed, at which point the denitrification rate
increased to as high as 60 mg/l / hour in some experiments. Medium conditioning may
have been responsible for the rising initial nitrate concentrations and slow denitrification
rates during the early times of each experiment. The long linear decline in nitrate
concentrations might have coincided with the lag phase of the culture, while the rapid
denitrification rates may have been measured during the onset of the growth phase. No
data for optical density of cultures were measured, but visual confirmation of clouded
media, indicative of substantial cell growth, was consistently noted after nitrate
concentrations began to decline, but not before peak concentrations were measured.
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Nitrate concentrations during the last 24 hours of experiment #81
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Figure 24: Nitrate concentrations over the course of a typical experiment (compare to Figures 21
and 22, above) show a low denitrification rate until 150 hours, then a sharply increasing rate as
cell density increases and nitrate concentrations fall. Vertical lines document the times at which
DNA and RNA extractions were performed for later analysis by RT-Q-PCR.

Denitrification rates presented here were derived from experiments #80 and #81,
two experiments for which reliable nitrate concentrations were observed to diminish with
sufficient resolution and for which DNA and RNA extractions produced template
material sufficiently clean for analysis by Q-PCR. Experiment #80 was extracted three
times, only the latter two of which returned useable RNA. Nitrate depletion rates in
experiment #80 were relatively low, as shown by the shallow slope of the falling nitrate
concentrations until 150 hours, beyond which nitrate was abruptly depleted (Figure 21).
Experiment #81 revealed the most closely monitored changes in nitrate
concentration and had the most closely spaced DNA and RNA extractions. Nitrate
54

concentrations after inoculation were 170 mg/l and rose to at least 450 mg/l within 2 days,
after which nitrate depletion appeared to proceed at a slow rate until around 150 hours
after inoculation, at which point the onset of rapid denitrification was captured by
continuous nitrate concentration measurements (Figures 22, 24).
A common difficulty in measuring denitrification rates is the inability to separate
simultaneously occurring nitrogen reducing and nitrogen oxidizing processes. The nitrite
reduction step catalyzed by nirS is thought to be irreversible (Cutruzzola et al., 2000;
Pinho et al., 2004), but concurrent transformations between nitrate, nitrite, and
ammonium cannot be reliably excluded, in which case the rates presented in Table 4 and
Figure 27 are best interpreted as net denitrification rates and not the actual flux of
nitrogen through any one specific respiratory pathway.
Table 4: Denitrification Rates and nirS transcript abundance
Experiment #

80
80
81
81
81
81
81
81

Time

Denitrification

nirS transcript

nirS transcript

(hours)

rate (mg/l/hr)

abundance in DNA

abundance in RNA

78.3
95.4
100.08
122.68
144.7
153.75
157.37
158.76

1.71
1.9
1.67
1.88
4.07
14.4
35.7
50.5

1.97
0.59
0.99
3.06
3.65
2.06
2.35
1.36

141.6
167.8
218.4
94.6
30.6
83
419.7
547.2

DNA and RNA extractions yielded 30 μl of eluent with concentrations ranging
between 50 and 100 ng/ul of DNA and from 100 to 400 ng/ul of RNA. RNA purity was
typically better than DNA purity, as measured by relative absorbance ratios of A260/A280
for DNA and A260/A230 for RNA.
NirS gene transcript abundances in samples taken at several times throughout the
course of an experiment were quantified using the delta CT method. RNA copy numbers
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were consistently higher than DNA copy numbers, suggesting that gene expression of
nirS and rpoB was active at the times samples were removed from the batch reactors.
Relative RNA copy abundances of the nirS and rpoB genes were generally proportional
(Figure 25), with deviations from a linear relationship indicative of differential
expression of nirS per cell under various denitrifying conditions.
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22

24

26

nirS Cts

Figure 25. NirS and rpoB transcript concentrations, expressed here as number of PCR cycles (Cts)
required to exceed the threshold value, are roughly proportional. Note that an increase of one Ct
is equivalent to a halving of the intitial copy number, such that this diagram represents a 500 fold
increase in the abundance of nirS transcripts and a 250 fold increase in the abundance of rpoB
transcripts. Orange triangles are from experiment #80 and blue circles are from experiment #81.

Variations in the number of copies of the nirS and rpoB genes in extracted DNA
were expected to vary linearly, and to serve as a proxy for cell count in the actively
growing experiments. RT-Q-PCR of these two genes, however, revealed that while rpoB
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copy numbers remained constant, nirS copy numbers varied dramatically over the course
of an experiment, reaching a maximum at the time of onset of rapid denitrification. Since
rpoB did not vary with nirS, this increased copy number is hypothesized to be due to
differential chromosome replication. In addition to two chromosomes, Paracoccus
denitrificans has a 0.6 Mb plasmid that contains the nirS genes, suggesting that increased
replication of the plasmid may be responsible for the increased nirS copy numbers
observed in Figure 26.
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Figure 26. NirS and rpoB gene abundances during the course of two experiments. Orange
triangles are from experiment #80 and blue circles are from experiment #81. Consistency in rpoB
gene copy numbers suggests that rpoB is a useful constitutively expressed housekeeping gene;
variations in nirS abundance with respect to rpoB are unexpected, and may indicate differential
chromosome expression in response to the onset of denitrification.

Measured denitrification rates in the batch culture experiments varied between 1.6
and 50.5 mg/l/ hour (Figure 27). Measured gene abundances varied between 16 and 303
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copies/ml of batch culture. The experimental data presented here encompass several
different initial nitrate concentrations, but were all run at pH 7 and 30.5 ±1° C.
Denitrification rates do not appear to correlate with gene transcript abundances for very
low rates, but maintain a high R2 value (.98) above 4 mg/l hour. One possible
explanation for this discrepancy is that the transcribed RNA copy of the nirS gene may be
less long-lived than the post-translational functional enzyme, in which case static
denitrification rates may be supported without further gene expression after an initially
elevated expression level. In this scenario, the observed correlation between rate and
abundance would more accurately be described as a correlation between gene abundance
and changes in denitrification rather than between abundance and absolute rate. A series
of steady state experiments, rather than the batch reactors used here, would be required to
test this hypothesis.
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Denitrification Rate vs NirS Gene Expression
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Figure 27: The abundance of RNA nirS transcripts in batch cultures as a function of
denitrification rate with linear fit to rates above 4 mg/l / hour. Orange triangles are from
experiment #80 and blue circles are from experiment #81, the time evolution of which are
displayed in Figures 21 – 22, above. The apparent minimum transcript abundance between 0 and
4 mg/l NO3–N may be experimental error; without more replicates, the precision of these
measurements is not known.

To apply this method to samples of unknown denitrification rate, a function with a
unique denitrification rate for each measured value of gene transcript abundance is
needed. The above correlation suggests that one value of nirS copy number may
correspond to two distinct denitrification rates, one for very low rates and one for higher
rates, possibly as a result of differing growth phases of the culture in the sample being
measured. Differentiating between these two rates for a given level of expression is not
immediately possible without further measurements or prior knowledge of the
approximate denitrification rate. Application of this technique to environmental samples
will probably be restricted to disturbed systems such as nitrate-rich wastewaters, because
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the correlation between denitrification rate and gene transcript abundance appears to be
valid only for the very high denitrification rates found in such systems.
The observed time delay between the onset of denitrification and the change to
rapid denitrification, which is responsible for approximately two thirds of the total nitrate
depletion, is a reproducible feature that varies in length between 18 and 150 hours. Some
cultures began rapid denitrification much later than others, but no dependence of the
length of the delay was observed for volume of inoculant, changes in temperature, or
nitrate concentration, suggesting that the cultures are performing some sort of medium
conditioning prior to the onset of rapid denitrification. Experiments inoculated with
actively denitrifying cells in 1 ml of growth medium were delayed, but had less delay
then experiments inoculated with cells from the same cultures that had been pelletized
and resuspended in water or buffer.

Conclusions:
The results presented here suggest that estimating the denitrification rate of
Paracoccus denitrificans in laboratory culture using RT-Q-PCR is feasible for
denitrification rates above 5 mg/l / hour. Applicability of the method to mixed cultures or
environmental samples has not yet been tested, but is a necessary step for future
investigations aimed at using the method to discern denitrification rates in disturbed
environments such as subsurface wastewater plumes or waters affected by agricultural
runoff. A primer and probe set specifically designed for P. denitrificans is presented here,
but the ability of Taq-Man probes to use multiple fluorophores theoretically allows
quantification of four distinct sequences, allowing measurement of alternative nitrite
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reductases such as nirK, nirI, or nirX, or measurement of a wide variety of non-identical
sequences for a single gene from different organisms. The use of degenerative primers
will further widen the scope of potentially measurable sequences, but at the cost of
reduced specificity.
Quantitative PCR has become a widespread technique for quantifying the
abundance of particular groups of organisms in environmental samples, but correlations
between metabolic rate and the abundance of expressed functional genes have not yet
been documented. If the correlation presented here for P. denitrificans proves robust, QPCR of transcribed gene products may have potential for measuring the rates of a variety
of other microbially mediated reactions with known genetic systems that are also of
geochemical interest, such as other portions of the nitrogen and sulfur cycles, or the redox
cycling of uranium, arsenic, or chromium.
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Chapter 3: SIMULATION OF CONTAMINANT PLUME MITIGATION
USING LABORATORY DENITRIFICATION RATES APPLIED TO A
MODEL TIDALLY PUMPED AQUIFER SYSTEM
Abstract
A commercially available finite element model was modified to simultaneously
simulate low-salinity wastewater injection in a saline aquifer and abiotic phosphate
removal or microbially mediated denitrification rates. Phosphate adsorption rates
presented here are modeled as a first order rate law. Several different kinetic models of
denitrification are modeled here, which encompass previously published rates measured
in the Florida Keys, other nitrate-contaminated aquifers, and rates measured in the
laboratory using a new gene expression proxy for denitrification rate.
The coupled nutrient removal variable density model with reversing flow
directions due to tidal pumping predicts that small package sewage plants, which
typically inject between 2 and 5 m3/day of wastewater, are unlikely to contribute
additional nitrate or phosphate loading to coastal waterways if they are located more than
50 or 30 m, respectively, from a shoreline or canal discharge zone. Evaluation of nutrient
removal rates as a result of easily implemented changes in wastewater disposal practices
are presented, though these improvements are less effective at reducing discharging
nutrient concentrations than simply locating disposal wells further inland, away from
canals or shorelines.
Beyond the specifics of wastewater disposal in the Florida Keys, the transport and
reaction of dissolved species in groundwaters discharging to lakes, rivers, and oceans
play an important role in global biogeochemical cycles. Modeling efforts focused on this
area are applicable to both the practical problems of eutrophication of coastal waterways
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and the larger problem of microbially mediated chemical transformations and their
resultant geochemical fluxes between subsurface and submarine environments.

Introduction:
Shallow wastewater injection in the Florida Keys introduces high nutrient loads
into a tidally pumped aquifer. Groundwater flow through the Keys transports nutrient
plumes northwest toward Florida bay during high tide and southeast toward the Atlantic
Ocean and the active coral reef system during low tide. Nitrate and phosphate, the two
nutrients with the most relevance to eutrophication of nearshore waterways, are both
removed in the subsurface environment while in transit between the point of injection and
the point of discharge.
Phosphate is removed by abiotic adsorption/desorption reactions with the
carbonate matrix of the Key Largo Limestone, and the degree of phosphate depletion is
thus related to the total area of matrix to which groundwater is exposed before being
discharged. In a tidally pumped variable density system such as low-salinity wastewater
being injected into a seawater-saturated aquifer, the spreading subsurface plume shape
and three dimensional flow path of injected wastewater influences the degree of
phosphate removal.
Subsurface bioremediation by native bacteria reduces injected nitrate
concentrations by microbial denitrification. Denitrification rates have been demonstrated
to be largely controlled by concentration and groundwater residence times, which are in
turn determined by the three dimensional flow path and dilution by groundwater in this
system.
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Relevance of submarine groundwater discharge to nutrient cycling:
Submarine groundwater discharge plays a vital role in the hydrologic cycles of
many environments, in some cases providing discharges that are volumetrically
comparable to riverine fluxes (Taniguchi et al., 2002; Burnett et al, 2003). Though less
than 1% of the planet’s water is stored as groundwater, 98% of all fresh water is stored as
groundwater, making the subsurface environment the most important reservoir for this
vital resource. With this perspective, it is somewhat surprising that subsurface
groundwater fluxes are so poorly understood. In outline, terrestrially derived recharge
transports dissolved species from soils into aquifers, where they are transported along
potentiometric gradients until they are discharged into streams, rivers, or coastal waters.
Knowledge of the movement and biochemistry of this groundwater is necessary to
intelligently manage this resource and all of the environments it affects.
The flow of water between continents and oceans is critical to both local
environments and global chemical fluxes. Submarine groundwater discharge to the
oceans is both a significant contributor to total hydrologic flux and a primary controller
of biogeochemical budgets (Taniguchi and Tase, 1999; Krest et al., 2000). Such inputs
can be responsible for local eutrophication and biological zonation, as recirculating
marine fluids undergo complex biogeochemical reactions In tidally pumped aquifers,
diurnal sediment flushing provides no new net water inputs but does support important
biogeochemical transformation and transport mechanisms near the discharge surface
(Everett, 2007). Mixing of marine waters into sediment pores creates a shallow zone of
recirculating porewater which may fuel organic matter remineralization by periodically
carrying dissolved oxygen or oxidized species into sediments that would otherwise be
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fully anaerobic (Huettel et al., 1996; Huettel and Webster, 2001). Riedl et al. (1972),
extrapolating from subtidal pumping rates on the continental shelf of the eastern United
States, estimated that as many as 90,000 km3/year of seawater may be pumped through
porous sediments along the world’s coastlines.
While most studies now recognized that submarine groundwater discharge is
derived from multiple sources, it has been difficult to quantify the relative magnitudes of
terrestrially derived recharge and recirculated marine waters while density dependent
flushing and biological mechanisms alter the fluid composition. One author,
summarizing the state of the art in this area, stated that “Future studies of groundwater
inputs and benthic nutrient loading clearly must be directed at resolving this critical
question if we are to accurately assess and manage coastal groundwater resources.”
(Everett, 2007). With that in mind, this study has previously focused on describing the
variations in the volume of discharged groundwater and recharged marine water with
changes in aquifer parameters and head conditions, and will now proceed to investigate
the effects of dissolved solute transport and reaction in tidally pumped aquifers.
The magnitudes of chemical fluxes resulting from submarine groundwater
discharge depend on both the initial concentrations in the recharging waters and the
diagenetic reactions that occur while groundwater is in transit. These reactions control
the discharging nutrient concentrations, and in nearshore environments are complicated
by potential reactant regeneration in the form of periodic flushing with undepleted
oxygenated seawater. The density difference between discharging and recharging waters
may further enhance mixing. The chemically reactive environment thus created may
support internal nutrient cycling, which has been hypothesized to be an important
65

contributor to total biogeochemical fluxes to the water column (Burnett et al;. 2002; de
Beer et al., 2005; Snyder et al, 2004).
Accurate predictions of nutrient or contaminant delivery rates under such
conditions require a well constrained computational model of groundwater flow that
accounts for locally variable boundary conditions, aquifer properties, and variable density
fluid flow. The model must also include a realistic assessment of the transformations of
the dissolved species being studied, measured under in situ conditions at the study site.
Such models have only recently become available, and the coupled simulations presented
here are an attempt to apply these new techniques to the problem of nitrate and phosphate
removal in the Florida Keys.
Wastewater disposal in the Florida Keys:
The Florida Keys are home to the world’s third largest coral reef ecosystem, and a
popular tourist destination for more than 6 million visitors every year. The associated
urbanization of the 355 km2 square kilometers of the Keys has led to a variety of
environmental problems, including declining water quality that has destroyed nearshore
seagrass beds and may threaten the offshore reef (Stumpf, 1999). A potential contributor
to this decline in water quality is the rapid increase in the volume of seasonally generated
wastewater that is disposed of in the keys by shallow wastewater injection. The unique
hydrogeology of the Keys makes the area especially sensitive to the eutrophication that
results from release of these nutrient rich wastewaters.
Tens of thousands of unregulated cesspits, septic systems, and permitted small
package plants, as well as several large municipal wastewater treatment facilities, are
estimated to inject 3 ×106 m3/day of nutrient rich wastewater into the subsurface
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environment of the Florida Keys. Cesspits, which are typically 1 to 2 m deep and in
direct contact with groundwater, provide no treatment of wastewater nutrients. Large
treatment facilities typically provide more extensive nutrient removal, but higher
injection rates produce more rapid transport of wastewater plumes. Localized nutrient
enrichment has been shown to be a common problem in this otherwise oligotrophic
environment (Lapointe, 1990), and primarily affects restricted waterways such as the
many canals and boat basins that line the developed portions of the Keys. These nutrients
have also been hypothesized to be responsible for the widespread ecological changes to
the coastal ecosystem and offshore reef. The connection between wastewater derived
nutrient enrichment beneath the Keys and the loss of coral diversity in the offshore reef
system has not been conclusively demonstrated, though Lipp and Griffith (2004) have
documented the presence of human-specific wastewater associated viruses in coral mucus
at an outer reef site, suggesting that such long range transport of human waste does occur
in at least one location, either through subsurface groundwater flow or by waste discharge
from vessels visiting the reef.
Since the 1980s, the marine environment around the Florida Keys has undergone
significant loss of diversity and habitat, including more frequent algal blooms, seagrass
die-offs, poor water quality, and coral bleachings (Stumpf, 1999). Fish kills in residential
canals are common (Taylor and Saloman, 1968: Barada and Partington, 1972).
The Keys ecosystem consists of several connected community types, both
onshore and offshore, that are together threatened by the sprawling urbanization
associated with rapid population growth. Devegetation of coastal fringing wetlands,
which stabilize shorelines and filter upland runoff, results in local increases in turbidity
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and nutrient loads in nearshore waters that may in turn contribute to the loss of seagrass
beds. Seagrass meadows, an important habitat for a wide variety of juvenile marine life,
have shrunk by as much as 400 km2 since 1988 (Stumpf et al., 1999). Without seagrass
to stabilize marine sediments, increased sediment resuspension leads to increased
turbidity and further seagrass die-offs. Larger anthropogenic interferences with the Keys
ecosystem, such as the construction of tidal barriers and the dredging and filling of
seagrass beds and wetlands, have profoundly affected the appearance of the Keys over
the past hundred years. These changes, as easily visible as they may be, probably
represent the lesser threat to the health of the Keys ecosystem when compared to the less
obvious anthropogenic disturbance, nutrient loading to the Keys hydrogeologic system.
Nutrient studies of the Florida Keys marine ecosystem suggest that the
environment is probably phosphate limited for most of the year, though large inputs of
other nutrients are likely to also have an effect. Nitrogen is the most commonly
referenced pollutant of concern because nitrate concentrations are so high in wastewater
discharges, and those discharges have been demonstrated to be in direct contact with
surface waters.
Paul et al. (1995) used viral tracers to demonstrate the septic systems and
injection wells are in contact with coastal waters within a matter of hours. Waters in
dredged canals, common throughout the developed portions of the Keys, may be
especially impacted because they are unlined and in direct contact with groundwaters,
have restricted flow, and because their surface water connection typically imports tidal
heads to the interior of keys, nearer injection wells. Groundwater flushing due to tidal
pumping has been demonstrated to be most severe within several meters of an exposure
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to open water, and while residential septic systems are not usually installed near
coastlines they are commonly installed very near canals (Lapointe, 1990). Groundwater
contamination from onsite disposal has been targeted as a likely source of nutrients and
pathogens leading to eutrophication of nearshore waters, and Shinn (1994) believed they
may have been transported to the offshore reef tract 8 km away.
Onsite disposal systems, usually septic systems, have been the accepted form of
wastewater disposal for residences in the Keys since the 1960s (Krucyzynski, 1999).
Septic systems are usually fiberglass or concrete lined reservoirs designed to retain
wastewater in an anaerobic environment, thus encouraging some degree of nutrient
removal by the formation of biosolids which are then pumped out as organic sludge
which can be deposited in landfills or added to wastewater treatment plant influent.
Septic systems release liquid wastewater to a drainage area that should contain cation
exchange sites to retain nutrients, but the carbonate matrix of the Florida Keys provides
few such sites for nutrients other than phosphorus, resulting in high nitrate delivery rates
directly to groundwaters. Because the mean elevation of most Keys is only a few meters
and the groundwater level is thus very near the surface, many of the early septic systems
in the Keys were punctured to assist in sinking them in water-filled pits during
installation, compromising their functionality and allowing them to deliver unremediated
wastewater directly to the groundwater, sometimes within as little as two meters of
unlined canals (Krucyzynski, 1999).
Larger wastewater producers such as motels and resorts utilize “package plants”,
small self-contained wastewater treatment reactors with effluent rates of less than 10
m3/day. Several hundred such plants are currently permitted by the Florida Department
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of Environmental Protection, all of which provide secondary treatment of wastewater
which removes up to 90% of total suspended solids in the influent but does little to lower
dissolved nutrient concentrations. Effluent from these plants is typically gravity-fed into
shallow injection wells in the Key Largo Limestone at depths between 10 and 20 m.
There are currently several large centralized wastewater treatment facilities in the
Florida Keys, each of which injects up to several thousand m3/day. These facilities
collect wastewater from a variety of sources using a local sewer system, but installation
of these collection systems is expensive because it requires excavation of the hard rock
substrate.
One such facility, serving the community of Key Colony Beach, collects
wastewater from several thousand homes and businesses, and has a treatment capacity of
up to 1200 m3/day. The plant provides primary, secondary, and tertiary wastewater
treatment as of 1999, and typically discharges treated effluent with up to 600 μM NO3
and 80 μM PO4 (Griggs et al., 2000). Plant effluent was discharged directly to the
Atlantic Ocean until 1994, when a concrete lined trough containing six Class V gravityfed injection wells was installed. These wells are screened to 18 m and open to 27 m
below sea level, and installed at various surface heights within the concrete receiving
basin such that for low injection rates all effluent drains to the central well, with adjacent
wells receiving effluent when flow rates exceed the rate at which the central well can
accept wastewater. Observations of the system in operating during discharge indicate
that the central well accepts nearly all of the plant’s effluent under normal operating
conditions (Griggs et al., 2004).
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Denitrification Rates:
Nitrogen may be lost to denitrification or volatilization as groundwater moves
through an aquifer, though volatilization rates are usually so low as to be neglected (REF).
Rigorous estimations of total nitrogen loss need to include contributions from physical,
chemical, and biological removal, removal by discharge through aquifer boundaries,
dilution by upwelling or recharge, microbial denitrification, and immobilization by
incorporation into biomass.
In most environments, the dominant factor from the above list is biological
removal by microbial denitrification (REF). Denitrification rates may vary over a wide
range of values (Table 5), but are generally highest in systems with the least recharge and
lowest groundwater velocity, suggesting that the amount of denitrification may be
proportional to residence time of a water parcel in the subsurface. In the absence of other
limiting factors, the more time a denitrifying microbial community has to work on a
parcel of water, the more nitrate it will remove.
Table 5: Denitrification rates in wastewater-contaminated aquifers
KNO3

(max) denitrification rate

rate law

n/a
n/a
n/a
n/a
109 mg/l
6.94 mg/l

900 - 2350 mg/l/day
0.6 - 87 mg/l/day
1.4 mg/l/day
0.008 /day
0.28 mg/l/day
0.0016 mg/l/day

0th order
0th order
0th order
1st order
Michaelis-Menten
Michaelis-Menten

reference

Corbett et al., 1999
Dillon 2003
Griggs et al., 2003
Griggs et al., 2003
Colman et al., 2004
Colman et al., 2004

Existing methods of measuring denitrification rates are not well suited to the deep,
saturated, low diffusivity, reversing flow subsurface environment of the Florida Keys.
The commonly used acetylene inhibition method uses acetylene gas to prevent the
reduction of nitric oxide to N2, and then measures the accumulation of nitric oxide, but
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the success of this method is dependent on the diffusion of acetylene gas to the site of
denitrification, which is prohibitively slow in saturated environments (Mosier and
Klemedtsson 1994). The 15N2 tracer method is similarly constrained by gas diffusion
rates (Myrold, 2002), and has the additional problems of labelling and then reacquiring a
labeled volume of groundwater in a system in which rapid flushing transports
groundwater away from the site of injection in a matter of hours. Denitrifier enzyme
activity assays can provide an upper limit on denitrifying capacity, but have the
disadvantage of destroying the sample being used, and so are inappropriate for use with
laboratory sediment columns and impossible to use on subsurface biomass. The only
remaining viable method of quantifying denitrification is pure mass balance under
controlled conditions, which works well for laboratory experiments but cannot be reliably
applied to a natural aquifer. For the purpose of the groundwater model presented here, an
ideal measurement of denitrification rate would determine an instantaneous rate at one
location, at one time, without the need for repeat sampling and independent of aquifer or
fluid properties such as gas permeability. The gene expression method presented in
Chapter 2 is one attempt at such a method, though it has not yet been applied to samples
of Florida Keys groundwater.

Methods:
As in Chapter 1, the commercially available finite element computer package
FEFLOW was used, though in this case it was applied to a problem of variable density

fluid flow and coupled reactive contaminant transport. Without reviewing the benchmark
problems by which FEFLOW has been evaluated, note that the model has proven reliable
72

when simulating coupled reactive contaminant transport and buoyancy dependent flow in
two and three dimensions, to greater accuracy than other models currently available, and
that the current model was in Chapter 1 calibrated to the specific hydrogeologic
conditions of the Florida Keys by comparison to previously published tracer studies.
Several approaches to representing groundwater flow in coastal environments are
commonly used, most of which assume constant fluid density. This assumption is valid
for freshwater environments, and may be approximately valid for systems in which fluid
density variations are very small or density gradients are dispersed over wide areas,
minimizing vertical flow velocities. Most coastal zones, however, include a contact
surface between terrestrially derived low-salinity groundwater with saline seawater, and
the density dependent vertical mixing of these fluids is a key ingredient in understanding
flow patterns and submarine groundwater discharge rates. Models which include
calculation of the dispersed interface between freshwater and seawater are
computationally expensive, but have the advantage of explicitly solving the transport
equation, predicting exact salinities at every point in the model domain.
Wastewater injection in the Florida Keys typically introduces low-salinity
wastewater into the saline to hypersaline shallow aquifer, where it has been observed to
rise buoyantly to the surface or until it meets a confining layer of low-conductivity
surface sediments. Simulating this process obviously requires the use of a variable fluid
density model, in which density is calculated based on the concentration of dissolved
solute, in this case salt.
Wastewater contains other solutes of interest besides salt, and the incorporation of
these solutes into the simulation complicates the construction of useful models. The
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finite element model used here is confined to one solute mass type per model, allowing
either the simulation of variable density fluid flow due to salt concentration, or nutrient
transport and removal, but not both simultaneously.
To overcome this limitation, we have used the model’s thermohaline circulation
mode to simulate density differences due to salinity with temperature variations, thus
freeing the mass transport calculations for use with nutrient concentrations. The mapping
between salinity and temperature was accomplished by solving the UNESCO
International Equation of State of Seawater for density of seawater at a constant
temperature of 25 °C as a function of salinity, and inputting the coefficients of the
resulting best fit polynomial into the model as the coefficients of the polynomial fit for
the equation of state of seawater as a function of temperature. Since the model cannot
distinguish between salinity and temperature beyond their effect on the numerical
evaluation of density, this approach effectively provides a method for independently
simulating variable density fluid flow due to salinity variations without using the model’s
mass transport or reaction equations, which can then be used to simulate nitrate or
phosphate transport and removal.
A single wastewater injection well with an injection rate of 5 m3/day at 17 m
depth was simulated equidistant from the two shores of a 500 m wide key separating a
stable head boundary condition of the Florida Bay from the sinusoidally varying tidal
head of the Atlantic Ocean. Initial temperatures (salinities) were specified everywhere as
40 degrees while initial mass concentrations of nitrate were everywhere set to zero. After
a five day spin-up period to allow flow to equilibrate, injection of 0 °C (0 salinity)
wastewater containing 500 μM nitrate was begun at the injection well. Injection was
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specified as a well-type boundary condition in flow and a 1st kind (head) boundary
condition in both heat and mass, effectively specifying all water crossing the specified
node at 0 salinity and 500 μM nitrate. Note that this method of specifying boundary
conditions is only valid when the injection rate is sufficiently high for local flow around
the point of injection to overcome the background gradient flow due to the distant tidal
heads. If gradient flow across the specified injection node were to exceed the flow of
water away from the node to the 4th kind boundary condition inflow, all additional water
crossing that node would automatically be converted to 0 salinity and 500 μM nitrate.
The injection volume of 5 m3/day was chosen because it is representative of typical
injection volumes by small package plants found throughout the keys at hotels, resorts,
and businesses, and because it was near the lower limit for flow volumes that satisfy the
above condition.
All model geometries were spatially discretized using one of FEFLOW’s iterative
mesh-generation tools. These algorithms seek to subdivide a superelement outline of the
model domain into regular and homogenous triangular elements, which are then further
subdivided by manually dictated area mesh enrichment to provide increased resolution in
key areas. Resulting mesh geometries contained individual elements ranging in size from
100 m to 0.1 m in length, with mesh enrichment focused on the area around the point of
injection and radiating outwards to the point of discharge.
Temporal discretization was achieved by using automatic time step control with a
forward Euler/backward Euler predictor-corrector scheme which is first-order accurate in
time. Initial time steps were 10-5 days and were allowed to increase incrementally up to a
maximum time step of 0.025 days.
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Denitrification was simulated using three different rate laws. First, following the
lead of previous investigations of the rate of microbial denitrification in contaminated
aquifers, Michaelis-Menton kinetics of nitrate reduction were superimposed on the
variable-density flow system predicted by salinity variations, with a Vmax of 1.9 ×10-8
mg/l/s and a KNO3 of 6.94 mg/l (Colman et al., 2004). Denitrification was also modeled
using the 0th order rate law consistent with denitrification measured in the Florida Keys
by Kump et al. (1994) using a comparison of deviations of nitrate concentrations from
those predicted by the mixing line of end member salinities, used as a conservative tracer,
of 4.9 ×10-7 mg/l/s.
Phosphate adsorption was modeled using the first order rate constants of Corbett
et al. (2000), ranging from 6 ×10-6 s-1 to 9.4 ×10-5 s-1.

Results and Discussion:
Model results presented here include the nitrate and phosphate plume shapes and
discharge distribution and concentrations for typical injection rates of small wastewater
package plants in the Florida Keys that dispose of nutrient-rich wastewater in shallow
gravity-fed injection wells drilled to between 10 and 20 m in the tidally pumped Key
Largo Limestone. Aquifer parameters and tidal boundary conditions were derived in
Chapter 1 as best fit values to previously published tracer tests. The effect of plume
shape, contaminant residence time, and flowpath length for low-salinity wastewater
injection into a saltwater aquifer are contrasted with identical injection rates of a neutral
density plume. Several different models of denitrification and phosphate uptake kinetics
are simulated and compared to salinity as a conservative tracer, to distinguish between
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where denitrification and phosphate removal are taking place within the plume and where
falling concentrations are due solely to density-driven mixing or dilution.
Treated wastewater from package plants typically has nitrate concentrations of
around 500 μM, injected at rates of up to several m3/day. The nitrate distributions
surrounding these wells is largely controlled by the salinity of the injected wastewater
and not the injection rate, as vertical flow velocities of the buoyantly rising plume are
estimated to be as high as 65 m/day. With net background groundwater flow velocities of
only 0.4 m/day and transient velocities due to tidal pumping as high as 2.1 m/day, the
density-dependent rise of wastewater causes the buoyant plumes to rise to the surface of
the aquifer, where they then spread along the surface or beneath a confining layer of
sediments. The rate of lateral surface wastewater transport away from the well can
exceed the velocity of groundwater flow, resulting in wastewater plumes that appear to
spread significant distances away from the point of injection against the direction of the
hydraulic gradient. In the case of package plants disposing of wastewater in the Key
Largo Limestone, this means that the shape of wastewater plumes is not strongly
controlled by the direction of groundwater flow (Figure 28).
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Figure 28: Vertical cross sections of plumes show the effect of density on plume shape for 2.6
m3/day injection of 31 mg/l nitrate into a tidally pumped aquifer with uniform density (top) and
freshwater injection into a saltwater aquifer (bottom) after 5 days of injection. Note that despite
exactly equal masses of injected nitrate and hydraulic gradients, rapid vertical flow of the densitydependent plume causes it to mix with a larger volume of aquifer, diluting concentrations.
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Nitrate concentrations are reduced by physical processes such as dilution by
recharge and outflow through boundaries, and by biological processes usually dominated
by microbial denitrification. To estimate the effects of denitrification rate on nitrate
concentrations, independent of physical removal mechanisms, denitrification rates were
simulated in the absence of density differences and away from inflow or outflow
boundaries other than the injection well. Advection and dispersion still affect plume
development, but by comparing steady state plume shapes in both denitrified plumes and
conservatively transported plumes, the effects of biological denitrification can be isolated
(Figure 29).
Zeroeth order nitrate depletion, proportional to residence time of the groundwater
parcel, reduces all concentrations of nitrate equally, and as such produces a plume that is
identical to that created by transport of a conservative tracer, with all concentrations
linearly reduced. For this reason, this type of denitrification is easily computed from a
known conservative plume shape without the use of an additional numerical model.
Linear depletion, however, is not consistent with most previous work on subsurface
microbial denitrification rates, which typically predict a concentration-dependent rate law
for low concentrations.
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Figure 29. Vertical cross sections of plumes (aquifer surface is at top of figure) show how
denitrification rate affects steady-state nitrate concentrations in a wastewater plume. Top:
Conservative transport of unreactive nitrate. Middle: Denitrification modeled with MichaelisMenten kinetics, Vmax = 1.887 ×10-8 mg/l/s, KNO3 = 6.94 mg/l. Bottom: Denitrification modeled
with the 0th order rate law measured in the Florida Keys by Griggs et al. (2003) of 0.042 mg/l/day.
All three models have identical aquifer properties and boundary conditions.
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Denitrification rates were modeled here using Michaelis-Menten kinetics, with a
Vmax of 1.6 ×10-3 mg/l/day and a Michaelis constant KNO3 of 6.94 mg/l. For low nitrate
concentrations, the denitrification rate decreases linearly with nitrate concentration, while
at concentrations above KNO3 the denitrification rate approaches a maximum velocity of
Vmax. This results in stronger nitrate depletion near the point of injection, with very little
denitrification at the plume edges where concentrations are low (Figure 34), generating a
plume that diminishes in concentration rapidly and is then transported long distance
without significant further denitrification. Knowledge of the rate mechanism responsible
for microbial denitrification is vital to accurate predictions of nutrient delivery rates in
aquifers, but is especially important in tidally pumped or variable density systems in
which concentrations are rapidly reduced by physical dilution (Figure 30). In systems
like the Florida Keys, concentration dependent kinetics of nitrate consumption
superimposed on advective-dispersive groundwater transport typically predict less nitrate
removal between nitrate injection and discharge than do more simple rate laws. Second
order or higher rate laws, with a stronger concentration dependence, are even more
susceptible to this effect.
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Figure 30: Variable density nitrate plume shape after only 5 days of injection at 5 m3/day, with
nitrate as a conservative tracer (top) and reacted by Michaelis-Menten kinetics with Vmax of 1.6
×10-3 mg/l/day and a Michaelis constant KNO3 of 6.94 mg/l. Note that concentrations along
the axis of flow are notably depleted, while the plume edges remain largely unaffected.

One way to assess the actual location of nutrient removal in a low-salinity
wastewater plume in a saltwater aquifer is to measure the difference between the
depleting concentration of the nutrient and the increase in salinity. At the point of
injection, wastewater has high nitrate and low salinity. At increasing distances, physical
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mixing and diffusion from the surrounding waters increases salinity and decreases nitrate,
such that for zero denitrification capacity the two would change in inverse proportion.
Superimposing denitrification rates on this system will lower the nitrate concentration
faster than the salinity increases, and the rate law chosen to simulate denitrification will
determine the shape of this deviation.
In Figure 31, nitrate concentrations along the axis of the wastewater plume are
plotted for the case of conservative nitrate transport, in which nitrate concentrations are
reduced solely by dilution with surround groundwaters, and for various formulations of
rate laws and constants from the published literature. The most rapid denitrification rates
(2000 mg/l/day) are those of Corbett et al. (1999), and cause a reduction of injected
nitrate concentrations of 31 mg/l to zero within only a few meters of injection. Other
concentration-independent denitrification rates include those of Griggs et al. (2003) (1.3
mg/l/day), which reduce injected nitrate concentrations to zero within 25 m with the help
of dilution.
Griggs et al (2003) also fit a first order rate law to their nitrate concentration data,
arriving at a rate constant of 0.008/day. First order rate constants imply a linear
dependence of denitrification on nitrate concentration, such that rates are faster near the
point of injection and decline with distance. At a distance of 200 meters, the nitrate
concentration predicted by this first order rate law is equivalent to that predicted by a
linear denitrification rate of 0.042 mg/l/day, but the first order rate law predicts a more
rapid decline in concentration at distances of less than 200 m, and a less rapid decline at
distances farther than 200 m. Since most wastewater injection wells in the Florida Keys
are located within 200 m of a discharge zone, this suggests that the linear denitrification
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rates commonly reported by studies in the Florida Keys may be overestimating nitrate
concentrations at large distances for the lowest rates reported, and underestimating them
for the highest reported rates.
In addition to modeling previously published 0th and 1st order denitrification rates
published for the Florida Keys, a Michaelis-Menten rate law was simulated using rate
constants determined at a nitrate-contaminated carbonate aquifer in Massachusetts
(Colman et al., 2004). The Michaelis-Menten kinetic model specifies a concentration
dependent rate that is effectively first order for low substrate concentrations and plateaus
out to a constant rate for very high substrate concentrations. The reported nitrate
concentration for which denitrification rate was one half the maximum denitrification rate
was much higher than the maximum concentrations in the wastewater wells simulated
here, with KNO3 = 109 mg/l for wastewater systems, with a maximum rate of 0.28
mg/l/day. For comparison purposes, a 0th order decay rate 0.042 mg/l was also plotted,
the value chosen to coincide with the expected Michaelis-Menten rate at the injection
concentration of 31 mg/l. As Figure 35 shows, the nitrate depletion for a linear decay
rate of 0.042 mg/l coincides with the decay for the Michaelis-Menten kinetic model near
the point of injection. In the distal parts of the plume, when nitrate concentration has
diminished from a combination of denitrification and dilution by mixing, nitrate
concentrations continue to decline in the linear rate model but are slowed in the
Michaelis-Menten model.
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Nitrate concentration along the axis of a tidally pumped wastewater plume
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Figure 31: Denitrification rate laws from the published literature predict differing nitrate
distributions along the plume axis for identical injection rates and concentrations, and in some
cases for identical discharge concentrations at 200 m.

Both of the linear denitrification rates reported for Florida Keys wastewaters
suggest that wastewater plumes should be fully denitrified to zero concentration within
25 m, but these studies were conducted over very small distance scales. Analysis of
longer scales and multiple concentrations (Griggs et al., 2003) results in a first order rate
law that predicts that the same wastewater plumes may not be fully denitrified to zero
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nitrate concentration within 200 meters, and that nitrate levels may stay well above the 1
mg/l found in Florida Bay for up to a kilometer, a distance that is rarely if ever found to
exist in the Keys between a wastewater injection well and its discharge zone.
One possible explanation for the wide discrepancy in reported rates at different
scales may be the availability of electron donor to fuel microbial denitrification.
Wastewaters are typically injected aerobically with high DOC content, which is rapidly
consumed with oxygen to leave the wastewater plume with no O2 and little or no
remaining DOC. It is not clear what electron donor may be fueling denitrification in this
zone, but possibilities include DOC or H2S in the saline groundwater, DOC in the
wastewater, and organic S and C in the aquifer. Reported DOC measurements along
wastewater plume transects have not correlated with denitrification rates (Griggs et al.,
2003). Some previous studies have reported that despite large measured denitrification
rates near some wastewater injection wells where nitrate concentrations are high, overall
denitrification rate is more strongly correlated with groundwater flowpath and residence
time than nitrate concentration (Griggs et al., 2003).
Phosphate removal in Florida Keys wastewater plumes has been reported to be
described by a first order rate law with k values ranging from 6 ×10-6 s-1 to 9.44 ×10-5 s-1
(Corbett et al. 2000). These values suggest that phosphate is scavenged from injected
wastewaters much more rapidly than nitrate, which may contribute to the hypothesized
phosphate nutrient limitation of Florida Bay. Phosphate immobilization has been
observed on a variety of carbonate phases through surface adsorption or precipitation of
calcium phosphate mineral phases (Stumm and Leckie, 1970; Kitano et al., 1977; House
and Donaldson, 1986). Laboratory column experiments of phosphate immobilization on
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samples of Key Largo Limestone have revealed two distinct second order rate laws
(Elliot, 1999), suggesting that phosphate adsorption/desorption may be a sequential
process with an initial fast uptake phase later replaced by slow phosphate release until an
equilibrium value is reached. Without specific knowledge of the reactions involved,
phosphate immobilization was modeled here using the simplified first order rate laws of
Corbett et al. (2000) (Figure 32).
Phosphate depletion around a wastewater injection well
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Figure 32: Phosphate concentrations along a transect through a wastewater injection well show
that phosphate concentrations fall rapidly, resulting in phosphate plumes that do not extend more
than 30 m from the point of injection. Conservative phosphate transport is displayed to account
for concentration decreases due to dilution and mixing of the plume.

The faster phosphate uptake rate and lower initial concentration, as compared to
nitrate, result in phosphate plumes being significantly less laterally extensive than the
associated nitrate plumes for all but the highest reported denitrification rates. Figure 36
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demonstrates the concentration of phosphate along a transect through a wastewater
injection well in a Key Largo type aquifer for several different rate constants, and shows
complete phosphate removal within 25 m of injection for even the slowest rates of
depletion.

Conclusions:
Submarine groundwater discharge plays an important yet poorly understood role
in delivering dissolved constituents to coastal water bodies. The reversing flow direction
commonly found in aquifers adjacent to tidally varying heads further contributes to
physical mixing and dilution already enhanced by the discharge of low salinity
groundwaters to saltwater bodies. In addition to these conservative mixing processes,
many nutrients undergo nonconservative reactions in this critical zone, as microbiological
nutrient consumption or abiotic mineral precipitation are enhanced by periodic flushing
and recharge of ambient seawater.
Nutrient rich wastewaters injected into Key Largo Limestone undergo both
microbial denitrification and phosphate depletion by surface adsorption to carbonates.
Various published rate constants for these reactions have been superimposed on variable
density reversing gradient flow systems to simulate reactive contaminant transport in
coastal environments to understand how various models of nutrient depletion influence
total nutrient loading rates to the coastal environment. The choice of kinetic model
controls nitrate distributions within modeled plumes as strongly as overall rate, as mixing
of injected wastewater with ambient groundwaters leads to large variations in flowpath
lengths.
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Published denitrification rates for the Florida Keys suggest that typical nitrate
plumes are reduced to levels equivalent to the ambient concentrations in the receiving
waters in 25 m, if long range denitrification rates are consistent with rates measured near
the point of injection. More comprehensive studies have suggested that these fast rates
may be inappropriate at dilute concentrations or larger distances from the point of
injection, where electron donors may be scarce, raising concern that discharging nitrate
concentrations may be substantially higher than usually predicted from linear decay rates.
Phosphate adsorption or mineral precipitation with matrix carbonates typically
reduces phosphate concentrations to near zero in as little as 25 m for even the lowest
measured rate constants. The reversing flow system imposed by tidal pumping and the
extra dilution generated by variable density fluid flow both contribute to increasing these
rates.
In the case of both nutrients, the physical processes of density-driven mixing and
tidally pumped reversing flow play a dominant part in nutrient removal, for both abiotic
phosphate adsorption and microbiological denitrification. Future studies of nutrient
delivery rates should focus not only on understanding the mechanisms and kinetics of
these reactions, but also the application of those kinetics to systems in which the physical
contributors to flow, head gradients and density dictate and dominate chemical and
biological rates.
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Appendix A: Tidal Head Propagation: Comparison of model output to the
analytic solution of Carr and Van Der Kamp, 1969.
Aquifer response to periodic forcing is particularly well suited to analysis by
complex algebra, and several analytic solutions are known for simplified cases. In all
cases of general solutions, periodic forcing of boundary conditions are assumed to be
sinusoidal, as non-sinusoidal periodic forcings can be reduced to the sinusoidal problem
by Fourier analysis. Analytic solutions are known for problems of aquifer response to
forcing by a single tidal body directly connected to the aquifer, aquifer response under
seasonal variations in recharge, and aquifer response under diurnal variations in
evapotranspiration.
For purposes of model calibration, the analytic solution studied here is the widely
known periodic solution first published by Jacob and Ferris for the head in a semi-infinite
one dimensional aquifer with sinusoidal tidal fluctuations at one end (Figure 33).
Analogously to the solution for heat diffusion, the solution is expressed in terms of a
coupled exponential and sine function, as by Carr and Van der Kamp:

where
Sr = amplitude of surface water body (m)
w = 2π/τ = frequency
S’ = storage coefficient = specific storage x aquifer thickness
T = transmissivity = conductivity x saturated thickness (m2/day)
t = time (s)
x = distance of observation from body of water (m)
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This solution is only valid for one dimensional “diffusion” of a single head in an
unconfined aquifer. For purposes of model calibration, the advantage of this solution is
the ability to explicitly determine the head at every distance for a given time, or the head
at one specific distance as a function of time.

Figure 33. Schematic representation of the configuration for one dimensional head propagation,
representing the solution of Carr and Van der Kamp, 1969.

FEFLOW models simulating these conditions were constructed with a 1.0 meter

amplitude tide on one edge of a 10,000 meter long by 10 m deep finite element model
with 2 x 5 meter elements. Deeper models were discovered to be affected by a
component of vertical flow that did not agree with the analytic solution, so this long thin
model was constructed to minimize vertical flow. Hydraulic conductivity was specified
at 167 ×10-4 m/s, the value previously published by Vacher for the Key Largo Limestone.
FEFLOW’s post-processing tools were used to export head values along a transect

between the surface exposed to the periodic boundary condition and the distal edge of the
model domain. The resulting model values and predictions of the analytic solution are
presented in Figure 34.
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Figure 34: Comparison of model outputs and predictions of the analytic solution for the case of
single head propagation in an unconfined aquifer agree to within arbitrary precision for an
arbitrary number of model elements. Values above are for one half tidal cycle, starting at highest
tide and ending at lowest tide. The second half of one complete period, from low back to high
tide, would be identical to the above graph reflected about the x-axis.

Variation of model parameters returned predictable results, in light of the above
equation. Larger values of amplitude affected the maximum deviation from zero of the
model predictions but not the relative damping, in accordance with the inclusive
multiplicative location of the Sr term in the periodic solution of Carr and Van der Kamp.
Lower values for transmissivity (implemented as conductivity in the model) decreased
both the total distance inland of tidal propagation and the time lag, as would be expected
from the appearance of the T term in the denominator of both the exponential and sine
terms. Variations in tidal period and storativity were not implemented, but can
reasonable be expected to follow similarly predictable patterns.
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Appendix B: Reversing Flow Systems: FEFLOW variations of Enewetak
Atoll SUTRA model of Oberdorfer et al., 1990
Enewetak is an atoll near the Marshal Islands in the Pacific Ocean, which contains
a roughly triangular island approximately 1 km across, called Enjebi Island. Oberdorfer
et al (1990) constructed a two dimensional density-dependent computer simulation of
groundwater flow through the island using the finite-element code SUTRA, and calibrated
their model with a series of field tests (Hogan, 1988). A two layer aquifer model
included a low conductivity sediment cap and a high conductivity aquifer comprised of
reefal carbonates, and time-varying tidal head boundary conditions were applied across
an island transect (Figure 35).

Figure 35: Schematic representation of the 2-dimensional vertical cross section SUTRA model of
Oberdorfer et al., 1990, reproduced in FEFLOW with the properties listed in Table 6. Boundaries
B1 and B2 shared a variable tidal head specified as a diurnal sine wave with amplitude 0.9 m and
a 12 hour period. B5 was a constant recharge boundary set to 0.5 m/year, to estimate one third
infiltration of 1.5 m/year annual rainfall. Boundaries B3 and B4 were no-flow boundaries at the
carbonate-basalt contact and 3 km distant from the island, respectively.

The model domain chosen for study was based on contemporary knowledge of
local geology, and included several kilometers of offshore submarine aquifer, a shallow
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bay representing the interior of the atoll, and a gradually descending boundary
representing the falling sea bottom outside of the atoll.
For the purposes of calibrating the FEFLOW model presented in this thesis, the
model of Oberdorfer et al. was recreated with identical aquifer dimension and properties,
and initial and boundary conditions. FEFLOW and SUTRA share several common
features, including simultaneous solving of both the fluid and solute transport equations
for either saturated or unsaturated flow. A comparison of model properties used in the
two models is presented in Table 6.

Table 6: Comparison of Model Properties of Enjebi Island, Enewetak Atoll
Property
Oberdrofer et al.
FEFLOW model
-4
Upper aquifer permeability
1.157x 10 m/s
1.157x 10-4 m/s
-5
527x 10-5 m/s
lower aquifer permeability
527x 10 m/s
Longitudinal dispersivity
0.02 m
0.02 m
Transverse dispersivity
0.0 m
0.0 m
Depth to permeabilty boundary
12 m
11.5 m
Porosity
0.3
0.3
3
Density of Seawater
1025 Kg/m
1026 Kg/m3
Model length
6500 m
6500 m
Model height
1227 m
1277 m
Sinusoidal tidal amplitude
0.9 m
0.9 m
Total number of model elements
605
658

Both models were constructed with rectangular elements, and mesh discretization
in FEFLOW was achieved using the model’s built in discretization tools to best simulate
the published mesh in the original SUTRA model. A perfect reproduction was not
possible due to the nature of mesh design in the two models, but too error on the side of
caution the new model was designed with slightly more elements in regions where
reproducing mesh spacing was considered more important than absolute number of
elements.
103

A direct comparison of flow paths between the two models is complicated by
their different output formats. Both models predict flow velocities of between 0 and 4
m/d, depending on the tidal stage, with maximum velocities occurring near the surface
recharge boundary. Flow paths at high and low tide are compared in Figure 36.

Figure 36: Flow path vectors from SUTRA (left) and pathlines from FEFLOW (right) both show
seawater infiltration during high tide and groundwater discharge during low tide. Note similar
features of the two outputs, such as the off-center location of divergent flowpaths beneath Enjebi
Island displaced toward the lagoon, and the small area of upward flow at high tide located at the
bottom right corner of the model domain.

Groundwater flow paths for the two models are remarkably similar. Seawater
recharge during periods of high tide pump water down near the model edges, in towards
the center, and up toward the island surface. The flow is reversed during periods of low
tide, when flow is down away from the island, curving around near the model carbonatebasalt contact at 1227 m depth, and discharging up through the sediment-water interface
into the ocean.
Maximum velocities are achieved near the abutment of boundary B5 with
boundary B1 or B2, where elevated groundwater heads from intrusion during high tide are
proximally located to falling tides, creating a locally steep hydraulic gradient that causes
rapid flow. The asymmetric nature of the infiltration boundaries, with the ocean side
sloping more steeply away drives the center line of convergent flowpaths during high tide
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toward the lagoon. This effect is clearly visible in both the SUTRA and FEFLOW models.
Note that the designation of boundary B5 as a constant recharge boundary means that
there is no upward flow through that boundary at any time during the tidal cycle, despite
the depiction of the groundwater flow arrows in the SUTRA model results as crossing this
boundary. The size of these arrows is log scaled to groundwater velocity at the point of
their origin, and as such represents vertical flow several tens of meters beneath the
surface. Flow path lines in the FEFLOW model displayed above are particle tracking
results obtained at a single time, analogous to the flow arrows represented in the SUTRA
model, and as such do not represent actual flow paths of an individual parcel of water
under the reversing flow system imposed by tidal pumping.
The designation of “high tide” or “low tide” in Oberdorfer et al. (1990) as being a
dominant control of flow direction beneath Enjebi Island is misleading. FEFLOW results
indicated that the flow regime labeled as high tide in the SUTRA results occurs during
any time of rising tide, not during times at which the tidal stage is above average. For a
sinusoidal tide, these two time periods overlap exactly half of the time. The remainder of
the high tide, as conventionally defined as the time when tide is above average, is
actually characterized by the discharging flow regime labeled as “low tide” in the above
SUTRA results.

The similarities between the previously published SUTRA model of Enjebi Island
and the newly reproduced FEFLOW model of the same model include model properties,
dimensions, solution methods, boundary conditions, and the resultant flow directions and
magnitudes. Small differences in the finite element mesh used in the two simulations
were a necessary concession to the model design process, but emphasis was placed on
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preserving the relative dimensions of individual elements, and the FEFLOW model was
designed with a more dense element mesh to ensure that model stability would not be a
concern. The convergence between the prior results and the new model lends some
credence to the claim that the FEFLOW model is a reliable tool for simulating variabledensity flow under reversing flow conditions. On the strength of this assertion,
simulation of tidally pumped reversing groundwater flow beneath the Florida Keys were
then undertaken and calibrated to new data. No model parameters from Oberdorfer et al.
(1990) were preserved in making this transition, as all aquifer properties, dimensions, and
boundary conditions for the Florida Keys models were derived from pertinent literature
or personal observations.
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Appendix C: Best Fit Tracer Breakthrough Curves: Local structural complexity can
reproduce observed tracer data with arbitrary precision.
In chapter 1, two dimensional vertical cross section simulations of a groundwater
tracer experiment conducted on Key Largo, Florida, were calibrated to that study’s tracer
breakthrough curves. Cross-island groundwater flow was driven by the net hydraulic
gradient between Florida Bay and the 0.4 m amplitude tide of the Atlantic Ocean, 0.16 m
lower, on average, than Florida Bay. Tracer concentration measurements were made
over a period of 300 days at a multistage observation well installed 30 m distant in the
down-gradient direction.
Model reproductions of the tracer study geometry and boundary conditions were
tuned by adjusting hydraulic conductivity, longitudinal dispersivity, and transverse
dispersivity. The effects of adjusting each parameter independently are discussed in
Chapter 1. Since any adjustment necessarily affects the concentrations over time at both
the shallow and the deep observation wells simultaneously, matching both breakthrough
curves exactly with a single combination of conditions was not possible. To approximate
a best fit set of conditions, a residual sum of squares analysis was conducted that
compared the model predicted concentration at both depths at each of 12 different times
for which the original tracer study reported values. With the exception of one
anomalously low value reported in the middle of the shallow well’s breakthrough curve,
either the shallow or the deep observation well could be matched to arbitrary precision by
adjusting conductivity and dispersivities to alter the duration, delay or shape of the
breakthrough curve. The minimized residual sum of squares value for fitting both curves
simultaneously more closely matched the shallow observation well, predicting a
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breakthrough curve at the deep well that was both too early and too concentrated at the
time of peak arrival (Figure 37).
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Figure 37: Comparison between simulated and measured breakthrough curves. The residual sum
of squares analysis used necessarily weights the higher concentration of the shallow observation
well more heavily, resulting in larger apparent mismatch for the deep observation well.

The models constructed for this fitting analysis used a single layer aquifer with
uniform hydrogeologic properties. The Key Largo Limestone, the aquifer unit
represented by this model, is a highly heterogeneous assemblage of fossil hermatypic
corals and associated sedimentary deposits. Drilling in this unit has reported core
recovery in some areas dropping to zero, as the bore encounters empty voids in the reef.
Some tracer studies have reported rapid flow via highly developed secondary porosity
and solution channels. For obvious reasons, local heterogeneity is a concern to the
present modeling efforts, though without specific knowledge of the microscale variability
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of the aquifer between the injection and observations wells these models were
constructed with average and bulk aquifer properties in mind.
Recognizing that no single set of aquifer parameters was able to generate tracer
breakthrough curves at multiple depths at the observation wells, and that the Key Largo
Limestone modeled here is known to vary dramatically over small scales, models were
constructed to determine the model sensitivity to local conductivity variations. A single
coral head several meters in diameter, with a reduced hydraulic conductivity, was
simulated around the location of the deep observation well (Figure 38).

Figure 38: A vertical cross section of the of the model mesh between the injection well (green)
and the observation wells (dark blue) shows the geometry of the field site. A single coral head
with a reduced hydraulic conductivity (light blue) was simulated around the deep observation
well.

As expected, the introduction of a low conductivity zone around the deep
observation well delayed the arrival of tracer at that well without significantly affecting
the concentration or timing at the shallow well (Figure 39). In addition to the delay,
maximum concentrations were also reduced at the time of peak arrival. For this analysis,
the background conductivity of 150 x 10-4 m/s was reduced to 70 x 10-4, a reduction of
slightly more than 50%. Reported values of conductivity variations within the Key Largo
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Limestone range over several orders of magnitude, so this degree of variation seems to be
easily within the range of values likely to be found in the aquifer.
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Figure 39: The introduction of a low conductivity zone around the deep observation well,
representative of a large individual coral head, delays and decreases the maximum concentration
of the breakthrough curve at the deep well without significantly affecting the concentration at the
shallow observation well.

Compared to Figure 36, the newly diminished concentrations at the deep
observation well more closely match the values reported by the tracer study. The residual
sum of squares difference is included in this figure to indicate the degree of mismatch
between the predicted and observed values, but the important difference between Figures
38 and 35 is that the concentrations at the deep well track the observed values much more
closely in the model with the local low conductivity zone. The same degree of matching
the deep well was not possible with a homogenous aquifer without drastically increasing
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the residual sum of squares difference by altering the shape of the shallow well
breakthrough curve.
With additional tuning of only this single parameter in a local zone around one of
the observation wells, establishing a correspondence between the predicted and observed
concentrations throughout the course of the breakthrough curve is only a matter of
patience. Arbitrarily close matches can be achieved with conductivity variations that
well within the range of reported values for this geologic unit.
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Appendix D: DNA and RNA Extraction Protocols
DNA Extraction Protocol:
DNA was extracted from batch cultures of paracoccus denitrificans using a modified
version of the procedure outlined in the UltraClean Microbial DNA Isolation Kit from
MoBio Laboratories, Inc, Catalog # 12224-50.
Summary of Method:
Microbial cells are removed from an active culture, pelleted and resuspended to remove
the growth media, and then lysed with a combination of chemical and physical methods.
A silica membrane spin filter is used to trap DNA released from the lysed cells. After
washing, the DNA is recovered in DNA-free Tris-buffer.
1. 2.0 ml of culture were added to a 2.0 ml microcentrifuge tube, and pelleted by
centrifugation at 14,000 rpm for 30 seconds. The supernatant was decanted and
the pellet centrifuged a second time at 14,000 rpm for 30 more seconds. Any
residual supernatant was removed with a 50 μl pipette tip.
2. The cell pellet was resuspended in 300 μl of MicroBead Solution, containing salts
and a buffer to stabilize and disperse the cells, and vortexed at slow speed to
resuspend the cells. The cell suspension was then transferred to a MicroBed Tube.
3. 50 μl of Solution MD1 was added to the cell suspension, now mixed with plastic
beads in the MicroBead Tube. Solution MD1 contains SDS, a detergent that
helps to degrade cell membranes.
4. The mixture of cell suspension, MicroBeads, and Solution MD1 was affixed
horizontally to a vortex pad, and vortexed at maximum speed for 10 minutes.
Agitation assists chemical lysis to free nucleic materials, though it also
contributes to DNA shearing.
5. The vortexed MicroBead Tubes were centrifuged at 14,000 rpm for 30 seconds to
remove cell debris while leaving DNA suspended in solution. The DNA
containing supernatant was transferred to a clean 2 ml microcentrifuge tube.
6. To the newly isolated supernatant was added 100 μl of Solution MD2, which
contains a precipitating agent to remove non-DNA organic matter to improve
DNA purity. After vortexing for 5 seconds, the precipitating agent was allowed
to work undisturbed for 5 minutes at 4 degrees C.
7. After precipitation, non-DNA organics were removed by centrifugation at 14,000
rpm for 1 minute. The DNA containing supernatant was transferred to a clean
microcentrifuge tube.
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8. 900 μl of Solution MD3 was added to the new microcentrifuge tube. Solution
MD3 contains a high concentration of salt, which is a necessary condition for
DNA binding to the silica membrane in the following step.
9. The high salt DNA containing supernatant was filtered in two batches through a
Spin Filter at 14,000 rpm for 30 seconds, leaving the DNA bound to the
membrane while other organics pass through and are discarded with the eluant.
10. The silica membrane was washed at 14,000 rpm for 30 seconds using 300 μl of
Solution MD4, an ethanol based wash solution that removes salt residue and other
contaminants bound to the membrane.
11. After discarding the eluant, the membrane was centrifuged at 14,000 rpm for
another minute to dry the membrane of any remaining Solution MD4.
12. The silica membrane was transferred to a new microcentrifuge tube and eluted in
50 μl of Solution MD5, a DNA-free 10mM Tris buffer at pH 8. Centrifugation at
14,000 rpm for 30 seconds released the washed and bound DNA from the
membrane, as DNA cannot bind to the membrane under low salt conditions.
13. Eluted DNA was stored in benchtop coolers stored in a -20 degree C freezer for
up to two weeks before being analyzed by RT-Q-PCR.
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RNA Extraction Protocol:
RNA was extracted from actively denitrifying cultures of paracoccus denitrificans using a
modified version of the procedure outlined in the RNEasy Mini Kit from Qiagen
Worldwide, Valencia, CA. Extractions were performed in a designated RNA-only
laminar flow hood, with certified RNAse free plastics and glassware treated with ethanol
and rinsed with prepared RNAse free water. Aerosol barrier pipettes were used to
minimize contamination.
Summary of Method:
Bacteria are incubated in a buffer containing lysozyme to digest cell walls prior to lysis.
A GITC-containing lysis buffer and ethanol are added, and the samples are loaded onto a
silica-gel membrane. Contaminants are washed away while RNA is bound to the
membrane, and the membrane is treated with a DNase digestion to remove any residual
DNA. Purified RNA is then eluted in RNAse-free water.
1. 1.8 ml of culture was added to a microcentrifuge tube. To minimize RNA
regulation during collection, cells were harvested from active cultures by
centrifuging in a designated RNA-only microcentrifuge at 5000 g for 5 minutes in
a 4 degree C refrigerator. All supernatant was removed with a 50 μl pipette.
2. The cell pellet was resuspended in 100 μl of TE buffer (pH 8) containing 400
ug/ml of lysozyme to digest cell membranes, and incubated for 4 minutes at room
temperature.
3. 350 μl of Buffer RLT was added to digested cell suspension and vortexed for 5
seconds. Buffer RLT is a lysis buffer containing denaturing guanidinium
isothiocyanate and beta-mercaptoethanol to inactivate RNases.
4. 250 μl of 98% ethanol was added to the lysate, and mixed by gentle pipetting with
a 1 ml pipette. The addition of ethanol provides solution conditions under which
RNA can bind to the silica-gel membrane in the following step.
5. The lysate and ethanol mixture is added to an RNeasy mini column in two batches
and centrifuged at room temperature for 30 seconds at 11,000 rpms.
6. 350 μl of Buffer RW1 was added to the columns and centrifuged at 10,000 rpm
for 30 seconds to wash away contaminants not bound to the membrane.
7. 80 μl of a DNase incubation mix was added to the columns and allowed to
incubate at room temperature for 15 minutes. The DNase incubation mix consists
of Buffer RDD and 10 μl of a DNase stock solution consisting of 1500 Kunitz
units of Dnase I in 550 μl of RNase free water. DNase is sensitive to physical
denaturation, so mixing was accomplished by gentle inversion only.
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8. After incubation, another 350 μl of Buffer RW1 was added to the column and
centrifuged at 10,000 rpm for 30 seconds to remove all DNase from the
membrane.
9. The silica-gel membrane was transferred to a new 2 ml collection tube, and 500 μl
of Buffer RPE was added to the column, which was then spun for 30 seconds
10,000 rpm to wash the column. Buffer RPE is primarily an ethanol wash.
10. A second 500 μl of Buffer RPE was used to wash the membrane, again at 10,000
rpm but this time for a total of 2 minutes, in order to dry the membrane of any
remaining buffer.
11. The membrane cartridge was transferred to a clean 1.5 ml microcentrifuge tube,
and 30 μl of RNase free water was added and centrifuged at 10,000 rpm for 1
minute. The same 30 μl of eluent was then used for a second elution to maximize
final RNA concentration.

Figure 40: Purity of extracted genetic materials was quantified by measuring the A260/A280 ratio
for DNA and the A260/A230 ratio for RNA. Samples with uncharacteristic absorbance spectra were
assumed contaminated and discarded.
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Appendix E: Q-PCR Primer and Probe Sequences for Quantification of the
nirS gene.
A primer probe set designed specifically for quantification of the nirS gene of
Paracoccus denitrificans was chosen with the help of the software package
PrimerExpress, version 1.0, from Applied Biosystems, Foster City, CA. Sequences are
listed in Table 3.
Primer design requirements are necessarily a compromise between desired PCR
characteristics and available sequences. To maximize amplification sensitivity and
sensitivity, PCR products should be between 70 and 100 bases long. The product
specified by the chosen primers is 128 bases long in Paracacoccus denitrificans. The
software selects a probe with a melting temperature (Tm) of about 68 or 69 degrees, and
then primers with a Tm 9 to 10 degrees lower. The Tm of the chosen probe was 67
degrees, the forward primer was 59 degrees, and the reverse primer was 61 degrees. The
probe is located 13 base pairs away from the forward primer.
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Figure 41: Normalized fluorescence intensity (Delta-Rn), proportional to amount of product
created during amplification, was measured as a function of cycle number (CT) during PCR.
Cycle numbers required to pass arbitrary threshold (0.0273 Delta-Rn) gives initial copy number
of target.

An optimally designed primer and probe set will have zero mismatches with the
target sequence, but perfect matching may not always be possible when the target
sequence varies within a sample, for example when attempting to quantify nirS
abundance from multiple organisms, each of which has a slightly different nirS gene.
Fortunately, the ABI 7300 Real Time PCR System from Applied Biosystems allows up to
four distinct probes to be quantified at once, allowing multiple versions of a probe to be
run in order to maximize the likelihood of efficient hybridization with no more than a
single mismatch. The experiments presented here utilized a prime and probe set
optimized specifically for Paracoccus denitrificans, and thus has zero mismatches.
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For comparison purposes, fourteen other nirS sequences from the 2004 gene bank
were aligned with nirS from P. denitrificans using ClustalX version 1.83 for Microsoft
Windows. The resulting alignments, and locations of the primer and probe binding sites,
are presented below. The bar chart below each alignment represents the degree of
agreement of all 15 sequences with each other, with a lower number of mismatches
represented by a larger small vertical bar.
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