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The Upper Floridan Aquifer is hydrogeologically complex; limestone dissolution 

has led to vertical and horizontal preferential flow paths. Aquifer nitrate contamination is 

of concern and is subject to regulatory limits. Research objectives were to examine 

spatially distributed nitrate transformation evidence in groundwater samples to inform 

where and under what conditions transformations occur; quantify in-situ aquifer nitrate 

transformation rates and mechanisms using tracer injection experiments combined with 

microbial genetic sampling of key genes in nitrogen transformation pathways; examine 

how aquifer geologic heterogeneity influences conduit and spring development in karst 

systems; and evaluate sensitivity of water and solute fluxes and flow paths to porous 

matrix and conduit properties in a springshed representative of Silver Springs. 

 Excess N2 in dissolved gas groundwater samples confirmed denitrification in 

hotspots where the aquifer is unconfined. Observed denitrification under unfavorable 

local porewater conditions, suggests denitrification may occur in localized microsites or 

biofilms. Suggestive relationships occurred between denitrification evidence and 

wetlands, however no relationship was found for sinks, swallets, and closed topographic 



 
 

13 
 

depressions. Local scale heterogeneity in nitrogen cycling led to inconclusive isotopic 

results despite reasonable agreement between spatially-averaged and spring-vent 

measurements. 

Nitrate, carbon, and chloride tracer injection experiments showed nitrate losses 

under porewater conditions expected to be unfavorable for denitrification. Microbial 

genetic data confirmed multiple nitrate transformation pathways, including assimilatory 

reduction of nitrate to ammonium, dissimilatory reduction of nitrate to ammonium 

(DNRA) and denitrification. This contends with prior research, which has asserted 

DNRA is a negligible nitrate transformation pathway in freshwater aquifers. However, 

negligible spring-vent ammonium concentrations support that ammonium produced by 

DNRA may be subsequently reduced by biologic ammonium retention or conversion to 

nitrate in oxic zones. 

Karst geologic heterogeneity was examined by combining stochastically-

generated preferential flow path templates and simulation of karst aquifer genesis via 

dissolution. First magnitude spring development increased with lower hydraulic 

conductivity and higher preferential flow path connectivity. Monte Carlo simulations of 

conduit generation, groundwater flow and conservative solute transport showed that 

exact knowledge of conduit location was less important than representation of 

preferential flow pathways for predicting solute travel paths and travel times to the 

spring and vulnerable springshed areas. 
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CHAPTER 1 
INTRODUCTION 

The prosperity of our modern society depends on development of land for urban 

and agricultural uses, from which loss of nitrogen to hydrologic systems is often an 

undesirable consequence. We must find ways to manage water resources to create 

prosperous communities while preserving the environment for future generations. Water 

managers are tasked with trying to meet ever reducing nitrogen loading targets in order 

to protect the aquifers that supply their communities and preserve downgradient aquifer 

connected ecosystems such as springs, rivers, lakes, and estuaries. In the United 

States, regulatory mechanisms such as Total Maximum Daily Loads (TMDL) and 

Numeric Nutrient Criteria (NNC) have been established to protect water resources from 

impairment due to excess nitrogen loading. This research aims to increase 

understanding about fluxes and flowpaths of nitrogen, and mechanisms and magnitudes 

of nitrogen attenuation, in eogenetic karst aquifers, where significant aquifer flow occurs 

in both the porous matrix and in karst conduit networks. Improved understanding of 

these processes could help to more efficiently achieve regulatory nitrogen targets by 

determining dominant nitrogen attenuating processes over redox and aquifer 

confinement gradients, quantifying nitrogen reaction rates, and examining vulnerability 

imposed by uncertain groundwater flow paths inherent in karst terrain. Improved 

understanding of these processes would contribute to improved vulnerable area 

delineation and nitrate load management. 

Upper Floridan Aquifer System  

The Upper Floridan Aquifer (UFA), an eogenetic karst aquifer in the southeast 

United States that covers approximately 260,000 km2 and provides municipal, industrial, 
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and agricultural water supply for a population of approximately 1.8 million people in 

Florida alone [Marella, 2008],  provides the geographic context for this study. The UFA 

in north Florida is mainly comprised of Ocala Limestone, ranges in thickness from 0 to 

180 feet, and is underlain by a lower permeability limestone called the Avon Park 

Formation that is 800-1100 feet thick (Figure 1-1). Where the Ocala Limestone is not 

exposed at the surface, it is covered by the Hawthorn Formation and a surficial aquifer 

of Plio-Pleistocene sands [Scott et al., 2004]. Spatially variable erosion of the Hawthorn 

Formation has led to variations in UFA confinement throughout North Florida. The 

erosional boundary of the Hawthorn Formation is known as the Cody Escarpment, and 

defines a critical boundary for defining UFA vulnerability to contamination. 

Downgradient from the Cody Escarpment, where limestone is exposed, vulnerability is 

increased by enhanced surface-to-aquifer connectivity. Nitrate contamination can be 

mitigated by surface water retention and biological processes in wetlands, stream 

channels, and lakes. Where the aquifer is unconfined, these surface water features are 

reduced significantly and karst windows and sinks provide direct connections between 

the surface and aquifer. 

In the UFA, aquifer high permeability, high porous matrix and fracture porosity, 

and conduit networks lead to highly heterogeneous hydrologic flow paths [Hornsby and 

Ceryak, 1998; Martin and Dean, 2001; Florea and Vacher, 2007a]. In karst aquifers, 

groundwater flow ranges from laminar (porous media flow) to turbulent (pipe flow), 

depending on the degree of  void and conduit development [Atkinson, 1977]. Dissolution 

processes create sinks, caves, and networks of conduits within the soluble porous 

matrix, with properties and geometries that are poorly characterized [Ford and Williams, 
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2013]. Karst landscape features such as sinks, sinking streams (swallets), and 

breaches in aquifer confinement lead to significant surface-to aquifer connectivity, and 

can route significant surface flow into the aquifer [Ewers, 2006] complicating 

contaminant source delineation and further contributing to hydrologic flow path 

complexity. Furthermore, contaminant transport is highly influenced by porous matrix 

and conduit interactions. 

Florida Springs 

Northern Florida contains the highest density of large springs in the world; with 

33 first-magnitude (discharge greater than 2.8 m3/s) and 191 second magnitude 

(discharge between 0.28-2.8 m3/s) springs [Scott et al., 2004]. Springs are a unique 

class of ecosystem, with highly adapted plant and animal communities [Munch et al., 

2006]. In addition, springs are often used for recreation and contribute significantly to 

the North Florida economy [Bonn and Group, 2004]. Thus their preservation is a high 

priority. Springs are often connected to extensive conduit systems and have large 

groundwater contributing areas referred to as springsheds. In this way, springs are 

sentinels for aquifer response to human activities over large spatial and temporal 

scales. Accordingly, spring vent flow and water have been widely-used to characterize 

karst aquifers [Phelps and Survey, 2004], groundwater source mixing [Toth and Katz, 

2006], and nitrogen attenuation [Katz et al., 2001; Cohen et al., 2012; Heffernan et al., 

2012]. 

In North Florida, spring-fed rivers are connected to major river systems such as 

the Suwanee River and St. Johns River. Thus, human activities resulting in nitrogen 

loading to springs have far reaching impact on downgradient water bodies. Springs 

persist in an approximate steady-state and can be considered chemostatic [Odum, 
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1956] compared to most other aquatic ecosystems. However anthropogenic factors, 

including extraction of groundwater for consumptive uses and nitrogen loading from 

agricultural and urban land uses, is contributing to significant changes in these systems. 

Significant increases in nitrate concentrations (i.e. 10 to 350 fold above background 

concentrations) have been observed in some springs [Brown et al., 2008], and 

potentially contribute to shifts in ecosystem ecology in favor of algae over rooted plants, 

and increased algae in streams [Rabalais, 2002]. These changes impair the recreational 

and aesthetic use of springs and threaten springs driven tourism.  

Nitrogen Research Needs 

It is well understood that karst aquifers are particularly vulnerable to loading of 

excess nitrate-nitrogen from land management activities [White et al., 1995; Coxon, 

1999]. Current management efforts assume that aquifer denitrification in the UFA is 

negligible over large spatial scales and that nitrate-nitrogen behaves like a conservative 

solute [Phelps and Survey, 2004; Katz et al., 2005]. However, recent research has 

called this assumption in question [Heffernan et al., 2012], indicating the need for more 

information about the fate and transport of nitrogen in the UFA. Understanding nitrogen 

contamination source areas and fluxes and flowpaths with the aquifer, is critical to 

springshed management [Brown et al., 2008]. In addition, understanding the 

assimilative capacity of the aquifer for nitrate is a research priority. 

Dissertation Context and Objectives 

The goal of this study is to examine nitrate transport, retention, and attenuation in 

karst aquifers using a multidisciplinary approach that combines measurements of 

ambient groundwater biogeochemistry, nitrate isotopes, dissolved gases; in-situ 

measurements of nitrate transformation rates and mechanisms; physical modeling of 
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karst evolution; hydrologic modeling flow and transport in karst systems; and global 

sensitivity analysis methods. Specifically, the objectives of this research were to (1) 

examine spatially distributed nitrate transformation evidence in Upper Floridan Aquifer 

(UFA) springshed groundwater samples to inform where and under what conditions 

transformations occur; (2) quantify in-situ rates and mechanisms of nitrate 

transformation in the UFA using nutrient injection tracer experiments combined with 

microbial genetic sampling; (3) examine how aquifer geologic heterogeneity influences 

conduit and spring development in karst systems; and (4) evaluate the sensitivity of 

water and solute fluxes and flowpaths to porous matrix and conduit properties in a 

representative springshed.   

Chapter 2 examines where in the springshed nitrogen transformations are 

occurring, what landscape features are associated with areas of higher nitrate 

attenuation in springsheds, and compares spatially distributed geochemistry and nitrate 

transformation evidence to samples previously collected at spring vents emanating from 

the UFA. Chapter 3 investigates in-situ rates and mechanisms of nitrate transformations 

across a karst aquifer gradient from oxidizing to reducing conditions using combined 

tracer tests and microbial genetic data. Chapter 4 examines the evolution of conduit 

development in karst aquifers, investigating what geologic features lead to development 

of first magnitude springs in eogenetic karst systems, and explores the influence of 

these geologic features on network development, springflow magnitude, and hydraulic 

and transport pulse response metrics. Chapter 5 addresses the uncertainty of hydraulic 

and transport pulse response contributed by uncertain preferential flow path location 

and orientation with fixed porous matrix and preferential flow path statistical parameters.  
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Figure 1-1.  Hydrogeologic units in the Silver Springs basin  [Phelps and Survey, 2004; 
Scott et al., 2004]. 
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CHAPTER 2 
DRIVERS OF NITRATE TRANSFORMATION HOTSPOTS ACROSS AN AQUIFER 

CONFINEMENT GRADIENT IN COMPLEX KARST TERRAIN.  

Background 

Nitrogen in nitrate form is considered an abundant, mobile contaminant in 

shallow groundwater [Böhlke, 2002]. Nitrate loading is spatiotemporally variable [Rivett 

et al., 2008]. Karst aquifers are particularly vulnerable to nitrate contamination from 

agricultural activities [White et al., 1995; Coxon, 1999], especially where they are 

unconfined and shallow. In the Upper Floridan Aquifer (UFA), background nitrate 

concentrations have increased significantly [Katz, 1992, 1999; Hornsby and Ceryak, 

1998] increasing discharge from springs to surface waters [Pittman et al., 1997] and 

potentially contributing to significant development of algae in many spring fed rivers and 

downgradient aquatic ecosystems [Jones et al., 1996; Hornsby and Mattson, 1998].  

The UFA is the uppermost aquifer in the Floridan Aquifer System [Scott et al., 

2004]. The UFA is an eogenetic, shallow limestone karst system with high matrix 

permeability that is the source for many North Florida springs [Berndt et al., 1998]. The 

UFA is geologically complex; including well developed karst conduits, highly permeable 

limestone and spatially varying aquifer confinement. This complexity leads to 

heterogeneous aquifer properties and surface-to-aquifer connectivity [Hornsby and 

Ceryak, 1998; Katz et al., 2009]. Understanding how landscape and aquifer chemical 

heterogeneity influence patterns in nutrient transport and transformation is crucial for 

developing biogeochemical models that honor terrestrial and aquatic characteristics 

[Grimm et al., 2003] and interpreting nitrate transformation evidence.   

Karst spring measurements have been widely-used to examine processes 

occurring throughout the heterogeneous landscape. However, more information about 
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relationships between spring measurements and distributed denitrification measures 

and the role of karst landscape features on observed denitrification is needed. Prior 

research supports that significant nitrate attenuation is occurring in the UFA [Katz et al., 

2004; Heffernan et al., 2012]; however defining where significant nitrate attenuation is 

occurring remains elusive [McClain et al., 2003; Brown et al., 2008]. In the UFA; the 

focus of research has been to examine temporal variation in nitrate attenuation 

processes (e.g. denitrification) using spring vent geochemistry and dissolved gas 

analyses and isotopes [Katz et al., 2001, 2004; Heffernan et al., 2012], nitrate loading 

estimates and budget methods [Katz et al., 2009], and groundwater age distributions 

[Katz, 1999; Katz et al., 2001]. While these methods describe nitrate attenuation over 

large spatiotemporal scales, local scale denitrification measures in karst aquifers are 

lacking. Spring measures can be considered lumped “black box” indicators of 

springshed behaviors. A goal of this work is to examine how spatially distributed 

measurements relate to aggregate responses, increasing understanding of how point 

measurements link to highly convolved flows. Distributed springshed measures may 

illuminate poorly-described local phenomena that may explain documented variation in 

denitrification rates across UFA springs [Heffernan et al., 2012].  

One potential mechanism that distributed measures may elucidate is the 

influence of confining units on denitrification through their role in focusing surficial flows 

and reactants to the confined UFA, where conditions may be favorable for 

denitrification, via breaches in the confining layer. Shallow water tables and poor 

drainage, as observed surficial aquifers in confined regions, increase the likelihood of 

denitrification [Böhlke, 2002]. Furthermore, confined aquifers have been suggested as a 
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favorable places for denitrification reactions, both in the low hydraulic conductivity 

confining layer and at the interface between confined and unconfined aquifers [Rivett et 

al., 2008]. Aquifer confinement generally restricts delivery of reactants to the aquifer, 

however flow focusing mechanisms such as sinks and swallets that breech the 

confining unit may deliver more reactants to favorable conditions for denitrification. Thus 

areas in the aquifer where reactants (nitrate and electron donors) are delivered to the 

right conditions (anaerobic ± solid phase electron donors) may correlate with areas of 

significant denitrification.  

The goal of this research was to investigate how karst aquifer flowpaths control 

denitrification rates by exerting controls on local aquifer geochemistry and delivery of 

reactants. It was hypothesized that: (1) that groundwater redox state is a good predictor 

for denitrification; (2) degree of aquifer confinement influences the location and 

magnitude of denitrification; and (3) spatial features that focus surficial flows and route 

them to the confined aquifer (e.g. sinks, swallets, closed topographic depressions and 

wetlands) influence delivery of reactants and denitrification hotspots. To test these 

hypotheses, denitrification was characterized in the UFA using synoptic spatially 

distributed measurements of aquifer geochemistry, nitrate isotopes (δ15N and δ18O), 

excess dissolved nitrogen gas, and geospatial data describing land surface-aquifer 

connections. In addition, spatially distributed denitrification measures were compared 

with previously reported spring vent denitrification measures in an effort to spatially 

disaggregate the integrated springshed denitrification evidence that spring vents 

provide. 
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Methods  

Study Site 

The study site is the Ichetucknee Springshed in North Florida (Figure 2-1) which 

is underlain by the UFA. The study site is a typical North Florida UFA karst basin, 

containing a gradient of aquifer confinement and karst topographic features that 

influence groundwater-surface water connections, and prior studies provide a wealth of 

spring vent measurements [Katz, 2004; Cohen et al., 2012; Heffernan et al., 2012]. 

These factors provide a good setting for examining how the degree of UFA confinement 

and land surface-aquifer connectivity influence the location and magnitude of 

denitrification and how spatially distributed denitrification measures compare to spring 

vent measures.  

The study area lies between two physiographic provinces; the Northern 

Highlands where the UFA is confined and Gulf Coastal Lowlands where the UFA is 

semi-confined to unconfined. The Northern Highlands are characterized by poorly-to-

moderately drained sands and low permeability clay-rich sediments which overlay the 

UFA [Houston, 1965; Ceryak et al., 1983] leading to numerous lakes, streams, and 

wetlands. The transition between the two provinces is defined by an erosional feature 

called the Cody Escarpment and is characterized by sinking streams, sinkholes and 

sinkhole lakes. Surface water is quickly drained to the UFA through these karst solution 

features throughout in the North Highlands Province and the transitional area. In the 

Gulf Coast Lowlands province the UFA is unconfined, overlain by a thin layer of well-to-

excessively drained sands [Ceryak et al., 1983]. This leads to much fewer lakes, 

wetlands, or surface water drainage features.  
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Land use in the study area is a mix of forest (52%), agriculture (27%), urban 

(12%) and surface water and wetlands (9%). Local nitrogen loads consist of fertilizers 

(51%), animal waste (27%), septic tanks (12%), atmospheric deposition (8%) and land 

application of reclaimed wastewater (2%) [Katz et al., 2009]. The local climate is 

subtropical with long warm summers and mild winters.  

Groundwater flow is predominantly from north to south. Locally, the UFA is 

characterized by high transmissivity values that can range up to several million m2 d-1 

[Bush and Johnson, 1988]. These values reflect the thick limestone aquifer and high 

permeability of connected voids, conduits and caves due to dissolution of the limestone 

matrix. Groundwater is primarily drained by the Ichetucknee Springs Group. The 

Ichetucknee Springshed is approximately 960 km2, as estimated by Suwanee River 

Water Management District (SRWMD) using water year 2003 potentiometric surfaces to 

determine groundwater contributing area [Sepulveda et al., 2006], and further validated 

by Champion and Upchurch [2003]. A prior study by Katz et al. [2009], suggested there 

is minimal inter-annual change in groundwater storage or deep inter-basin transfer in 

the springshed. These prior studies establish the Ichetucknee Springshed as a relatively 

well constrained groundwater contributing area for examining nitrate transformations 

within the UFA. 

The Ichetucknee Springs Group is a collection of many springs, including 1 first 

magnitude (>2.8 m3/s) and 4 second magnitude springs (flows between 0.28 and 2.8 

m3/s), and hundreds of unnamed seeps [Scott et al., 2004]. Median residence times for 

groundwater discharging from the springs, estimated with binary and piston flow 

groundwater age modeling, is approximately 10-25 years [Katz et al., 2001]. During the 
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period from 2002 to 2011, mean annual discharge from the two largest springs in the 

group, provided about half of the total annual mean discharge of 8.35 m3/s for the 

Ichetucknee River [USGS, 2014]. The present day Ichetucknee River flows southwest 

from the springs approximately 7 km to the Santa Fe River. In the past, the Ichetucknee 

River connected Lake City, FL to the present day river channel [FDEP, 2012]. All former 

surface tributaries are now terminal sinks (e.g. Cannon Sink, Clay Hole Sink, and Rose 

Sink) directly connected to the UFA through a karst conduit below the dry river channel 

[Katz et al., 2009]. Further detailed geomorphic and hydrologic descriptions of 

Ichetucknee Springs and Ichetucknee River can be found in [Rosenau et al., 1977; 

Scott et al., 2004]. 

Data Collection 

Synoptic well sampling methods investigated factors that contribute to 

denitrification in the UFA; major element chemistry, aquifer denitrification proxies, and 

dissolved gases. The spatial patterns in measurements data were evaluated with 

geospatial data describing land surface aquifer connections common to karst terrane 

such as sinks, swallets, wetlands, aquifer confinement gradients and vulnerability, and 

closed topographic depressions. 

Well selection 

Wells were selected from the Suwannee River Water Management District 

(SRWMD) monitoring well network across the geologic gradient from confined to 

unconfined aquifer condition. Well selection focused on capturing the spatial 

heterogeneity in karst features influencing hydrologic flow paths and residence times. 

The number of wells was limited based upon private land well access and instrumented 

wells. Borehole access, the ability to gain access to the top of the well, is required for 
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dissolved gas sampling. Eleven wells with borehole access and five wells without 

borehole access were used in this study. Two aquifer sampling events were conducted; 

herein described as Phase I and Phase II. Phase I sampling occurred during the wet 

season in July-August 2013. It included measurements of geochemistry and isotopes of 

nitrate (15N and 18O) in 16 wells (Figure 2-1, Table 2-1). Phase II sampling occurred 

during the dry season (February-March 2014), and included all Phase I measurements 

and added dissolved gas sampling for selected wells (which excluded sites 2, 4, 6, 7, 

11) (Table 2-1). Wells depths in the confined region were substantially deeper than 

wells in the unconfined region due to the thickness of the surface confining unit 

overlying the UFA.  

Geochemical sampling 

All water samples were collected after removal of at least three well volumes and 

stabilization of field parameters. A broad suite of solutes, were used to characterize 

groundwater from each well and examined for covariance with denitrification evidence.  

Geochemistry measurements included dissolved oxygen (DO), specific conductance 

(SpC), oxidation reduction potential (ORP), pH, total kjeldahl nitrogen (TKN), 

orthophosphate (PO4), nitrate + nitrite (NOx), ammonium (NH4) and a suite of dissolved 

ions (i.e. sodium, calcium, potassium, magnesium, sulfate, fluoride, chloride, iron, 

strontium, magnesium), Dissolved Organic Carbon (DOC), Dissolved Inorganic 

Carbon(DIC)). Geochemical samples, except for TKN were filtered to 0.45 μm, collected 

into prepared glass and plastic bottles, preserved, and placed on ice to prevent 

degradation.   

 Dissolved oxygen, SpC, ORP, and pH were measured using a calibrated YSI 

556 multi probe. Nutrients were analyzed at the University of Florida Analytical research 
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Lab; TKN was measured using EPA method 351.2, orthophosphate using EPA method 

365.1, NOx using EPA method 353.2, and NH4 using EPA method 350.1. Major element 

chemistry was measured with an automated dionex DX500 Ion Chromatograph with 

precision of better than 3% for all runs and elements based on internal check standards 

every fifth sample. Charge balance errors were less than 3%. Metal concentrations 

(iron, strontium, manganese) were measured using a HR ICP-MS Element-2 (Thermo-

Finnigan). The precision and accuracy of these samples were calculated by comparing 

measurements from the beginning and end of each run to the external standard SLRS4 

(Canadian River water standard). Internal instrument drift was corrected using a Re-Rh 

spike added to all standards and samples. DOC samples were analyzed on a Shimadzu 

TOC-5000A total organic carbon analyzer after sparging for 2 minutes with carbon-free 

air to remove inorganic C. Three to five 60 μL samples were measured and the mean of 

the injections is the reported value. Replicates had less than 5% coefficient of variance.  

Dissolved inorganic carbon (DIC) was measured on carbon dioxide (CO2) extracted by 

acidifying samples using an AutoMate Prep Device coupled with a UIC (coulometrics) 

5011 carbon coulometer. 

Nitrate isotopes 

Stable isotopes of nitrate (i.e., 14N and 15N) and O (i.e., 16O and 18O) within the 

nitrate ion and dissolved gases in the groundwater samples were measured. Nitrate 

isotope samples were filtered to 0.3 μm, collected into pre-rinsed plastic bottles, sealed 

and frozen. Samples were analyzed at the University of California, Riverside Facility for 

Isotope Ratio Mass Spectrometry (FIRMS) using the bacterial conversion of nitrate to 

nitrous oxide method [Casciotti et al., 2002; Coplen et al., 2007] with maximum two 

sigma uncertainty of 1‰ for δ15N and 2‰ for δ18O.  
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Dissolved gases 

Dissolved gas samples provide direct evidence for denitrification. Excess 

nitrogen gas (N2) above concentrations that can be explained by excess air entrainment 

and gas solubility in water at the time of recharge indicate subsurface generation of 

nitrogen gas through nitrate transformation processes such as denitrification. Excess N2 

was incorporated into geochemical and geospatial analyses because it is the most 

direct evidence of denitrification.  

Excess N2 was estimated using dissolved gas samples collected during Phase II 

using advanced diffusion sampling devices (ADS) [Gardner and Solomon, 2009]. After 

removal of 3 well volumes and attainment of field parameter stability, each ADS was left 

to equilibrate with the aquifer at each site for 48 hours in the middle of the open interval 

before retrieval. Dissolved gas samples were extracted from each ADS at the University 

of Utah Dissolved and Noble Gas Lab and examined using a Magnetic Sector-Field 

Mass Spectrometer. Reported analytical precision is plus or minus 4% for nitrogen gas 

concentrations [N2], 2% for Argon concentrations [Ar], 2% for Neon concentrations [Ne], 

and 3-4% for Xenon concentrations [Xe]. 

Data Analysis 

Nitrate isotopes 

Dual isotope measurements allow the inference of denitrification based upon 

isotopic changes in enrichment of heavier 15N and 18O isotopes that occurs during 

denitrification and can be used to distinguish between assimilation and denitrification 

enrichment mechanisms and allows for better resolution of nitrogen source and 

denitrification evidence [Amberger and Schmidt, 1987; Kendall and Aravena, 2000; 

Kendall and McDonnell, 2012]. To evaluate isotopic evidence two diagnostic measures 
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were used; the slope of the relationship between δ15N and δ18O values and isotopically 

defined N source ranges from prior research [Kendall and Aravena, 2000; Kendall and 

McDonnell, 2012]. 

Slope of the relationship between δ15N and δ18O values in spatially distributed 

samples were compared to prior spring vent measurements [Martin et al., n.d.; 

Heffernan et al., 2012]. Along distinct hydrologic flow paths experiencing denitrification 

δ15N and δ18O values increase exponentially with decreasing nitrate concentration, 

leading to δ15N: δ18O enrichment ratios along a flow path of approximately 2:1 [Vogel et 

al., 1981; Böttcher et al., 1990; Cohen et al., 2012]. With a 1:1 isotopic enrichment ratio, 

assimilation and denitrification cannot be distinguished. Thus the slope of the 

relationship between δ15N and δ18O values in spatially distributed samples is useful for 

evaluating denitrification. 

Ranges of measured δ15N and δ18O isotope values can also be compared to 

isotopic values in known nitrogen pools, e.g. synthetic fertilizer, soil nitrogen, and 

human and animal waste, to infer potential nitrogen sources [Kendall and Aravena, 

2000] (Figure 2-3).  Values of δ15N can have significant overlap between both inorganic 

and organic N source ranges [Kendall and McDonnell, 2012], however values that plot 

outside the range of nitrogen source isotopic values may have been subject to 

denitrification. Significant denitrification (>15%) has to occur before a nitrate isotope 

signature will plot outside of the source regions. Interpretation of δ15N isotopic data is 

challenging due variation in nitrogen sources in recharge caused by mixing of soil N 

reservoirs in the soil-zone and N transformations that fractionate the source signals 
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[Kendall and Aravena, 2000]. Therefore, other evidence is needed to confirm 

denitrification such as excess dissolved nitrogen (N2) gas.  

Dissolved gas  

Atmospheric gas solubility in groundwater is influenced by physical conditions 

during infiltration; most importantly the recharge temperature and excess air 

entrainment. Dissolved neon and argon gas concentrations in groundwater samples 

([Ne] and [Ar]) were used to quantify variability in recharge temperatures (𝑇𝑟) and 

excess air mass (𝐴𝑥) dissolved in groundwater recharge, allowing estimates of potential 

denitrification N2 enrichment in the absence of degassing and excess air fractionation 

(Plummer et al., 2001). 𝑇𝑟 and 𝐴𝑥 can be estimated simultaneously using [Ar] and [Ne], 

which have well constrained solubility temperature relationships and provides an 

estimate of the excess air entrained in the aquifer water. Measurements of dissolved 

noble gases concentrations such as Xenon [Xe] can improve estimates of 𝑇𝑟 and 𝐴𝑥 

[Aeschbach-Hertig et al., 1999a, 1999b].   

Dissolved gas concentration at the time of recharge in a groundwater sample 

([𝐺𝑎𝑠]𝑇) can be determined by simultaneous solution of 3 equations [Hamme and 

Emerson, 2004]. The solubility constant, 𝑇𝑠, as a function of recharge temperature (𝑇𝑟): 

𝑇𝑠 = ln (
298.15 − 𝑇𝑟

273.15 + 𝑇𝑟
) 

(2-1) 

the equilibrium solubility of other dissolved gases (e.g. [𝑁2]𝑇, [𝑁𝑒]𝑇, [𝐴𝑟]𝑇 and [𝑋𝑒]𝑇) in 

water at temperature 𝑇𝑟 at the recharge elevation:  

ln ([𝐺𝑎𝑠]𝑇) =  𝐴0 + 𝐴1𝑇𝑠  + 𝐴2𝑇𝑠
2 + 𝐴3𝑇𝑠

3 (2-2) 
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where [𝐺𝑎𝑠]𝑇 has units of milligrams of gas per liter of water, 𝐴0-𝐴3 are temperature-gas 

solubility constants; and the expected total concentration for each gas as a function of 

equilibrium concentration and excess air: 

[𝐺𝑎𝑠]𝑅𝑒𝑐 =  𝑘 ∗  [𝐺𝑎𝑠]𝑇  + 𝐴𝑥 ∗ 𝑃𝑔𝑎𝑠 (2-3) 

where 𝑘 is a conversion factor (μmol Kg-1 to mg L-1) and  𝑃𝑔𝑎𝑠 is the partial pressure for 

each gas concentration. Excess air mass 𝐴𝑥  is estimated by solving equations 1-3 for 

each measured gas, minimizing the sum of squared errors between modelled and 

observed data.   

The estimated magnitude of denitrification is the difference between measured 

N2 concentrations ([𝑁2]𝑀𝑒𝑎𝑠) and predicted N2 concentration at the time of recharge 

([𝑁2]𝑅𝑒𝑐): 

[𝑁2]𝐷𝑒𝑛 = [𝑁2]𝑀𝑒𝑎𝑠 − [𝑁2]𝑅𝑒𝑐. (2-4) 

[𝑁2]𝑅𝑒𝑐 concentrations (mg L-1) during recharge are a function of gas solubility at the 

recharge temperature, excess air mass, and partial pressure of N2 in the atmosphere 

𝑃𝑁2
 computed as 

[𝑁2]𝑅𝑒𝑐 =  𝑘 ∗  [𝑁2]𝑇  + 𝐴 𝑥 ∗ 𝑃𝑁2
 (2-5) 

where k is 0.028, 𝑃𝑁2 is the partial pressure of N2 in the atmosphere (0.78084), [𝑁2]𝑇 is 

solved using equations 2-1 and 2-2, and 𝐴 𝑥 and 𝑇𝑟 are determined using [Ne], [Ar], and 

[Xe]. 

Initial nitrate concentrations 

Excess N2 ([𝑁2]𝐷𝑒𝑛) was used to estimate initial nitrate concentrations ([NO3]0) 

and residual fraction of nitrate remaining (f).  Excess N2 measurements were combined 

with isotopic data to compute δ15N enrichment ratios (ε) and estimate initial nitrogen 
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source ([δ15N-NO3]init ) based on enrichment ratios and measured δ15N ([δ15N-NO3]obs) 

(Table 2-6).  

The value for [𝑁2]𝐷𝑒𝑛 was used to determine the original nitrate concentration 

before denitrification at the time of recharge ([𝑁𝑂3]0 ):  

[𝑁𝑂3]0 = [𝑁𝑂3]𝑚𝑒𝑎𝑠 + 2 ∗ [𝑁2]𝑑𝑒𝑛 (2-6) 

where [𝑁𝑂3]𝑚𝑒𝑎𝑠 is the measured nitrate concentration in each groundwater sample. 

The [𝑁𝑂3]0  value includes nitrate derived from nitrification in the unsaturated zone or 

UFA. Prior research contends that denitrification is the only significant nitrate 

transformation; i.e. that dissimilatory nitrate reduction to ammonium (DNRA) and direct 

nitrate assimilation are negligible based on  concentrations of ammonium and 

particulate and dissolved organic nitrogen (DON) below detection limit at spring vents 

[Heffernan et al., 2012].  Effects of these processes on δ15N-NO3 are assumed to be 

zero; spatially distributed measures in this study confirm ammonium concentrations 

below detection.  

Isotopic enrichment ratios 

An isotopic enrichment factor (ε) for denitrification was estimated by combining 

geochemical, isotopic, and dissolved gas measurements, and assuming Rayleigh 

distillation kinetics [Mariotti, 1983; Böhlke, 2002; Green et al., 2008]. This assumes that 

areal rates of N inputs are equivalent and of identical isotopic source signatures. The 

land use in the springshed is relatively homogenous with fertilizer application to crops 

and improved pasture as the dominant source of N [Katz et al., 2009] and prior research 

asserts this assumption is reasonable [Heffernan et al., 2012]. However, local variations 

in N source may be detected in spatially distributed measurements leading to a larger 
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range of uncertainty in the isotopic enrichment factor. This uncertainty in enrichment 

was considered for the estimated N sources from samples. Original nitrogen source 

([𝛿15𝑁 − 𝑁𝑂3]𝑖𝑛𝑖𝑡) was estimated for each sample using the measured δ15N 

([𝛿15𝑁 − 𝑁𝑂3]𝑜𝑏𝑠), estimated isotopic enrichment factor (휀) and the residual fraction (𝑓) 

using the following relation: 

[𝛿15𝑁 − 𝑁𝑂3]𝑖𝑛𝑖𝑡 = [𝛿15𝑁 − 𝑁𝑂3]𝑜𝑏𝑠 + 𝑙𝑛(𝑓) ∗ 휀 (2-8) 

where the residual fraction (𝑓) of original nitrate was determined as:  

𝑓 =
[𝑁𝑂3]𝑚𝑒𝑎𝑠

[𝑁𝑂3]0
 

(2-9) 

This assumes a constant fractionation in space and time and ignores potential mixing 

effects (Green et al., 2010). Source N values were compared to known ranges for 

synthetic fertilizer (<6‰) and animal derived N sources (>9‰) [Heaton, 1986]. While N 

sources may vary in space and time, these values provide a benchmark for evaluating 

general source distribution. 

Geospatial analysis 

To test the hypotheses that aquifer confinement and spatial distribution of karst 

flow focusing mechanisms influence the spatial heterogeneity in denitrification, a suite of 

geographic datasets was assembled. One data set focused on characterizing aquifer 

confinement using the generalized aquifer confinement map for Florida (Figure 2-1A), 

[USGS, 1998], intermediate confining geologic unit thickness data, 2014 (Figure 2-1B) 

[SJRWMD, 2014], and the US Environmental Protection Agency DRASTIC index 

(Figure 2-2A) [Aller et al., 1987; FDEP, 1990]. The DRASTIC index is a tool for 

understanding aquifer susceptibility to contamination. The index includes depth to 

water, net recharge, soil media, topography, aquifer media, and hydraulic conductivity. 
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The second data set included karst features that collect flow and reactants such as sink 

and swallet locations [FGS, 2003], wetlands [USFWS, 2014], and closed topographic 

depressions (CTDs) (Figure 2-2B) [FGS, 2004]. Metrics evaluated for each sampled 

well include: distance to nearest sink, swallet, CTD, or wetland, number of CTDs or 

wetlands within 0.5 km, total area of CTDs or wetlands within 0.5 km, confining layer 

thickness and DRASTIC Index.  

Geospatial data were analyzed to investigate the correlation between features 

that influence land surface aquifer connectivity and denitrification proxies ([𝑁2]𝐷𝑒𝑛). 

Nitrate isotope data are subject to several fractionation processes between the time of 

infiltration and aquifer recharge that can confound inference of denitrification. Therefore, 

only excess dissolved nitrogen gas ([𝑁2]𝐷𝑒𝑛) data were examined with spatial and 

geochemical data. Linear regression was used to examine the correlation between 

geospatial information, aquifer geochemistry (redox state, nitrate availability, electron 

donor availability), and dissolved gas denitrification measurements ([𝑁2]𝐷𝑒𝑛). For further 

evaluation of spatial trends across the collected data, chemistry, [𝑁2]𝐷𝑒𝑛, and geospatial 

data were spatially aggregated into two groups for comparative analysis; sites with and 

without [𝑁2]𝐷𝑒𝑛 detection and sites above and below the Cody Escarpment (i.e. 

confined and unconfined). The non-parametric Mann–Whitney U test was used to test 

the null hypothesis that the distributions of both populations were equal and whether the 

mean parameters of each group were significantly different. Statistical power was 

computed using G*Power [Faul et al., 2007]. 
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Spatially distributed and spatiotemporally averaged nitrate transformation data 

To examine how heterogeneous nitrate transformations at the local scale 

integrate to the basin scale, [𝑁2]𝐷𝑒𝑛, initial nitrate at time of recharge ([NO3]0) and 

residual nitrate fraction (f) from distributed synoptic well samples were compared to the 

spring vent metrics for the springs reported by Heffernan et al., [2012]. Nitrate isotope 

measures compared include enrichment ratios of δ15N:δ18O in nitrate isotopes (Figure 

2-3), relationships between δ15N and DO (Figure 2-4A), δ15N isotopic enrichment ratios 

(Figure 2-4B) and reconstructed δ15N source values. 

Results 

Nitrate Isotopes 

Nitrate isotopes collected in Phase I and II indicated a significant influence of 

fertilizer and soil nitrogen derived nitrate with minimal influence of animal and human 

waste (Figure 2-3). Measured δ15N and δ18O values ranged from 0.55 to 10.0 ‰ and 

5.6 to 16 ‰, respectively (Table 2-2); consistent with groundwater nitrate from cultivated 

lands [Bohlke and Denver, 1995; Kendall and Aravena, 2000]. Values of δ15N less than 

6‰ are consistent with fertilizer sources. Significant correlation between nitrate isotopes 

was observed (δ 15N and δ18O), with a slope for their association of 1.41 (Figure 2-3), 

which was much higher than slopes reported elsewhere, suggesting atmospheric δ18O 

enrichment from nitrification was influencing the expected association. Up to one third of 

the oxygen isotopes in nitrate can come from atmospheric sources [Snider et al., 2010]. 

Atmospheric δ18O values are approximately 24‰ [Luz and Barkan, 2011], leading to 

observed δ18O increases relative to δ15N. 

Reconstructed δ15N source values in this study ranged from -0.91 to 8.59‰ 

(Table 2-2). These values overlap with previously identified ranges for fertilizer and are 
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comparable to measured spring δ15N values (-0.6 to 6.9‰) previously reported by 

Heffernan et al. (2012), and for values previously reported by [Katz et al., 2004, 2009], 

for springs across in North Florida (2.6 ‰ to 7.9 ‰).  

Dissolved Gases 

Excess nitrogen gas ([𝑁2]𝐷𝑒𝑛) values ranged from -1.10 to 1.37 mg L-1. The 

[𝑁2]𝐷𝑒𝑛 values were above zero for half of the sampled sites, ranging from 0.08 to 1.37 

mg L-1 (Table 2-2). Values of [𝑁2]𝐷𝑒𝑛 (>0.55 mg L-1) were detected in 4 wells (Table 2-3 

and Figure 2-1). In the subsequent analyses, all values greater than zero were 

considered. 

Selected Geochemistry of Sites with Excess Nitrogen Gas 

All measured geochemistry values for this study are provided in Appendix 1. 

Selected mean geochemical data from both sampling events were compared for sites 

with [𝑁2]𝐷𝑒𝑛 above zero (Table 2-3). The highest [𝑁2]𝐷𝑒𝑛 values were detected in sites 

5, 9, 10, and 12. The highest values occurred at site 9 which had highly reducing anoxic 

conditions with low mean DO concentrations and negative ORP, low mean nitrate and 

DOC concentrations and highest measured iron and manganese concentrations. Site 

10 had the second highest [𝑁2 ]𝐷𝑒𝑛 value, with moderate mean DO concentrations (5.67 

mg L-1), positive ORP, and highest mean nitrate, sulfate, and DOC concentrations. Site 

12 had anoxic conditions with low mean DO concentrations (2.69 mg L-1), substantial 

mean nitrate concentrations (0.73 mg L-1) and lowest mean DOC concentrations. Site 5 

was oxic with high mean DO concentration (6.81 mg L-1), positive ORP, low mean 

nitrate concentration, and the second highest mean DOC concentrations (0.93 mg L-1).  
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Geospatial Analysis 

To investigate the role of confinement as a driver of the spatial distribution of 

denitrification, mean behaviors of spatially averaged geochemistry for the confined and 

unconfined regions of the Ichetucknee Springshed were examined. The analysis 

revealed mean ORP (-116 mv) was significantly different from ORP in the unconfined 

region (116mv, p=0.01); iron and manganese concentrations were higher in the 

confined region than the unconfined region, p=0.09 and p=0.02, respectively. However, 

parameters which describe conditions that facilitate denitrification (DO) and reactant 

availability DOC, and nitrate, had similar means (p > 0.19) for the confined and 

unconfined regions (Table 2-4). 

To gain insights into factors associated with [𝑁2]𝐷𝑒𝑛 values, mean geochemical 

(e.g. NOx-N, SpC, ORP) and geospatial data (e.g. DRASTIC Index, confining unit 

thickness) were compared for sites with and without [𝑁2]𝐷𝑒𝑛 detection (Table 2-5). This 

comparison indicated sites with [𝑁2]𝐷𝑒𝑛 were associated with higher mean nitrate 

concentrations (0.95 mg L-1, P<0.009), and lower confining unit thickness (14.33 ft, 

P=0.12), higher mean ORP (128.70 mv, P=0.13), shallower depth to water (29.81 ft, 

P=0.13). However there was an insignificant difference in DOC (P=0.58), iron (P=0.54, 

manganese (P=0.79), and DO concentrations (P=0.79). 

Linear regressions between [𝑁2]𝐷𝑒𝑛 concentrations and geospatial data were 

used to test the prediction that aquifer confinement (e.g., DRASTIC index, confinement 

unit thickness) and proximity to surface features that enhance surface-to-aquifer 

connectivity (e.g. to CTDs, Sinks, Swallets) drive observed variation in the spatial 

distribution of denitrification. Linear regressions between denitrification evidence, 
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aquifer confinement, and proximity to CTDs, sinks, swallets, and wetlands were 

conducted for all measured [𝑁2]𝐷𝑒𝑛 values and [𝑁2]𝐷𝑒𝑛 values greater than zero. Only 

[𝑁2]𝐷𝑒𝑛 values greater than zero showed strong spatial correlation with the number (R2= 

0.85, p=0.006, Figure 2-4A), area (R2= 0.85, p=0.006, Figure 2-4B), and nearest 

distance to (R2=0.64, p=0.04, Figure 2-4C) wetlands within a 500m buffer, all other 

relationships were statistically insignificant (p<0.7).  

Spatially-Averaged and Flow-Averaged Denitrification Evidence 

In this study, mean [𝑁2]𝐷𝑒𝑛 across all springshed groundwater samples was 0.31 

mg L-1 which was similar but less than the 0.51 mg L-1 mean [𝑁2]𝐷𝑒𝑛 from spring vent 

samples. Mean [NO3]0 values for the wells (1.22 mg L-1) were similar to prior spring 

samples (1.18 mg L-1). Groundwater [NO3]0 values ranged from 0.02 to 5.56 mg L-1 

(Table 2-2), whereas in spring samples [Heffernan et al., 2012] [NO3]0 values ranged 

from 0.78 to 1.68 mg L-1. The residual fraction of nitrate (f) values for well samples 

ranged between 0.04 and 1.0 with a mean of 0.71 (Table 2-2), whereas the reported 

springs samples ranged from 0.28 to 0.85, with a mean of 0.52 [Heffernan et al., 2012].  

The δ15N:δ18O isotopic enrichment ratio for well samples (1.41, Figure 2-3) was 

much higher than the enrichment ratio (0.61) calculated from all available spring 

samples (including spring measurements collected during this study and samples 

collected during the study by Martin et al. [in press], or the enrichment ratio (0.99) 

calculated from a suite of UFA spring vent samples [Cohen et al., 2012; Heffernan et al., 

2012]. The linear relationship between δ15N and DO in well samples was insignificant 

(P=0.6, Figure 2-5A), however the slope obtained for the springs using all available data 

was significant (P=7E-8, Figure 2-5B).   
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Discussion 

Data from this study illustrated the utility of spatially-distributed nitrate isotope 

and dissolved gas evidence to characterize the magnitude and spatial distribution of 

denitrification in karst springsheds, provided information about conditions (e.g. redox 

state and reactant availability) that facilitate denitrification in an eogenetic karst 

springshed across an aquifer confinement gradient, and examined how land-surface-

aquifer connections may facilitate denitrification. These data show significant 

heterogeneity in N cycling, geochemistry and redox state.  

High geochemical heterogeneity and low spatial density of available wells for 

analysis contributed to underpowered statistical results. Statistical comparisons for 

geochemistry in samples obtained in the confined and unconfined region showed 

powerful (>0.65) and significant (P<0.02) differences in DIC, pH, ORP, and manganese. 

However, high heterogeneity (i.e. high standard deviation) and low effect size values led 

to low powered statistical evaluations for all other parameters. Specifically in samples 

obtained where the UFA is confined, mean DO and nitrate concentrations were lower 

and mean DOC concentrations were higher than the unconfined region. This led to the 

expectation that these parameters would be significantly different between the 

unconfined and confined aquifer groundwater samples. However, Mann-Whitney U test 

results for these parameters were underpowered and differences were insignificant 

(P>0.19) (Table 2-4).  

Parameters which describe redox state (e.g. DO and ORP) and reactant 

availability (e.g. nitrate and DOC concentrations) were expected to be significantly 

different between sites with and without [𝑁2]𝐷𝑒𝑛 detection. However, all parameters had 

low statistical power (<0.3) and only mean nitrate concentrations were significantly 
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different (P<0.01) (Table 2-5). Together these statistical analyses illustrate the extreme 

heterogeneity in geochemistry and discordance between expected conditions that 

facilitate denitrification and observed local porewater conditions.  

To examine how observed geochemical heterogeneity relates to observed 

springshed-scale denitrification evidence, spatially-aggregated (i.e. averaged) point 

measures were used to reconstruct previously observed spring-vent (i.e. flow-averaged) 

denitrification evidence from spatially distributed well samples.  

Utility of Nitrate Isotopes and Dissolved Gas Measurements in Karst Aquifers: 

The utility of distributed isotopic measures as primary evidence to describe 

nitrate transformations in karst aquifers is limited. Spatially distributed denitrification 

evidence was equivocal using isotopic methods. Denitrification could not be inferred 

with isotopic data because enrichment was not significant enough to clearly plot outside 

any of the N source ranges or rule out source mixing with organic waste or atmospheric 

nitrogen sources (Figure 2-3). This finding implies that mixing of multiple isotopic 

sources remains the strongest influence on local-scale isotopic ratios, perhaps masking 

the influence of denitrification on isotopic ratios. Interpretation of these ratios depends 

on the assumption that measurements were made along distinct hydrologic flow paths 

which are difficult to discern in karst aquifers. In contrast, spring-vent isotope measures 

unequivocally describe flow averaged springshed denitrification, as evident by 

consistent δ 15N and δ18O covariance across multiple studies (Figure 2-3) [ Katz, 2004; 

Cohen et al., 2012; Heffernan et al., 2012].  

Dissolved gas measurements are not influenced by local-scale isotopic variations 

in nitrate source or nitrogen transformation in the unsaturated zone before recharge. 

Dissolved gas measures provide direct evidence of that denitrification occurred in the 
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UFA. These measures require assumptions about gas solubility and recharge 

temperatures, but adding noble gases (e.g. Xe) reduces uncertainty. Dissolved gas 

measurements provided unequivocal evidence of denitrification; future sampling efforts 

should focus on collecting these data as a direct measure of denitrification. 

Conditions That Facilitate Denitrification 

Redox state and reactant availability 

It was expected local conditions such as aquifer redox state and reactant 

availability would influence [𝑁2]𝐷𝑒𝑛 concentrations. In a national study, Burrow et al. 

[2010], noted that redox conditions, and iron concentrations explain most of the 

variation in nitrate concentrations. However due to preferential flow paths in karst 

aquifers, the relationships between redox state, reactant availability, and denitrification 

magnitude aren’t well defined. Sites with [𝑁2]𝐷𝑒𝑛 detection were not significantly 

associated with indicators of redox state such as low DO and low or negative ORP or 

electron donor availability (e.g. DOC, iron, manganese)(Table 2-5). However, the 

highest [𝑁2]𝐷𝑒𝑛 value did occur at site 9 where conditions were the most anoxic (lowest 

DO concentrations, negative ORP). Significant variations in iron and manganese 

concentrations in the unconfined region where all [𝑁2]𝐷𝑒𝑛 detection occurred, and high 

iron and manganese concentrations where the highest [𝑁2]𝐷𝑒𝑛 value occurred support 

that solid phase alternate electron donor availability may be facilitating 

chemolithoautotrophic denitrification. However, across all measured sites, redox state 

(e.g. DO concentrations and ORP) was not a good predictor of the magnitude of 

denitrification (Table 2-3), the spatial distribution of [𝑁2]𝐷𝑒𝑛 values (Table 2-5), or δ15N 

enrichment (Figure 2-4A). Often [𝑁2]𝐷𝑒𝑛 values were high even where DO 
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concentrations were unfavorable for denitrification [Rivett et al., 2008]. Together these 

data support that low redox state facilitates denitrification but is not necessary.  

There could be several explanations for this unexpected discordance between 

redox state and observed denitrification. When reactants aren’t limited, DOC can 

facilitate oxygen metabolism to reduce DO. Also, local reduction zones in microbial 

biofilms on aquifer substrates could create favorable conditions where transformations 

could occur, this localized biogeochemistry in biofilms has been documented previously 

on saturated soil aggregate biofilms [Sexstone et al., 1985], in biofilm reactors [Kuenen 

et al., 1986; Revsbech et al., 1989; Biesterfeld et al., 2003; Satoh et al., 2004] and 

sulfidic karst environments [Macalady et al., 2006; Gray and Engel, 2013]. Furthermore, 

Biesterfeld et al. [2003] noted significant biofilm denitrification even with available DO in 

the bulk aqueous phase.  

Another mechanism that can explain the lack of concordance between redox 

state and denitrification is groundwater mixing. Measured DO concentrations and ORP 

in wells may reflect a mixture of local porewater and higher DO concentrations and ORP 

from more recently recharged water conveyed though karst preferential flowpaths. 

Furthermore, measured [𝑁2]𝐷𝑒𝑛 may reflect contribution from upgradient denitrification. 

This finding suggests that future studies would benefit from quantifying water sources 

near wells using end member mixing models, determining the potential role of DOC in 

reducing DO to concentrations which facilitate denitrification, and examine the potential 

importance of microsite denitrification through sampling of local biofilms using recently 

developed sonication sampling [Ugolini et al., 2014]. 
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Despite unfavorable local DO concentrations and ORP values in some wells, 

evidence of denitrification was observed where reactant availability (e.g. nitrate and 

DOC) was high (sites 10 and 5), and deep groundwater upwelling has been 

documented previously (site 12) [Champion and Upchurch, 2003a; Moore et al., 2009, 

2010]. Site 12 is located near the springs and thus may have [𝑁2]𝐷𝑒𝑛 contributed from 

converging older groundwater flow paths. This is not surprising given that convergent 

flow paths near springs may mix water of various ages and sources [Martin and Gordon, 

2000].  

Aquifer confinement 

Aquifer confinement was hypothesized as a potential driver of observed variation 

in denitrification evidence because confined aquifers have been previously shown to be 

hotspots of denitrification [Rivett et al., 2008] and in the springshed the conditions for 

denitrification are favorable in the confined region with relatively high mean NOx-N and 

DOC, low mean DO concentrations, negative mean ORP, and evidence of available 

solid phase electron donors evident from high iron, manganese, concentrations (Table 

2-4). In spite of this, a distinct progression of geochemical conditions from anoxic to oxic 

conditions was not observed in groundwater samples taken from wells across the 

confinement gradient and all evidence of denitrification was observed in the unconfined 

region. 

Denitrification evidence examined with proxies for aquifer confinement indicate 

that all sites with [𝑁2]𝐷𝑒𝑛 occurred below the Cody Escarpment in the unconfined region 

of the springshed (Figure 2-1B, Table 2-4); sites with [𝑁2]𝐷𝑒𝑛 were associated with high 

nitrate concentrations and shallow water table depths, and decreased confining unit 
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thickness (Table 2-5). Furthermore, ORP was significantly lower in the confined region 

than the unconfined region while mean DO, DOC, and nitrate concentrations, had 

statistically similar mean behaviors (p > 0.19) for the confined and unconfined groups 

(Table 2-4). This suggests that geochemical conditions imposed by aquifer confinement 

that favor denitrification were not driving observed nitrate transformations. 

In the confined region, horizontal surficial flow paths focus may flow toward 

depressions, sinks, and wetlands that may be connected to the UFA, possibly creating 

nitrate transformation hotspots through delivery of missing reactants over small spatial 

scales that the limited density of wells in this study did not capture. It is possible that 

there is higher spatial heterogeneity in groundwater concentrations in the confined 

Ichetucknee Springshed due to solute delivery through focused recharge, whereas 

groundwater in the unconfined region may be more spatially homogeneous due to 

solute delivery through more uniform recharge. To explore this idea, the coefficient of 

variation (CV) in geochemical parameters was compared between the unconfined and 

confined region (Table 2-6). Indeed, the variation in samples from the confined region 

was higher for many geochemical parameters. However, nitrate, iron and manganese 

concentrations in the unconfined region had larger CV. This finding paired with [𝑁2]𝐷𝑒𝑛 

detection only in the unconfined region and significant  [𝑁2]𝐷𝑒𝑛 variation support that 

availability of nitrate and solid phase iron and manganese may influence the spatial 

distribution of denitrification, as suggested by Heffernan et al. [2012]. Higher spatial 

variability in geochemistry in the confined region indicates that sampling efforts must be 

denser in order to effectively characterize average conditions over the confined area. 
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Land-Surface aquifer connections 

To test the prediction that proximity to flow focusing features in karst terrain 

influence the spatial distribution and magnitude of denitrification, linear regression 

between denitrification evidence and proximity to depressions, sinks, and wetlands was 

evaluated for all measured [𝑁2]𝐷𝑒𝑛 values and [𝑁2]𝐷𝑒𝑛 values greater than zero.  

However, only [𝑁2]𝐷𝑒𝑛 values greater than zero showed strong correlation with wetland 

metrics (number of wetlands, wetland area, and nearest distance; Figure 2-4). This 

implies that UFA-wetland connections may contribute to denitrification in the aquifer. 

Most surveyed wetlands in the region are geographically isolated (i.e. no persistent 

surface outflows) and coincident with local depressions that may collect water and 

essential reactants (e.g. DOC) from the surrounding environment. Thus wetlands may 

represent connections that provide a key DOC source to an electron donor limited 

aquifer. Alternatively, the denitrification evidence observed in the UFA wells could be 

indicative of reactions taking place in the saturated zone in wetlands where conditions 

do not allow excess N2 to be returned to the atmosphere. However many sites were 

near wetlands and did not have [𝑁2]𝐷𝑒𝑛, suggesting that either wetland proximity is a 

necessary but not sufficient condition to facilitate nitrate transformations, or that 

surveyed wetlands are not in a hydrologic flowpath upgradient from the sites that did not 

show denitrification evidence. The underlying aquifer may be required to have the right 

conditions (e.g. lower DO, enriched nitrate) and be connected to a wetland delivering 

reactants for the wetland to influence the magnitude of measured [𝑁2]𝐷𝑒𝑛. Whether 

wetlands convey missing reactants to the aquifer or the observed [𝑁2]𝐷𝑒𝑛 occurred in 
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the wetlands and was subsequently conveyed to the aquifer is a subject for further 

research.   

Spatially-aggregated and flow-averaged measurements 

Spring vent samples are spatiotemporally-averaged (i.e. flow averaged); they 

integrate mean behavior of basin-scale geochemistry, reactant availability and recharge 

across converging hydrologic flowpaths at springs. In contrast, spatially-aggregated 

measurements integrate local-scale point measurements of geochemistry, reactant 

availability and recharge variation resulting from a particular hydrologic flowpath. With 

sufficient sampling density, one would expect that spatially-aggregated samples could 

reconstruct observed behaviors deduced from spring measurements.  

Spatially aggregated [𝑁2]𝐷𝑒𝑛 measurements (0.31 mg L-1) and mean [NO3]0 

(1.22 mg L-1) were close to flow averaged spring measurements for [𝑁2]𝐷𝑒𝑛 (0.51 mg L-

1) and [NO3]0 (1.18 mg L-1), suggesting good correspondence between the two 

methods. Inert excess N2 gas records denitrification and is not influenced by local scale 

nitrogen cycling.  

On the other hand, isotopic denitrification evidence was influenced by local scale 

variability in N source and cycling. Typical metrics used to evaluate denitrification using 

isotopic evidence in aquifers (e.g. δ15N enrichment ratios, δ15N enrichment trends) are 

highly influenced by local heterogeneity in nitrogen transformation mechanisms such as 

nitrification. In spatially distributed samples, δ15N isotopic enrichment ratios (Ɛ) for the 

synoptic well sampling were much lower than those measured in the springs (Figure 2-

5B). Furthermore unlike prior spring measurements, the distributed measures of NOx-N 

and δ15N did not follow the expected negative linear trend, and increasing δ15N was not 

correlated with decreasing DO concentrations (Figure 2-5A). These findings underscore 
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how significant heterogeneity in the UFA influences local-scale isotopic denitrification 

evidence.  

Complex hydrologic flow paths can mix denitrified water from upgradient flow 

paths, where conditions and reactant availability are more favorable, with recently 

recharged water contributing uncertainty in the source of observed [𝑁2]𝐷𝑒𝑛. Low density 

point-sampling renders study findings subject to the confounding effects of this 

heterogeneity. High geochemical heterogeneity and low spatial density of available 

wells for analysis contributed to underpowered statistical results. Thus if 

characterization of chemistry at the springshed scale is desired, unreasonable numbers 

of samples may be required to capture all of the variability. This heterogeneity presents 

challenges in reassembling springshed N dynamics from spatially distributed point 

measurements. While distributed measures taken through time may provide insights 

into springshed behaviors (i.e. change detection), spring vent measures have the 

advantage that they are inherently spatiotemporally averaged and provide clear 

relationships that are not influenced by local heterogeneity. The contrasting behavior of 

measurements at different scales further underscores the challenges of interpreting 

spatially distributed measurements in karst aquifers. 

Study Summary 

 Many conceptual models for interpreting geochemical data rely on spatial or 

temporal progressions in geochemistry that are often difficult to define in karst aquifers 

due to variation and connectivity in preferential flow paths. Significant heterogeneity was 

observed in groundwater redox condition, reactant concentrations, and the distribution 

of land surface aquifer connections. While spatially-distributed measures provided 

insights into local-scale evidence of denitrification, extension of these behaviors to 
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larger spatial scales was plagued by uncertainty induced by process variability (i.e. 

different N transformation mechanisms), local recharge and geochemical variation, and 

poorly described upgradient and downgradient hydrologic flow paths.  

Denitrification was detected even where local aquifer conditions are presumed to 

be unfavorable. Thus, assumptions of local denitrification potential based upon 

porewater chemistry alone may neglect the potentially significant influence of biofilm 

nitrate transformations or upgradient nitrate transformations. Direct sampling of nitrate 

transformation in aquifer material biofilms may provide insights into nitrate 

transformation where aquifer conditions are considered unfavorable for nitrate 

transformations. 

Aquifer confinement and karst flow focusing mechanisms (e.g. sinks) were 

hypothesized to be important drivers of spatial variability in denitrification. Aquifer 

confinement can lead to conditions that facilitate nitrate transformations (e.g. low DO) 

and flow focusing mechanisms can quickly route reactants into the aquifer (e.g. DOC). 

Neither aquifer confinement, sinks, swallets, nor closed topographic depressions were 

correlated with denitrification proxies (i.e. excess N2 gas). Results support that wetland-

aquifer connections may be associated with denitrification proxies. However, this 

relationship only held for sites with [𝑁2]𝐷𝑒𝑛 detection, indicating that wetland 

connectivity to local aquifer conditions may not be simply predicted by geographic 

proximity in karst aquifers where extensive subsurface preferential flow paths exist. The 

potential wetland-aquifer-denitrification relationship observed in this study warrants 

further investigation.  
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Comparison of spatially distributed and spring vent sampling methods support 

that high density point measurements are required to reproduce spring-vent signals, 

especially if characterization of major anions and cations and isotopic evidence is 

desired. However, dissolved excess N2 gas and reconstructed initial nitrate 

concentration measurements for both methods had surprisingly good concordance 

given the limited available spatial density for sampling. Thus, spatially distributed 

measurements provide information about spatial heterogeneity in geochemistry, local-

scale N cycling and attenuation, and when spatially aggregated, reproduce direct 

denitrification evidence reasonably. 

In summary, data support that denitrification occurred only in the unconfined 

region where the UFA is closely connected to the surface, where nitrate reactant 

availability is high, and that low redox state (e.g. negative ORP, and low DO) was not a 

good predictor for denitrification. Isotopic denitrification evidence was inconclusive and 

highly influenced by local variations in N loading and cycling. Direct evidence of excess 

dissolved N2 gas supports that denitrification occurred throughout the Ichetucknee 

Springshed, was highly spatially heterogeneous, and has a suggestive correlation with 

wetlands. While spatially distributed dissolved gas measures were heterogeneous, 

point-scale aggregation resulted in reasonable correspondence between reconstructed 

initial nitrate concentrations and excess N2 measured at springs. 
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Figure 2-1.  Ichetucknee Springshed Sampling Site map.  A) Site location in Florida with 
Floridan aquifer confinement.  B) Ichetucknee Springshed showing Gulf Coast 
Lowlands, Northern Highlands Province, Cody Escarpment, Rose, Clay Hole, 
and Cannon Sinks, streams, Ichetucknee Springs Group, and sampling site 
locations. 
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Figure 2-2.  Spatial data for Ichetucknee Springs and Cody Escarpment.  A) Spatially 
distributed DRASTIC Index sampling sites.  B) Locations of potential land 
surface-aquifer connections; wetlands, closed topographic depressions, sinks 
and swallets. 
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Figure 2-3.  Measured isotopes of nitrate, showing nitrogen source ranges for synthetic 
(shaded), soil, and animal waste nitrogen sources, and linear regression for 
data collected in the springshed (black) and spring vents (gray circles) as part 
of this study, samples collected by Martin et al., [2016] (gray triangles), as 
well as prior reported data (Heffernan, 2012). Linear regression lines for δ18O 
and δ15N enrichment with reported δ15N:δ18O slopes for the springshed (solid 
line), and all springs (gray line). 
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Table 2-1.  Ichetucknee Spring Basin well information. 

Site 
number 

Latitude Longitude 
Elevation 

(ft) 

Well 
depth 

(ft) 

Depth to 
water 

(ft) 

Open 
interval 
range 

(ft) 

1 -82.59 30.18 197 836 95 183-203 

2 -82.61 30.10 140 133 103 113-133 

3 -82.64 30.18 141 836 95 689-836 

4 -82.70 30.07 60 84 15 50-84 

5 -82.71 29.98 77 65 49 45-65 

6 -82.70 30.07 76 150 31 120-150 

7 -82.71 30.19 161 180 106 140-180 

8 -82.75 29.97 45 36 21 16-36 

9 -82.75 30.02 58 53.1 28 28-53 

10 -82.72 30.05 54 35 22 33-35 

11 -82.81 30.21 199 165 143 128-165 

12 -82.75 29.98 50 34 26 14-34 

13 -82.76 29.96 48 39 26 19-39 

14 -82.79 29.96 50 37 21 17-37 

15 -82.77 29.98 55 41 33 21-41 

16 -82.75 30.02 65 49 36 29-49 

 

Table 2-2.  Estimates of excess N2 (N2den), initial NO3-N concentrations [[𝑁𝑂3]0, residual 
fraction of original NO3 (f) observed at the sampling site, and estimated 
nitrogen source δ15N value ([δ15N-NO3]init) based on range of fitted global 
enrichment factors. All nitrate, nitrogen, and excess air concentrations are in 
units of mg L-1, f is unitless, temperature is in Celsius, and isotope value units 
are in per mil. 

Date Site 
Excess 

Air  
Recharge 

Temp. 
NOx-N [N2]den [NO3]0 f [δ15N-NO3]obs [δ15N-NO3]init 

3/18/14 1 1.26 23.52 0.02 -1.10 0.02 1.00 5.26 5.26 

3/18/14 3 0.00 23.87 0.03 -0.09 0.03 1.00 3.51 3.51 

3/7/14 5 0.35 23.41 0.38 0.60 1.59 0.24 6.75 4.49 

3/9/14 8 0.80 22.70 0.39 0.20 0.80 0.49 8.72 7.60 

3/14/15 9 1.81 22.22 0.12 1.37 2.86 0.04 4.01 -0.91 

3/14/14 10 0.94 22.75 3.68 0.94 5.56 0.66 4.47 3.82 

3/9/14 12 1.52 23.31 0.78 0.55 1.88 0.41 3.43 2.04 

3/7/14 13 1.28 20.86 0.04 -0.63 0.04 1.00 7.61 7.61 

3/9/14 14 1.62 20.49 0.37 0.08 0.53 0.70 2.89 2.34 

3/7/14 15 0.45 22.63 0.06 0.00 0.06 1.00 2.49 2.49 

3/14/14 16 0.15 24.52 0.03 -0.11 0.03 1.00 1.73 1.73 

 



 
 

54 
 

Table 2-3.  Phase I and Phase II geochemical parameters for the four sites with the 
highest excess N2 gas ([N2]den) values. 

Site Sample 
DO 

(mg L-1) 
ORP 
(mv) 

SO4 
2-  

(mg L-1) 
NOx-N  

(mg L-1) 
DOC 

(mg L-1) 
Fe2+ 

(mg L-1) 
Mn2+ 

(mg L-1) 

5 Phase I 6.81 158.60 0.32 0.33 1.23 0.004 0.000 

5 Phase II 6.81 262.40 0.48 0.38 0.63 0.012 0.001 

5 Mean 6.81 210.50 0.40 0.35 0.93 0.01 0.00 

9 Phase I 0.15 -177.30 8.16 0.07 0.26 0.463 0.038 

9 Phase II 0.53 -141.00 8.53 0.12 0.70 0.526 0.035 

9 Mean 0.34 -159.15 8.34 0.10 0.48 0.49 0.04 

10 Phase I 5.27 41.60 28.93 4.39 1.17 0.003 0.001 

10 Phase II 6.06 119.10 27.42 3.68 1.17 0.004 0.001 

10 Mean 5.67 80.35 28.18 4.03 1.17 0.00 0.00 

12 Phase I 2.37 118.40 5.12 0.69 0.17 0.003 0.002 

12 Phase II 3.01 176.50 5.08 0.78 0.54 0.001 0.000 

12 Mean 2.69 147.45 5.10 0.73 0.36 0.00 0.00 

 

Table 2-4.  Confined and unconfined aquifer Mann-Whitney U test results for selected 
geochemical and geospatial data, showing mean (μ) standard deviation (σ), 
Mann Whitney U statistic, probability (P), and statistical power. The null 
hypothesis is that mean values for sites in the confined and unconfined 
regions are the same. Statistical power analysis assumed a significance value 
(α) of 0.05.  

  
Confined 

n=7 
Unconfined 

n=20         

  
μ σ Μ σ 

Effect 
Size 

U P Power 

DIC  (mg L-1) 25.05 12.96 44.88 9.21 1.48 12.00 0.00 0.88 

pH 7.76 0.51 7.08 0.56 1.10 123.00 0.00 0.65 

K+ (mg L-1) 3.83 8.20 0.41 0.36 0.81 122.00 0.00 0.41 

SPC (ms cm-1) 294 195 493 178 1.00 20.50 0.01 0.57 

ORP (mv) -116 218 100 116 1.25 23.00 0.01 0.76 

Mn2+ (mg L-1) 0.02 0.03 0.00 0.01 1.11 111.00 0.02 0.65 

PO4 
3-(μg L-1) 0.03 0.02 0.06 0.04 0.83 32.00 0.04 0.42 

Fe2+ (mg L-1) 0.10 0.11 0.06 0.16 0.21 101.00 0.09 0.02 

DOC  (mg L-1) 1.16 1.01 0.52 0.34 1.01 94.00 0.19 0.58 

DO (mg L-1) 2.77 3.60 4.83 2.64 0.69 47.00 0.21 0.31 

NOx-N (mg L-1) 0.39 0.54 0.76 1.26 0.33 53.00 0.36 0.10 
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Table 2-5.  Excess nitrogen gas Mann-Whitney U test results for selected geochemical 
and geospatial data, showing mean (μ) standard deviation (σ), Mann Whitney 
U statistic, probability (P), and statistical power. The null hypothesis is that 
mean values for sites with and without [N2]den are the same. Statistical power 
analysis assumed a significance value (α) of 0.05.  

  
Detected [N2]den 

n=6  
No [N2]den 

n=5         

 μ Σ μ σ 
Effect 
Size 

U P Power 

NOx-N (mg L-1) 0.95 1.35 0.04 0.01 0.86 30 0.00 0.23 

Confining unit thickness (ft) 14.33 16.28 46.60 50.00 0.86 6 0.12 0.23 

pH 6.82 0.18 7.48 0.86 1.01 6 0.13 0.30 

ORP (mv) 128.70 139.84 -23.76 257.06 0.74 24 0.13 0.19 

Depth to water (ft) 29.81 10.60 58.55 37.13 1.00 6 0.13 0.29 

DOC (mg L-1) 0.66 0.27 1.28 0.97 0.85 8 0.25 0.23 

Fe2+ (mg L-1) 0.09 0.21 0.06 0.13 0.17 11 0.54 0.06 

Mn2+ (mg L-1) 0.01 0.01 0.02 0.03 0.46 13 0.79 0.10 

DO (mg L-1) 4.47 2.60 3.82 3.31 0.23 17 0.79 0.06 
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Figure 2-4.  Linear regression for all sites (gray line) and sites with observed excess N2 
gas (black line) for three wetland metrics showing R2 correlation coefficient 
and p-value for all sites (left) and sites with excess N2 (right).  A) Linear 
regression for wetland area within 0.5 km in (km2).  B) Linear regression for 
number of wetlands within 0.5 km.  C) Linear regression for distance to 
nearest wetland in km.  
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Figure 2-5.  Springshed and spring vent linear regressions for δ15N, dissolved oxygen 
and enrichment ratios.  A) Relationship between δ15N and dissolved oxygen 
for springs (gray line) and spatially distributed sites (black line).  B) The δ15N 
enrichment factors computed using linear regression of spatially distributed 
sites (black line) and all spring measurements (gray line). 

Table 2-6.  Comparison of coefficients of variation (CV) in measured geochemistry 
between the confined and unconfined regions of the Ichetucknee Springs 
Basin. 

Parameter Confined CV Unconfined CV Difference 

pH 0.07 0.08 -0.01 

DO (mg L-1) 1.30 0.55 0.75 

ORP (mv) 1.87 1.16 0.71 

SPC (ms cm-1) 0.66 0.36 0.30 

Na+ (mg L-1) 0.79 0.40 0.38 

K+ (mg L-1) 2.14 0.88 1.26 

Mg2+ (mg L-1) 0.73 0.82 -0.08 

F- (mg L-1) 0.96 1.16 -0.20 

Cl-  (mg L-1) 0.58 0.37 0.21 

SO4
2-  (mg L-1) 2.01 1.01 1.00 
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Table 2-6 (continued)   

Parameter Confined CV Unconfined CV Difference 

NOx-N-  (mg L-1) 1.39 1.67 -0.28 

DOC  (mg L-1) 0.87 0.66 0.21 

DIC  (mg L-1) 0.52 0.21 0.31 

Fe2+ (mg L-1) 1.19 2.45 -1.26 

NH3 (mg L-1) 1.29 0.94 0.35 

Mn2+ (mg L-1) 1.08 2.52 -1.44 

Sr2+ (mg L-1) 1.33 0.60 0.72 
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CHAPTER 3 
NITRATE TRANSFORMATION MECHANISMS AND RATES IN AN UNCONFINED 

EOGENETIC KARST AQUIFER ACROSS A REDOX GRADIENT 

Background 

Local biogeochemical conditions control N transformations in the subsurface 

environment [Pinay et al., 1993; Vidon and Hill, 2004]. N transformations require 

electron donors, and favorable environmental conditions such as low dissolved oxygen 

(DO), pH, temperature, and micronutrient availability [Rivett et al., 2008]. N 

transformation pathways, include assimilatory nitrate reduction to ammonia (ANRA), 

anaerobic ammonium oxidation (ANAMMOX), dissimilatory nitrate reduction to 

ammonium (DNRA) [Tiedje, 1988], and denitrification [Davidson et al., 2003; Weber et 

al., 2006].  

ANRA is used by heterotrophic microbes to convert nitrate into bioavailable 

ammonium [Guerrero et al., 1981; Guerrero, 1985]. This mechanism contributes to 

nitrogen cycling rather than removal since die off of the microbial population could lead 

to remobilization of N. ANAMMOX bacteria convert ammonium and nitrite to N2 gas 

under anoxic conditions [Kartal et al., 2011]. Microbes capable of ANAMMOX are 

pervasive through terrestrial and marine ecosystems [Humbert et al., 2010] and this 

process was recently found to be significant in a freshwater aquifer study [Smith et al., 

2015].  

DNRA converts nitrate to ammonium. DNRA differs from denitrification in that its 

end product, ammonium, is less mobile due to potential adsorption onto aquifer 

substrate, highly bioavailable and is retained in the environment [Burgin and Hamilton, 

2007; Rivett et al., 2008; Giblin et al., 2013]. Denitrification mitigates nitrogen 

enrichment by reducing nitrate to nitrogen gas and returning it to the atmosphere [Ottley 
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et al., 1997; Böhlke, 2002; Rivett et al., 2008; Groffman et al., 2009] and is a significant 

part of global nitrogen cycling [Seitzinger et al., 2006]. Denitrification rates have high 

uncertainty, due to issues in quantifying denitrification byproducts, spatiotemporal 

variability in nitrate and denitrification reactants, and multiple denitrification pathways 

[Davidson and Seitzinger, 2006; Groffman et al., 2009; Groffman, 2012]. Thus improved 

quantification of denitrification rates and controlling factors in the laboratory and field are 

needed [Davidson and Seitzinger, 2006; Rivett et al., 2008]. 

Denitrification and DNRA both occur under anoxic conditions through either 

organic matter oxidation (heterotrophic), or biotic or abiotic iron (Fe2+), sulfide (S2-), or 

manganese (Mn2+) oxidation (chemolithoautotrophic) [Korom, 1992; Brunet and Garcia-

Gil, 1996; Otte et al., 1999]. In the chemolithoautotrophic pathway, the end product can 

either be N2 derived from denitrification, or ammonium through DNRA [Brunet and 

Garcia-Gil, 1996]. Metal oxidation can provide viable alternative electron donors [Kolle 

et al., 1985; Robertson et al., 1996; Tesoriero et al., 2000]. This may be important in low 

carbon aquifer systems like the UFA [Cohen et al., 2007; Heffernan et al., 2012].  

Microbially mediated N transformations, ANRA, and subsequent N release from 

biomass fermentation may lead to nutrient spiraling in aquifers. This concept has been 

previously applied to river systems to account for changes in nutrient cycling as 

nutrients are carried downgradient [Newbold et al., 1981]. The nutrient spiraling analysis 

framework employs quantification of uptake lengths, average distance traveled by 

dissolved nutrients in the water column before uptake, and spiraling “turnover” lengths, 

which describe the distance over which the nutrient exists in the abiotic and biotic 

phase. Ammonium and nitrate uptake lengths are a widely-used parameter for 
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quantifying nutrient cycling in streams [Covino et al., 2010; Mulholland et al., 2016]. 

However application of this concept in aquifers is limited; nitrogen studies have typically 

focused on nitrate transport and attenuation. Uptake length is a metric of nutrient use 

efficiency, quantifying nutrient uptake relative to supply. This information is critical for 

determining the assimilative capacity of aquifers and managing nitrogen loads.  

Study Objectives 

In this study, aquifer and microbial responses to nutrient additions and rates of 

nitrate transformation were directly measured in the UFA, an eogenetic karst aquifer in 

the SE USA (Figure 3-1). Potential nitrate reduction mechanisms in the UFA were 

measured across a redox gradient (e.g. ANRA, ANAMMOX, DNRA, and denitrification). 

Nitrate reduction processes DNRA and ANRA retain nitrogen in the environment 

whereas ANAMMOX and denitrification remove it. Thus quantifying nitrate 

transformation mechanisms and rates is essential to long term management of nitrogen 

enrichment.  

Prior research has suggested that denitrification is the most significant nitrate 

transformation mechanism where it occurs [Heffernan et al., 2012]; dissimilatory 

reduction of nitrate to ammonium (DNRA) is negligible in the UFA and other aquifers 

due to low ammonium and dissolved organic carbon (DOC) concentrations [Katz et al., 

2004; Brown et al., 2008; Rivett et al., 2008; Heffernan et al., 2012]; and nitrogen 

transformation rates are limited by carbon availability [Katz, 1999, 2004; Katz et al., 

2001; Cohen et al., 2007; Heffernan et al., 2012]. This study evaluates these 

assumptions derived from spring vent measurements using in-situ nitrate transformation 

measures.  
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Estimates of denitrification have previously been obtained in the study area at two 

spatiotemporal scales using proxies for denitrification (isotopes of nitrate) and direct 

evidence of denitrification such as excess nitrogen gas (N2); synoptic distributed UFA 

monitoring well measurements (e.g. chapter 2) and spatiotemporally averaged 

measurements at spring vents emanating from the UFA [Katz and Griffin, 2008; 

Heffernan et al., 2012].  In this study, the fate of nitrogen was examined using single 

well push-pull tracer tests (PPTTs) combined with microbial genetic sampling of key 

genes in N transformation pathways in order to more accurately quantify aquifer 

response to nitrate additions, measure in-situ nitrogen transformation mechanisms and 

rates, and examine potential nutrient cycling in the UFA. 

Methods 

Study Site 

The study area is the Ichetucknee Springshed which discharges from the UFA in 

North Florida (Figure 3-1). The springshed is approximately 960 km2  as estimated by 

water year 2003 potentiometric surfaces [Sepulveda et al., 2006] and further validated 

by geochemical methods [Champion and Upchurch, 2003b]. While a confinement 

gradient exists across the springshed, the sampling sites were located where the UFA is 

unconfined. In the unconfined region where limestone is not exposed at the surface, a 

thin layer of well to excessively drained sands is present [Houston, 1965; Ceryak et al., 

1983]. The Ocala Limestone, which makes up the UFA locally, is highly permeable and 

transmissive with connected voids, conduits, and caves as a result of dissolution of the 

limestone matrix [Bush and Johnson, 1988]. This leads to heterogeneous hydrologic 

flow paths and high surface area where biological reactions may occur. Groundwater 

flow is predominantly from north to south within the area and the aquifer is primarily 
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drained by the Ichetucknee Springs. Detailed geomorphic and hydrologic descriptions of 

Ichetucknee Springs and local geology have been previously reported [Rosenau et al., 

1977; Scott et al., 2004]. 

Two wells from the Suwanee River Water Management District (SRWMD) 

monitoring well network in the springshed were selected for the tracer tests and 

microbial analyses; MW14 (oxic) and MW15 (anoxic). These wells were located 400 m 

from each other (Figure 3-1C) and located on protected state forest lands in the 

unconfined region of the springshed. Both wells have the same diameter (0.10 m), 

similar surface elevations (20.12 and 17.68 m, respectively), depths (14.94 m and 16.15 

m), open intervals in the upper Ocala Limestone (6.10 m and 7.62 m), and water levels 

(9.144 m and 9.45 m above mean sea level). Table 3-1 provides measured background 

geochemistry of the two wells. Both have low mean nitrate concentrations (< 0.12 mg L-

1 detection limit) and low mean DOC concentrations (0.34 and 0.48 mg L-1, 

respectively). The oxic site has 7.75 mg L-1 mean DO concentrations and highly positive 

ORP. The anoxic site has mean DO concentrations equal to 0.34 mg L-1, negative ORP 

values, and a strong hydrogen sulfide gas smell was observed during sampling. These 

sites thus represent springshed end members of redox state and present an ideal test 

location for examining nitrate transformation rates and mechanisms in unconfined 

eogenetic karst aquifers across a redox gradient.  

Push Pull Tracer Tests 

Single well Push Pull Tracer Tests (PPTTs) are widely used to understand nitrate 

reaction kinetics [Istok et al., 1997; Schroth et al., 1998, 2000; North et al., 2004; Kim et 

al., 2005, 2011]. In a PPTT, reactive and conservative tracers are injected, reactions 

occur for a specific time, and continuous measurements of recovered reactive and 
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conservative tracers provide solute breakthrough curves (BTC). The BTC analysis 

evaluates nitrate transformation rates that occurred while the solution was resident in 

the aquifer.  

For each PPTT, an injectate solution was created using local groundwater 

combined with reactive and conservative tracers. At each site, one PPTT experiment 

examined aquifer response with nitrate-only tracer addition (NO3-only) and a 

subsequent PPTT examined response with nitrate and fumarate addition (NO3-DOC) 

with fumarate as a DOC source. For each solution, lab grade potassium nitrate, 

potassium chloride, and sodium fumarate were measured and mixed with 250ml of 

twice deionized water to create a concentrated solution for mixing with local 

groundwater.  

A 1.22 m interval of open borehole was isolated using an inflatable borehole 

packer to reduce tracer solution volume required for the PPTT. Vertical distributions of 

nitrate and nitrite (NOx-N) and field parameters (DO, temperature, pH, and conductivity) 

were evaluated for each 1.22 m interval. NOx-N concentrations from grab samples were 

<0.12 mg L-1. Field parameters measured by a 556 MPS multi probe (YSI, USA) 

continuously lowered down the borehole and NOx-N grab sample concentrations at 1.22 

m intervals were vertically homogenous in each well (<10% variation), so the packer 

was placed in the center of the open interval in each well, at 13.41 m depth. The 

equivalent of six interval volumes (40 L) of local groundwater were extracted and split 

into two carboys with one way air release vales. One carboy had pre-prepared 

concentrated injectate solution to be diluted with groundwater, and the other carboy was 

used to hold groundwater to push the injected solution further into the formation. Once 
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each sealed carboy was filled with site water, nitrogen gas was introduced through an 

aquarium bubbler to displace dissolved oxygen and mix the solution. Starting with the 

test solution, the water from the two carboys were gravity injected into the open interval. 

A summary of the injectate solution concentrations and resting time (t*) values for each 

PPTT experiment is provided with experiment results in Table 3-3.  

A calibrated Submersible Ultraviolet Nitrate Analyzer probe (SUNAV2; Satlantic, 

USA) and  6920V2 conductivity and chloride probe (YSI, USA) was used to measure 

background concentrations before tracer injection and monitor tracer recovery during 

the experiment. However due to potential interference between fumarate and nitrate in 

the SUNAV2 sensor readings, grab samples were collected, analyzed in the lab and 

used for all BTC analyses.  

Injected solution was extracted using a Rediflo2 pump (Grundfos, USA) at a steady 

rate verified periodically throughout each experiment using a graduated cylinder and 

stopwatch. Grab samples were collected, filtered to 0.30 μm, preserved with sulfuric 

acid, and immediately placed on ice to prevent further microbial reactions. Nitrate and 

nitrite nitrogen (NOx-N) in grab samples was measured using EPA method 353.2, 

ammonium (NH4-N) using EPA method 350.1, and chloride using EPA Method 325.2 in 

the University of Florida (UF) Analytical Research Lab. Fumarate was measured using a 

Shimadzu TOC-5000A total organic carbon analyzer after sparging for 2 minutes with 

carbon-free air to remove inorganic C in the UF Department of Geological Sciences 

Organic Geochemistry Analytical Lab. Three to five 60 µL samples were measured and 

the mean of the injections is the reported fumarate value.  
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Break through curve (BTC) analysis was used to determine zeroth order nitrogen 

loss rates [mass vol-1 time -1] using the following relation [Istok et al., 1997]:, 

R =
Minj −

Mrec

fct

Vt∗
 

(3-1) 

where Minj is mass of reactive tracer injected, Mrec is recovered reactive tracer mass 

(area under the recovered reactive tracer BTC),  fct is conservative tracer mass 

recovery fraction (mass of conservative tracer injected divided by the mass of the 

conservative tracer recovered), V is injected solution volume, and t∗ is  time between 

injection and midpoint of mass recovery of the tracer test pull phase. Zero order 

denitrification rates (i.e. rates independent of nitrate concentration) have been reported 

for  NO3-N concentrations >1mg N/l [Morris et al., 1988; Smith and Duff, 1988; Korom, 

1992], suggesting that the supply of electron donors controls denitrification rates at 

these NO3-N concentrations. 

Background analyte concentrations were measured by grab sampling prior to 

PPTTs, and nitrate concentrations were confirmed before tracer injection at each well 

using the SUNAV2 probe. Background concentrations were subtracted from all 

measured values before using BTC integration to estimate mass recovery. For the 

tracer analysis and computation of the zero order NO3-N loss rate, injected tracer mass 

for chloride, NOx-N, and fumarate were calculated based upon the mean of triplicate 

samples of injectate solution (Table 3-3). Loss rates were computed using the 

difference between injected NOx-N and recovered NOx-N + NH4-N.  

Reported lab accuracy for each analyte (10%) was used to propagate uncertainty 

through BTC integration and rate calculations using Monte Carlo analysis. For each 
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analyte injection concentration and BTC grab sample concentration, a random error 

from a normal distribution with zero mean and standard deviation equal to the lab 

reported accuracy was added and Monte Carlo replicates were generated until the 

ensemble mean of cumulative mass recovery estimate for each measurement time 

converged. Reported values are the Monte Carlo ensemble mean and standard 

deviation for injected mass, recovered mass, and resulting zero order rate calculations. 

Microbial Analyses 

Microbial DNA and RNA were analyzed in groundwater samples to assess 

baseline and PPTT gene numbers, and gene expression using qPCR (quantification of 

DNA) and RT-qPCR (quantification of mRNA). Previous studies have looked at changes 

in microbial community structure in PPTTs [Kim et al., 2011]. Here, the focus was 

quantifying changes in N transformation functional gene copy numbers and expression 

including: total 16S rRNA genes (measure of abundance), DNRA gene (nrfA) [Song et 

al., 2014], ANAMMOX gene (hzoA) [Sun et al., 2014], and denitrification genes (nirK 

and nirS) [Henry et al., 2004; Kandeler et al., 2006]. 

During the “pull” phase of each PPTT, duplicate microbial samples were collected 

from the entire recovered injectate. For each sample, a 0.22 μm sampler filter (Pall Life 

Sciences, USA) was connected to a 0.3 μm filter attached to the pump return line. Total 

volume through the sampler (at least 5 L) was measured. Samplers were dried and 

RNA samples were preserved with lifeguard (LifeGuard™ Soil Preservation Solution, 

Mobio, USA). DNA and RNA sample filters were sealed and kept at 4 °C for 

preservation and immediate analysis. DNA and RNA were extracted from filters using 

Powerwater® Sterivex DNA Isolation Kit (Mobio, USA) [Hollibaugh et al., 2014]. RNA 

was converted to cDNA using cDNA synthesis kits (Quanta BioSciences, USA). Table 

http://www.quantabio.com/product.php?base_id=95048


 
 

68 
 

3-2 lists all primers of N related functional genes. Duplicate sample and standard DNAs 

were analyzed for qPCR assays, by using SYBR green qPCR protocols in a “StepOne 

Plus” real-time PCR system (Applied Biosystems, USA) [Bae et al., 2014]. Abundance 

of all genes was calculated as copies of genes per liter of water sample. Standard 

curves were generated by serial dilution (10-3 to 10-8) of reference plasmids containing 

target nirK/nirS, nrfA, hzoA gene fragments as the insert to the plasmids extracted from 

E. coli hosts using TOPO TA cloning kits (life technologies, Thermo Fisher Scientific 

Inc., USA). Concentrations and purity of plasmid DNAs were measured with absorbance 

from 230 nm to 320nm using Eppendorf biophotometer plus (VWR International LLC, 

USA), and plasmid DNAs with ratio of A260/A280 equal to 1.7–2.0 were used for qPCR 

analysis. 

DNA data evaluated total numbers of microbes (approximated by 16S rRNA copy 

numbers) and specific genes related to subsurface processes including DNRA (nrfA), 

denitrification (nirK and nirS). Functional gene responses to each tracer addition relative 

to baseline were evaluated by dividing the number of genes by 16S rRNA gene copy 

numbers (normalization). Normalized gene expression (cDNA/16S rRNA) data examine 

gene expression for active processes within sampled water and assess aquifer 

response to nutrient addition. Gene expression rates were computed by dividing the 

functional gene mRNA copy numbers (as cDNA) by the total gene copy numbers (i.e. 

nrfA-cDNA/nrfA-DNA).  

Microbial samplers collected microbes only from the water column so genetic 

information about potential nitrate transformations in aquifer biofilms was unavailable. 

However, pore-water biomass-N (PBN) in the recovered injectate solution was 



 
 

69 
 

estimated to evaluate ANRA in the pore-water and estimate the proportion of NO3-N 

loss explained by PBN changes. Microbial population sizes were estimated using 16S 

rRNA copy numbers, approximately 3.6 copies of per cell [Klappenbach et al., 2001; 

Schippers et al., 2005]. The average volume of a bacterium (1μm3) [Phillips et al., 2010] 

and carbon content of bacterial biomass (5.6 x 10-13 g C/ μm3) [Bratbak and Dundas, 

1984; Bratbak, 1985] were used to estimate carbon mass. Using ranges for N:C weight 

ratios for freshwater microbes (0.17 to 0.22) [Fagerbakke et al., 1996] and solving for N 

mass in terms of carbon mass yields a N:C molar conversion factor of 0.198 to 0.257. N 

biomass per liter was estimated by multiplying the estimated carbon mass by this factor. 

Since DNA sampling occurred throughout the pull phase, genetic data were assumed to 

represent the entire volume of water extracted. Total PBN estimates were obtained by 

extrapolating values for N biomass per liter to total number of liters extracted during the 

pull phase. 

Results and Discussion 

Push Pull Tracer Tests 

Background NO3-N concentrations were low at both wells, below practical 

quantification limit for grab sample analysis methods (0.12 mg L-1) but within NO3-N 

precision and accuracy range for the SUNAV2 probe, 0.004 mg L-1 and 0.028 mg L-1 

respectively.  Background NO3-N, chloride, and DOC concentrations were low and 

similar for the anoxic and oxic site (Table 3-1).  

The resting time (t*), percent recovery, measured values and uncertainty for 

mass injected, mass extracted, and zero order NO3-N loss rates are provided for each 

PPTT (Table 3-3). Cumulative mass recovery data (Figure 3-2, Table 3-3) show that for 

all PPTTs, conservative tracer recovery ranged from 98 to 101%. Values slightly above 
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100% were due to reported uncertainty in background and grab sample measurements. 

Cumulative NOx-N tracer recovery ranged between 84 to 93%, indicating that nitrate 

transformations occurred in the aquifer under both anoxic and oxic conditions, with and 

without fumarate addition. Fumarate tracer recovery percentages were 84% and 58% at 

the oxic and anoxic sites, respectively. Unrecovered molar mass ratios of fumarate and 

NO3-N (C:N) were similar for both sites; 2.08 and 2.20 for the oxic and anoxic sites, 

respectively. This suggests some similar mechanisms in carbon utilization for both sites. 

The 2:1 ratio supports fermentive DNRA reaction stoichiometry [Robertson et al., 1996]. 

However, low ammonium recovery with carbon addition implies that the DNRA reaction 

may be coupled to direct ammonium removal via nitrification and/or direct microbial 

assimilation and supports other N transformation mechanisms such as ANRA and 

denitrification may contribute to some observed carbon losses. 

The oxic site had dissolved oxygen near saturation, positive oxidation reduction 

potential, and relatively low background nitrate, DOC, iron, and manganese (Table 3-1). 

These conditions would suggest low potential for local denitrification because high DO 

impedes denitrification [Rivett et al., 2008] and low C:N ratios impedes heterotrophic 

DNRA [Kelso et al., 1997]. However, cumulative mass recovery showed only 94% of 

injected NO3-N was recovered (Table 3-3, Figure 3-2).  At the oxic site, NO3-only 

injectate solution resulted in similar NO3-N loss rates for NO3-only and NO3-DOC 

(Figure 3-2A, Figure 3-2A). Measured zero order NO3-N loss rates ranged from 0.03(+/- 

0.01) for NO3-only to 0.05(+/- 0.01) mmol L-1 hr-1 for NO3-DOC (Table 3-3).  Zero order 

fumarate reduction rates were 0.81 mmol L-1 hr-1 (Table 3-3). A significant NH4-N 

increase was not measured (Figure 3-2D, Table 3-3), suggesting net ammonium 
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production is low. However, gross ammonium production could be significant and 

masked by microbial assimilation. Observed nitrate losses were unexpected in the oxic 

zone; however Bengtsson and Annadotter [1989] also noted significant denitrification in 

aquifer substrate microcosms under aerobic conditions.  

The anoxic site has low dissolved oxygen, negative oxidation reduction potential, 

high iron, high manganese, and evidence of hydrogen sulfide gas (Table 3-1). This 

evidence supports a local environment where heterotrophic and chemolithoautotrophic 

DNRA and denitrification may be favored. Furthermore, the presence of high iron and 

manganese and hydrogen sulfide gas indicates that geochemistry near the site favors 

reactions lower on the redox chain [Rivett et al., 2008].   

Cumulative mass recovery for all experiments indicate 84-92% of injected NO3-N 

was recovered (Table 3-3). With NO3-only, nitrate loss rates were 0.03(+/- 0.01) mmol L-

1 hr-1 and 14 mmol of injected NO3-N was converted to NH4-N (Figure 3-2C, Table 3-3). 

The addition of NO3-DOC quadrupled the zero order NO3-N loss rate to 0.13 (+/- 0.02) 

(Figure 3-2D, Table 3-3), indicating that other nitrate transformation mechanisms such 

as denitrification may have been stimulated by DOC. At the anoxic site, zero order 

fumarate reduction rates were 0.78 mmol L-1 hr-1 (Table 3-3). 

Microbial Analyses 

Microbial DNA and RNA were sampled in groundwater samples taken from each 

site before the PPTT and during the pull phase of each PPTT. Microbial data for both 

sites indicate changes from baseline conditions in response to PPTT injectate solutions 

(Figure 3-3). Genes for denitrification (nirK and nirS; Figure 3-3C and 3E) and genes for 

DNRA were detected (nrfA, Figure 3-3E).  However, genes used in ANAMMOX nitrate 

transformation pathway (hzoA) were not detected in any samples. These data suggest 
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that denitrification, ANRA, and DNRA were the likely significant mechanisms in 

observed NO3-N losses. 

At the oxic site, microbial samplers for the NO3-only PPTT were contaminated by 

filter failure and were excluded from analysis. However, baseline data and microbial 

response to NO3-DOC were measured. Microbial evidence shows baseline nrfA 

expression activity, suggesting under background conditions the aquifer is primed for 

DNRA. With NO3-DOC, microbial 16S rRNA gene copies (abundance) increased 30 fold 

relative to baseline (Figure 3-3A) in response to carbon availability. However, DNRA 

was not a dominant process since nrfA copy numbers and nrfA expression and 

expression rate did not increase and significant excess NH4-N was not recovered. 

Normalized nrfA copies were close to baseline (Figure 3-3B), and nfrA expression 

(cDNA/16S rRNA gene; Figure 3-3B) and expression rate (cDNA/DNA) decreased 

(Figure 3-3B). Denitrification competes with DNRA, which may explain the decrease in 

nrfA expression rate with NO3-DOC.  

At the oxic site with NO3-DOC, normalized nirK copies were similar to baseline 

conditions (approximately 1% difference, Figure 3-3C) and normalized nirS activity 

increased 67% (Figure 3-3E) relative to the increase in 16S rRNA gene copies 

suggesting that denitrification gene activity increased. However, nirK and nirS 

expression (cDNA/16S rRNA) was not detected so the genes were not sufficiently active 

to be detected in the sampled water, further supporting the hypothesis that observed 

nitrate losses occurred in biofilms on aquifer material which has been found to be a 

significant location for transformations [Holm et al., 1992; Hancock et al., 2005; 

Macalady et al., 2006] even under high DO conditions [Chang et al., 2006].  
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At the anoxic site with NO3-only, the number of 16S rRNA gene copies 

decreased 36 fold compared to baseline (Figure 3-3A). Approximately 5% of the 

injected nitrate was converted into ammonium, thus DNRA represents about 58% of the 

unrecovered nitrate mass. The positive response in DNRA microbial indicators (nrfA 

cDNA and DNA; Figure 3-3B, Figure 3-3D), and decrease for denitrification microbial 

indicators (nirS, nirK cDNA and DNA; Fig.3C, Figure 3-3E) with NO3-only tracer addition 

suggest that most DNRA groups were chemolithoautotrophic. Furthermore, DNRA 

generated 14 mmol NH4-N (Table 3-3). This result was unexpected; DNRA is typically 

favored when C:N ratios are very high [Korom, 1992; Kelso et al., 1997; Burgin and 

Hamilton, 2007; Rivett et al., 2008]. Research contends that microbes that facilitate 

DNRA are limited to anoxic zones of the aquifer [Hill, 1996]. This finding paired with low 

ammonium concentration measurements has been the reason DNRA is often assumed 

to be negligible in many aquifers. Relatively few studies have confirmed DNRA in 

aquifers [Bengtsson and Annadotter, 1989; Thayalakumaran et al., 2008; Hsu et al., 

2010]. Furthermore, these studies assume DNRA vis-à-vis increased ammonium 

concentrations alone and do not provide direct evidence.  

With NO3-DOC injections at the anoxic site, the number of 16S rRNA gene 

copies increased 14 fold relative to baseline (Figure 3-3A), and normalized nirK copies 

(Figure 3-3C) and normalized nirS copies (Figure 3-3E) were close to baseline values, 

suggesting that denitrification gene activity in the sampled water increased at the same 

rate as population. Normalized nrfA copy numbers (Figure 3-3B) and expression (Figure 

3-3D) decreased below baseline and nrfA expression rates (Figure 3-3F) increased. 

These data support the premise that nrfA gene activity didn’t increase at the same rate 



 
 

74 
 

as 16S rRNA gene copies increased, indicating additional DOC and nitrate addition will 

not increase microbial groups with nrfA. These microbial data were associated with 

smaller mass of recovered NH4-N (<0.001 mmol). Reduced NH4-N recovery and 

microbial data suggest the relative importance of DNRA nitrate transformation 

decreased with NO3-DOC and other nitrate loss mechanisms may be more important 

such as ANRA and denitrification in aquifer matrix biofilms. 

Microbial biomass change was evaluated as a mechanism for unrecovered 

nitrate (Table 3-4). These data show minimal PBN mass for baseline conditions and 

NO3-only at the oxic and anoxic site less than 0.08(+/- 0.01) mmol, this is expected as 

significant ANRA is only expected with increased carbon availability [Guerrero, 1985]. 

Increased PBN occurred with NO3-DOC; 4.27(+/- 1.86) mmol and 2.93(+/- 1.28) mmol 

for the oxic and anoxic sites, respectively. These values suggest that some NO3-N was 

converted into biomass with fumarate addition, however pore-water ANRA was much 

lower than the amount of observed nitrate reduction for all experiments (> 19 mmol). 

Thus, ANRA in the recovered injectate cannot account for missing NO3-N mass. Biofilm 

ANRA, denitrification, or DNRA may explain the unrecovered nitrate. 

Microbial biomass estimates in the recovered injectate can account for some of 

the observed nitrate mass loss but not enough to account for a significant portion; all 

pore-water biomass nitrogen (PBN) values were less than 4.27(+/- 1.86) mmol (Table 3-

4) while unrecovered NO3-N was greater than 19 mmol for all PPTTs (Table 3-3). 

However, microbial sampling only examined pore-water microbes, neglecting microbial 

communities in biofilms attached to aquifer material surfaces. Biofilms may be where 

many N transformations are occurring. Biofilms have been extensively documented in 
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sulfidic karst caves and aquifers [Macalady et al., 2006; Gray and Engel, 2013] and may 

occur in anoxic and oxic karst aquifers and biofilms create zones of significantly 

different conditions relative to their surrounding environment [Kuenen et al., 1986; 

Biesterfeld et al., 2003]. Most microbial biomass is attached to aquifer materials [Holm 

et al., 1992] and may represent the regions of greatest metabolic activity [Blakey and 

Towler, 1988]. Thus, local scale denitrification, DNRA combined with ammonium 

adsorption, or ANRA in biofilms may explain observed nitrate losses. 

Study Summary 

This study examined two geochemical end members in the Ichetucknee 

springshed which discharges groundwater from the karst UFA. Observed NO3-N losses 

cannot be completely explained by estimated assimilatory reduction of nitrate to 

ammonium (ANRA) biomass estimates, or recovered ammonium, suggesting 

denitrification occurred. Zero order NO3-N loss rates support the premise that nitrate 

losses are occurring in the aquifer across a redox gradient with and without carbon 

addition. Measured rates were consistent with reported denitrification rates in other 

basin fill aquifer PPTTs, which range from 0.01 to 0.36 mmol L-1 hr-1 [Istok et al., 1997; 

Kim et al., 2005]. Computed zero order rates were independent of concentration and 

are an indicator of the local aquifer response to nutrient addition, however it is highly 

unlikely that these rates are constant in the aquifer throughout space and time. If that 

were the case, eogenetic karst aquifers would not be susceptible to persistent nitrate 

contamination. 

 In the oxic well test, zero order NO3-N loss rates were low but not insignificant, 

0.03 (+/- 0.01) mmol L-1 hr-1 with NO3-only to 0.05(+/-0.01) mmol L-1 hr-1 with NO3-DOC. 

Dissimilatory reduction of nitrate to ammonium was minimal (<0.001 mmol) with NO3-
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only and less than 1 mmol with NO3-DOC. The nirS gene activity showed the most 

dramatic response to tracer addition, indicating an increase in denitrification genes. 

Measurement of nitrate loss where the aquifer is oxic suggests that more research is 

needed to investigate differences in N loss mechanisms in groundwater, the porous 

aquifer matrix and within aquifer biofilms.  

Similarly, nitrate losses were observed in the anoxic well test for both tracer 

experiments. With NO3-only, dissimilatory reduction of nitrate to ammonium dominated 

N loss; 58% of nitrate reduction was conversion to ammonium (14 mmol) and zero order 

NO3-N loss rates were 0.03 (+/-0.02) mmol L-1 hr-1. In addition, increased normalized 

nrfA DNA and cDNA, increased ammonium concentrations, presence of hydrogen 

sulfide gas, and increased iron concentrations suggest that iron or sulfide driven 

chemolithoautorophic dissimilatory reduction of nitrate to ammonium occurred. 

Significant ammonium was not recovered after NO3-DOC addition (<0.001 mmol). 

However, zero order NO3-N loss rates quadrupled to 0.13 (+/-0.02) mmol L-1 hr-1.  

Negligible ammonium mass, microbial data, and significant increase in NO3-N loss rate 

support that with NO3-DOC another N transformation mechanism, such as 

denitrification, may be occurring in biofilms of the aquifer matrix.  

Results of this study indicate that nitrogen transformations in karst aquifers are 

more diverse than previously reported, which has implications for future study and 

management of nitrate enrichment. Nitrate losses occurred in both oxic and anoxic zone 

with rates that varied with fumarate addition. While zero order NO3-N loss rates were 

greater at the anoxic site with NO3-DOC, nitrate transformation in oxic areas of the 

aquifer was not negligible, and evidence of DNRA was found. Thus, future efforts must 
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extend conceptual models to account for a broader suite of nitrate transformations and 

conditions.   

Observed nitrate losses without corresponding increases in nirS and nirK 

expression or expression rate in recovered injectate supports the hypothesis that N 

transformations are likely occurring in porous media biofilms. Future work should focus 

on sampling of these biofilms and conducting experiments which directly investigate 

their influence on macroscale N transformations.    

Unexpected significant chemolithoautotrophic DNRA was observed, suggesting 

that low DOC concentrations may not limit nitrogen transformations in the UFA, 

alternate electron donors may facilitate both DNRA and denitrification. While significant 

DNRA has been documented in a sandy Swedish aquifer microcosm study [Bengtsson 

and Annadotter, 1989] and coastal marsh and sediment studies [Burgin and Hamilton, 

2007], to the author’s knowledge, this study represents the first time that 

chemolithoautotrophic DNRA has been documented in a karst aquifer.  

The fate of nitrate converted to ammonium through DNRA is not well studied and 

may be as important as respiratory denitrification [Burgin and Hamilton, 2007]. However 

ammonium will likely readily be oxidized back to nitrate in aerobic zones, and 

ammonium sorption onto aquifer materials is expected to be significant in many aquifer 

systems [Davidson et al., 2003; Buss et al., 2004; Rivett et al., 2007] Thus, DNRA is just 

a temporary sink for nitrate. Interactions among DNRA, sorption, and nitrification will 

influence the fate and transport of nitrate and complicates conceptual models for nitrate 

transport in the karst aquifers. Furthermore, the presence of ANRA and DNRA as N 

retention processes influences how microbial communities take advantage of and 
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respond to nutrient addition and supports the occurrence of nutrient spiraling in the 

aquifer. Conceptual models of N transformation in aquifers may be improved by 

interpreting N transformations in terms of nutrient spiraling. 
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Figure 3-1.  Push pull tracer test site map.  A) Site location in Florida illustrating Upper 
Floridan Aquifer confinement.  B) Ichetucknee Springshed showing streams 
and Ichetucknee Springs Group.  C) Push pull tracer test site locations. 
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Table 3-1.  Selected geochemical data for characterization of push pull tracer test sites. 

 MW14 MW15 

Sample date 8/2/2013 3/14/2014 8/2/2013 3/14/2015 

pH 7.26 6.7 8.42 6.91 

DO 7.49 8.02 0.15 0.53 

ORP 89.9 154 -177 -141 

Mg2+ 2.67 1.99 3.16 3.04 

Cl- 2.78 2.7 3.84 4.07 

SO42- 3.55 3.47 8.16 8.53 

NOX-N 0.11 0.03 0.07 0.12 

NH4-N 0.07 0.00 0.08 0.00 

PO4 3- 0.06 0.06 0.01 0.01 

DOC 0.12 0.56 0.26 0.7 

DIC 50.29 52.43 36.78 39.47 

Fe2+ 0.00 0.00 0.46 0.53 

Mn2+ 0.00 0.00 0.04 0.04 

 

Table 3-2.  Primers for Nitrogen Functional Genes showing functional genes hazA, nrfA, 
nirK, and nirS, associated nitrate transformation reaction name and process, 
gene sequence and length in base pairs (bp). 

Sequence Length (bp) 

hazAANAMMOX (NO2
- + NH4

+
 N2) 

hzsA_1857R 5’-AABGGYGAATCATARTGGC-3’ 
1838-1857 

  
nrfADNRA (NO2

-
NH3) 

nrfA F2aw5′-CAR TGY CAY GTB GAR TA ′-3′ 
nrfA7R15 ′-TWN GGC ATR TGR CAR TC′- 3′ 

250 

  
nirK  Nitrite reductase (NO2

-
NO) 

nirK876F 5′-ATYGGCGGVAYGGCGA-3′ 
nirK1040R 5′-GCCTCGATCAGRTTRTGGTT-3′ 

165 

nirS Nitrite reductase (NO2
-
NO) 

nirSCd3aF 5′-AACGYSAAGGARACSGG-3′ 
nirSR3cd 5′-GASTTCGGRTGSGTCTTSAYGAA-3′ 

400  
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Table 3-3.  Push pull tracer test summary, showing injected and recovered mass, 
recovered mass fraction, zero order nitrate loss rate, and zero order fumarate 
loss rate with one standard deviation errors, and resting time in the aquifer 
(t*). 

Site Test type Quantities Cl- NOx-N NH4-N Fumarate-C 

Oxic Nitrate 
Mass injected 
(mmol) 

259 (+/-1) 316 (+/-3)   

  
Mass extracted 
(mmol) 

252 (+/-2) 297 (+/- 1) 0  

  Recovered mass 0.97 0.94   

  
Zero order rate 
(mmol L-1 hr-1) 

 0.03 (+/- 0.01)   

  t* (hr) 21.5    

Oxic 
Nitrate + 
Fumarate 

Mass injected 
(mmol) 

240 (+/- 1) 381 (+/- 3)  314 (+/- 0) 

  
Mass extracted 
(mmol) 

239 (+/- 3) 356 (+/- 2) 1 (+/- 0) 262 (+/- 8) 

  Recovered mass 1 0.93  0.84 

  
Zero order rate 
(mmol L-1 hr-1) 

 0.05 (+/- 0.01)  0.81 (+/- 0.0) 

  t* (hr) 20    

       

Anoxic Nitrate 
Mass injected 
(mmol) 

260 (+/- 0) 306 (+/- 0)   

  
Mass extracted 
(mmol) 

261 (+/- 7) 282 (+/- 1) 14 (+/- 0)  

  Recovered mass 1.01 0.92   

  
Zero order rate 
(mmol L-1 hr-1) 

 0.03 (+/- 0.02)   

  t* (hr) 10.25    

       

Anoxic 
Nitrate + 
Fumarate 

Mass injected 
(mmol) 

262 (+/- 0) 379 (+/- 6)  311 (+/- 0) 

  
Mass extracted 
(mmol) 

258 (+/- 7) 320 (+/- 1) 0 181 (+/- 15) 

  Recovered mass 0.99 0.84  0.58 

  
Zero order rate 
(mmol L-1 hr-1) 

 0.13 (+/- 0.02)  0.78 (+/- 0.0) 

  t* (hr) 20.5    
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Figure 3-2.  Push pull tracer test cumulative mass recovery results.  Chloride (Cl), 
nitrate + nitrite nitrogen (NOx-N), ammonium-nitrogen (NH4-N) and fumarate 
recovery shown with shaded gray envelopes that represent standard 
deviation in cumulative mass recovery uncertainty.  A) Oxic aquifer response 
to nitrate.  B) Nitrate and fumarate (DOC) additions.  C) Anoxic aquifer 
response to nitrate.  D) Nitrate and fumarate additions.  



 
 

83 
 

 
Figure 3-3.  Microbial genetic data showing baseline conditions and response to tracer 

additions.  Error bars show standard deviation in measured data.  A) Microbial 
DNA copies (16S rRNA genes).  B) Normalized nrfA gene copies.  C) 
Normalized nirK copies.  D) normalized nrfA gene expression (cDNA).  E) 
Normalized nirS gene copies.  F) Normalized nrfA cDNA gene expression 
rate.  

 
Table 3-4.  Estimated pore-water biomass nitrogen from assimilatory reduction of nitrate 

to ammonium in recovered injectate for all push pull tracer tests. 

PPTT Biomass N (mmol) 

Oxic Baseline 0.08 (+/- 0.01) 

Oxic Nitrate + Fumarate 4.27 (+/- 1.86) 

Anoxic Baseline 0.02 (+/- 0.01) 

Anoxic Nitrate 0.01 (+/- 0) 

Anoxic Nitrate + Fumarate 2.93 (+/- 1.28) 
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CHAPTER 4 
EXAMINING DRIVERS OF KARST AQUIFER HYDROLOGIC RESPONSE USING 

STOCHASTICALLY GENERATED PREFERENTIAL FLOW PATH TEMPLATES AND 
GLOBAL SENSITIVITY ANALYSIS   

Background 

Karst Aquifers 

Karst hydrologic flow paths include drainage of surface runoff through sinkholes, 

temporary storage of water within a near-surface epikarst zone, storage and laminar 

flow through the porous limestone matrix, turbulent flow though conduits, and discharge 

from conduit networks to perennial springs [Taylor and Greene, 2005]. Hydrologic 

flowpaths are controlled by the structure and organization of sinks and conduits, which 

collect surface drainage and infiltrating water and provide subsurface flowpaths with 

lower resistance and hydraulic gradients than the surrounding porous media [White, 

1993]. This aquifer behavior results in convergent flow to large springs, troughs in 

potentiometric surfaces, decreased hydraulic gradients, and increased hydraulic 

conductivity in the downgradient direction [Worthington, 2009].  

Karst dissolution processes lead to preferential subsurface flow, conduits, 

anisotropic groundwater flow, sinkholes and sinking streams or swallets [Ewers, 2006]. 

Hydraulics in karst aquifers are controlled by high permeability features (e.g. fractures, 

conduits, and sinks) embedded in a lower permeability porous limestone matrix 

[Atkinson, 1977]. While conduit networks typically represent 0.1-1% of the aquifer 

porosity, they often convey much of the flow in karst aquifers [Bonacci, 1987; 

Worthington, 1999; Ford and Williams, 2013]. Karst flow heterogeneity is a function of 

conduit induced hydraulic conductivity contrasts and conduit density [Kovács and 

Perrochet, 2008].  
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Karst Aquifer Development 

Research suggests that UFA karst has developed over multi episodic dissolution 

events that reinforce preferential pathways when karst is exposed during sea level 

retreat [Hanshaw and Back, 1979; Hunn and Slack, 1983; Randazzo and Bloom, 1985; 

Randazzo, 1997; Florea et al., 2007; Gulley et al., 2013a, 2013b]. Karst aquifer 

formation (e.g. speleogenesis and conduit network evolution) is governed by boundary 

conditions (such as recharge rates, topography and sea level), porous matrix properties, 

horizontal preferential flow pathways (HPFs; e.g. fractures, protoconduits, bedding 

planes) and vertical preferential flowpaths (VPFs; e.g. root networks, fractures, 

sinkholes) geometry, topology, and location [Palmer, 1991; Scott et al., 2004; Taylor 

and Greene, 2005; Ford and Williams, 2013]. HPF and VPF properties define a 

preferential flow path template and exert primary influence on karst development 

[Palmer, 1991]. These pathways deliver recharge which is undersaturated with respect 

to calcite that contributes to karst development by driving dissolution of limestone 

[Palmer, 2003]. During karst development, dissolution along these preferential flow 

paths leads to self-organized conduit networks [Worthington and Ford, 2009].  

Dissolution leads to a positive feedback where larger conduits capture more flow 

and are preferentially enlarged. As preferential paths are dissolved undersaturated 

water penetrates further along the conduit flow path ultimately resulting in 

“breakthrough” when calcite undersaturated water exits the conduit into the spring. 

Often, at this point flow along the length of an entire conduit is turbulent [Dreybrodt, 

1990; Palmer, 1991]. Undersaturated water throughout the conduit allows for rapid 

enlargement of conduits within the network, leading to decreases in hydraulic heads, 
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flow field reorientation, development of tributary conduits, and increased springflows 

[Ewers, 2006; Ford and Williams, 2013].  

Characterization of hydrologic flow paths in karst aquifers relies on well-

described conduit geometry, however few conduits can be directly observed [Palmer, 

2006; Pardo-Igúzquiza et al., 2012]. Traditional methods of aquifer characterization 

such as aquifer tests, borehole logs, and geophysical observations provide little 

information about the spatial configuration and properties of conduit networks [Teutsch 

and Sauter, 1991]. Indirect geochemistry methods [Birk et al., 2004; Raeisi et al., 2007] 

and spring hydrograph analysis [Bonacci, 1993; Baedke and Krothe, 2001; Geyer et al., 

2008a; Covington et al., 2009; Bailly-Comte et al., 2011; Fiorillo, 2014; Katsanou et al., 

2015] have been widely-used to obtain information about macro-scale properties of 

karst aquifers.  

Karst Aquifer Modeling 

Much work has been done describing karst formation processes [Király and 

Morel, 1976; Kaufmann and Braun, 2000; Liedl, 2003; Kaufmann, 2009] and modelling 

flow and transport in karst systems [Kiraly, 1985; Dreybrodt, 1990; Palmer, 1991; 

Eisenlohr et al., 1997a, 1997b; de Rooij et al., 2013]. Recent advances in integrated 

karst conduit and matrix flow models, discrete continuum models, have made simulation 

of karst networks in regional scale models possible (e.g. MODFLOW-CFP, [Shoemaker 

et al., 2005]; DISCO, [de Rooij et al., 2013], FEFLOW [Diersch, 2005]). However, 

accurate karst aquifer groundwater flow and transport models require well-defined 

hydraulic and geometric parameters of conduits and the porous matrix [Kovács et al., 

2005] at fine spatial scales. In the few applications of basin to regional scale karst 

hydrologic models to date [Shoemaker et al., 2008; Gallegos et al., 2013; Saller et al., 
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2013; Xu et al., 2015] conduit properties (e.g. conduit geometry, tortuosity, radius, 

roughness, and conduit matrix exchange) were typically specified a priori or, in some 

cases, calibrated.  

Karst Conduit Evolution Algorithms 

There have been significant efforts to simulate the evolution of realistic karst 

networks that honor boundary conditions and hydrogeology over geologic timescales. 

These network generating processes can be separated into two approaches, structure 

imitating and process imitating.  

Structure imitating approaches use stochastic concepts to reproduce conduit 

networks. These methods include stochastically generated fracture networks 

[Andersson et al., 1984; Cacas et al., 1990; Reeves et al., 2008], geostatistical methods 

[Jaquet and Jeannin, 1994; Fournillon et al., 2010] fractals [Maramathas and 

Boudouvis, 2006], and lattice-gas cellular automa [Jaquet et al., 2004], However these 

methods typically  do not consider the underlying processes driving karst conduit 

development and may lead to poor network connectivity. Pseudogenetic algorithms 

[Borghi et al., 2010, 2012, 2016], and inverse modelling [Kovács, 2003] address this 

issue by incorporating some of the physical concepts driving conduit network formation.  

Process imitating methods use dissolution models to reproduce conduit evolution 

and speleogenesis [Lauritzen et al., 1992; Groves and Howard, 1994; Howard and 

Groves, 1995; Dreybrodt, 1996; Kaufmann, 2009; Worthington and Ford, 2009; 

Kaufmann et al., 2010]. These methods are limited by lack of information about 

preferential flow path templates, and initial and boundary conditions.  

Process imitating models have made significant progress in describing karst 

dissolution in small scale-box models or in networks of regularly ordered and connected 
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fractures [Dreybrodt, 1990; Kaufmann, 2003, 2009; Reimann et al., 2011a, 2011b]. 

However, no work has used process-based speleogenesis to examine how a conduit 

network evolves at the basin scale under assumptions of random numbers and 

locations of VPFs, random HPF fracture orientation and length scales, and random 

porous media properties Evaluation of flow and transport response in these types of 

evolved networks is needed to provide insight into what preferential flow path template 

attributes drive springshed behavior. 

Sensitivity Analyses 

Sensitivity analysis (SA) provides a mechanism to identify and prioritize 

influential model inputs, identify non-influential parameters so that they can be fixed to 

representative values, and calibrate model inputs to achieve desired model behaviors 

[Saltelli et al., 2004; Pappenberger et al., 2008]. SA methods are highly useful for 

understanding models of complex non-linear systems. Much research has documented 

the benefits and limitations of SA methods [Foglia et al., 2009; Nossent and Bauwens, 

2012; Herman et al., 2013; Li et al., 2013; Shin et al., 2013]. Sensitivity analysis 

techniques have been widely applied to hydrological models [van Griensven et al., 

2006; Muñoz-Carpena et al., 2007; Pappenberger et al., 2008; Srivastava et al., 2014] 

and contaminant transport models [James and Oldenburg, 1997; Pan et al., 2011]. 

The complexity of SA analyses ranges from one at a time sensitivity analysis 

(OAT-SA) to global sensitivity analysis (GSA). In OAT-SA only one variable is changed 

and a response metric is evaluated relative to that change. The main difference 

between OAT-SA and GSA methods is that GSA methods account for non-linear 

interactions among parameters. This increased information from GSA methods comes 
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at a computational cost, often requiring thousands of model executions, leading to 

limited application of variance-based GSA in hydrologic models [Shin et al., 2013]. 

An alternative to OAT-SA and full variance-based GSA are a subset of GSA 

methods called global screening methods (e.g. the Morris method, [Morris, 1991; 

Campolongo et al., 2007]). The Morris method provides a more rigorous evaluation of 

model parameter importance than single variable OAT-SA methods. Global screening 

methods provide qualitative information about the effective parameters and interactions 

with significantly fewer model executions. While variance decomposition GSA methods 

like the method of Sobol [Sobol, 2001] and the extended Fourier Amplitude Sensitivity 

Test (FAST) [Saltelli et al., 1999] provide detailed quantitative information about 

parameter contributions to uncertainty, recent studies have illustrated that the Morris 

method accurately identified the non-influential and most sensitive model parameters 

with significantly fewer model executions [Confalonieri et al., 2010; Herman et al., 2013; 

Li et al., 2013; Srivastava et al., 2014].  

To date, SA methods employed in many karst hydrologic and dissolution studies 

have focused on OAT-SA [Király and Morel, 1976; Kaufmann and Braun, 2000; Birk, 

2003; Scanlon et al., 2003; Kovács et al., 2005; Perrin et al., 2007; Doummar et al., 

2012] and local sensitivity measures [Dafny et al., 2010; Mazzilli et al., 2012]. Karst 

modelling using OAT-SA has been used extensively to evaluate the effect of properties 

of  the porous matrix (e.g. hydraulic conductivity) and properties of well-defined conduit 

geometries (e.g. roughness, exchange parameters) on spring hydrograph baseflow 

recession [Király and Morel, 1976; Eisenlohr, 1996; Eisenlohr et al., 1997a; Cornaton, 

1999]. Recently, OAT-SA of conduit conductivity and frequency was used to define two 
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end members of karst domains: a conduit influenced flow regime (CIFR) where 

recession is controlled by the conductive capacity of the conduit system, and matrix 

restricted flow domain (MRFD) where recession is controlled by the low permeability 

porous matrix [Kovács et al., 2005].  

Study Objectives  

Coupled conduit network evolution, flow, and transport has yet to be evaluated in 

a rigorous global sensitivity analysis (GSA) framework. In this study, the Morris GSA 

method was used to examine how stochastically generated preferential flow path 

templates evolve into karst conduit networks that create first magnitude springs (flow > 

2.8 m3 s-1), gain insight into conduit network evolution processes, and assess hydrologic 

and transport pulse response in evolved networks. A discrete-continuum flow and 

transport model that simulates carbonate dissolution was incorporated into an iterative 

karst development framework [Borghi et al., 2010]. Conduit networks and resulting 

spring systems were evolved through dissolution of stochastically-generated preferential 

flow path templates. In this framework, sink-to-spring connectivity is not specified a 

priori and resulting network development and spring generation is not guaranteed. 

This study addressed three questions. First, what preferential flow path template 

properties lead to development of a first magnitude spring system? To answer this 

question, an ensemble of preferential flow path templates were evolved until a steady 

configuration was achieved. Evaluation of ensemble behaviors during dissolution, such 

as conduit development along HPFs, plots of network radii, Reynolds numbers which 

describe the distribution and development of turbulent flow through the domain, and 

changes in hydraulic heads and springflows were used to address this research 

question.  
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Karst networks exist across a gradient of poorly-developed to mature and 

develop over multiple events over geologic timescales. Thus a second research 

question addressed in this study was how much time to dissolve networks to allow 

direct comparisons of hydraulic and transport pulse response among networks? 

Similarities in network evolution among replicates in Monte Carlo ensembles were used 

to evaluate when a replicate had evolved into a mature karst drainage network. 

Conduit properties are uncertain and water managers need to understand how 

this uncertainty propagates into uncertainty in predicting springshed hydrologic and 

transport pulse response. A third question this research addressed was how do initial 

preferential flow path assumptions influence flow and transport response in evolved 

networks? To evaluate this question, ensemble statistics were used to evaluate the 

mean and variance of springshed hydrologic and transport pulse response. 

Furthermore, GSA methods examined which preferential flow path parameters most 

strongly influence hydrologic and transport metrics.  

It was hypothesized that (1) a limited range of parameters exists which result in a 

development of a first magnitude spring system that is the main outlet for recharge 

fluxes in a hypothetical springshed. Parameter interactions that increase connectivity 

(e.g. fracture length, fracture density, VPF density) and decrease matrix permeability 

(e.g. hydraulic conductivity) will be the most influential; (2) spring hydrologic and 

transport pulse response uncertainty in systems where a first magnitude spring 

develops will be reasonably similar across different conduit networks, but distributed 

aquifer behavior (head fields, regions vulnerable to surface solute applications) will be 

more highly variable and dependent on conduit configuration; (3) first magnitude spring 
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conduit networks subject to the same boundary conditions will have conduit 

development in similar regions of the springshed, allowing for the mapping of vulnerable 

areas based on climatic, topographic and hydrologic features. The conceptual geologic 

model and hydrologic model for this study were based upon the Silver Springshed in 

North Florida (Figure 4-2). 

Methods 

Overview of Flow Transport and Conduit Dissolution Model 

The conduit generation algorithm employed in this study adapts a pseudogenetic 

scheme [Borghi et al., 2012] to include a process-based flow, transport, and conduit 

dissolution model, stochastically generated preferential flow path templates and 

boundary conditions that honor what is known about the geology, hydrology, and 

climate of the system being modeled (Figure 4-1). The physics-based discrete 

continuum flow and transport model DisCo [de Rooij et al., 2013] was used to evolve 

karst networks from initial preferential flow path templates rather than the more 

empirical using fast marching algorithm used by Borghi et al. [2012]. This approach is 

advantageous because it incorporates the physics of speleogenesis into developing 

conduit networks from the initial preferential flow path templates and uses the advection 

dispersion equation to represent calcium transport. Details underlying the DisCo model 

are included in Appendix B. 

The process starts with a geologic model of the Silver Springs springshed to 

specify topography, geologic model structure, springshed boundaries and boundary 

conditions, and the spring outlet (Figure 4-2). Then stochastic preferential flow path 

templates are generated with random vertical preferential pathways (VPFs), random 

horizontal preferential pathways (HPFs), and a fixed outlet for Silver Springs. The 
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conduit evolution algorithm is run iteratively to evolve conduit networks using coupled 

flow, calcite dissolution, and transport equations in the DisCo model. At each 

successive iteration, conduits are enlarged based on the mass of carbonate dissolved, 

limestone density, and fracture surface area. An advantage to this algorithm is that 

conduit properties evolve from initial conditions using physics describing dissolution and 

transport of calcite undersaturated water. Furthermore, exchange between the conduit 

network and porous matrix is a function of model discretization and porous media 

properties via the Peaceman well index instead of a calibrated parameter [Peaceman, 

1978, 1983].  

Hydrologic Model  

The conceptual DisCo hydrologic model was derived from the Silver Springs 

local scale model (Figure 4-2), a subdomain of the Northern District Model (NDM) 

[Hydrogeologic, 2013]. All surface topography, layering, and total Floridan Aquifer 

depths were taken from the NDM but porous media properties were homogenized and 

boundary conditions were simplified to facilitate analysis of heterogeneity induced by 

variations in preferential flow path templates. The model contained 7 layers, 161 rows 

and 92 columns with 762m square model cells (Figure 4-3). The active domain was 

defined by the springshed boundary determined from the NDM 1000-year capture zone 

[Hydrogeologic, 2013]. Model layer 1 represents the surficial aquifer and epikarst, which 

collects and conveys recharge to the karst aquifer through both focused (VPF) and 

diffuse recharge. Layers 2 through 7 represent the limestone aquifer. Despite, 

homogenous property assumptions, NDM model layer discretization was maintained to 

facilitate incorporation of conduit network replicates in future local scale hydrologic 

decision models. 
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Silver Springs is primarily sourced from Ocala Limestone [Faulkner, 1970] which 

is represented by layer 4 in the original NDM. Most reported cave systems in the UFA 

form at the contacts between shallow stratigraphic units (e.g. Ocala Limestone and 

Avon Park formation contact) [Beck, 1986]. The interface between the Ocala Limestone 

and Avon Park Formation is presumed to be the location of extensive karst 

development because of the lower relative permeability of the Avon Park Formation 

[Phelps and Survey, 2004; Florea and Vacher, 2007b]. Prior studies in the UFA in north 

Florida [Florea et al., 2007; Langston et al., 2012a; Gulley et al., 2013a, 2013b] suggest 

that conduits are located 10-15m below sea level, the top and bottom median elevation 

values for model layer 4 are -4.23 and -37.61, respectively. Accordingly, HPFs were 

placed throughout layer 4 to generate preferential flow path templates.    

Boundary conditions 

Lateral no flux boundaries were placed at along the defined regulatory 

springshed boundaries, resulting in 4179 active cells in each layer. A fixed-head 

boundary represented the spring with the Silver Spring pool elevation, 12.198m above 

sea level [Hydrogeologic, 2013]. A specified flux boundary represented steady-state 

surface recharge of 1.182E-8m s-1 which is based upon the mean areal recharge for the 

NDM model within the Silver Spring subdomain. The resulting total steady-state 

recharge flux is 28.65m 3 s-1 which is greater than average springflow for the Silver 

Spring of 20.9m 3 s-1 calculated from 1935 to 2014 [USGS, 2014].  

Boundary conditions during the conduit evolution process are generally unknown. 

However, applied recharge during conduit evolution must be carefully considered to 

avoid unrealistic scenarios such as unrealistic high hydraulic heads above land surface. 

Simulating surface flow routing and storage using rigorous mass balance methods is 
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computationally demanding and not feasible over the time frames required for conduit 

development. Therefore a computationally efficient surface boundary condition was 

developed to remove surface water from the model domain so that unrealistic hydraulic 

heads do not occur before the network has been able to develop and capture recharge. 

For each cell, a spill elevation was defined using the surface topography [Wang and Liu, 

2006]. Spill elevations were computed based upon adjacent cell elevations. If the cell 

was located in a local depression, the spill elevation was set to the height of the lowest 

cell elevation along the closed topographic depression boundary. This boundary limited 

the hydraulic heads to the spill elevation. The surface flux was calculated as: 

q = {
𝛾(ℎ𝑐 − 𝑍𝑠)

0
   

𝑖𝑓 ℎ𝑐 > ℎ𝑠

𝑖𝑓 ℎ𝑐 < 𝑍𝑠
 

(4-1) 

where q is the surface flux,  𝛾 is the drain conductance,  ℎ𝑐 is the hydraulic head in the 

topmost cell, and 𝑍𝑠 is the spill elevation associated with the drain. As the conduit 

network evolved through time heads throughout the domain were lowered and flow was 

captured from the surface boundaries and routed to the spring.  

Preferential flow path template generation 

Karstification requires initial apertures of some nominal size to facilitate 

dissolution. These are referred to here as the preferential flow path template and 

characterized by the random length, density and orientation of HPFs and random 

location of VPFs. An ensemble of possible preferential flow path templates were created 

and implemented in the hydrologic model to obtain insights into hydrologic response 

uncertainty. The conceptual geologic model for local HPFs in this study is based upon 

knowledge of HPF development along bedding planes of the Ocala Limestone and 

northwest and northeast trending fractures and joints developed since the Oligocene 
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epoch approximately 35 m.y.a [Vernon, 1951; Ceryak et al., 1983] (Figure 4-2). The 

network of HPFs were conceptualized as intersecting fracture segments within a 

horizontal plane that were mapped to layer 4 of the hydrologic model, which 

corresponds to the Ocala Limestone. A limitation of this approach is that karst networks 

only evolve within the initial HPFs.  

Each HPF was generated as a line segment using typical stochastic fracture 

generation techniques [Bauer et al., 2005]. In order to facilitate connectivity, several 

geometric restrictions were applied to the HPF generation algorithm; (1) to prevent 

superposition of HPFs on one another a minimum distance between HPFs of 10 m was 

established, (2) to prevent very small HPF segments a minimum distance of 10 m was 

specified between each HPF intersection point, and (3) to prevent slightly subparallel 

HPFs a minimum angle of intersection of 5° between HPFs in the same fracture set was 

implemented. Length distribution of HPFs was determined based upon a gamma 

distribution with two parameters, k and theta. For the gamma distribution; k values less 

than 1 approach power law behavior, k values equal to 1 approach exponential behavior 

and k values greater than one represent distributions with long tail behaviors. The theta 

parameter is a scale value. The expected mean HPF length for each distribution is 

equal to k*theta. All HPFs were set to an initial diameter of 2 mm. 

Sinks and other VPFs have been observed near photolinear features, are 

common in valley floors [Littlefield et al., 1984], and are often associated with the oldest 

karst depressions [Upchurch and Littlefield Jr, 1988]. In this study, VPF’s were 

represented by high hydraulic conductivity cells connecting the land surface of the 

model to the conduit layer (layer 4). In a previous UFA study near the Suwannee River, 
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mean sinkhole densities were approximately 6 per km2 [Denizman, 1998], and have 

been reported to range between 3.5 to 19.9 per km2 in other temperate subtropical 

settings [Ford and Williams, 2013]. In the Silver Springs springshed, density of 

sinkholes may be estimated based upon Florida Geological Survey data (Figure 4-2) 

which was based upon geographic analysis of surface topography, however it is 

unknown how many of the mapped sinks or depressions extend to the aquifer. Due to 

the uncertainty in the locations and spatial density of HPFs and VPFs in the Silver 

Springshed, various densities and configurations were evaluated in the preferential flow 

path template algorithm. 

Each preferential flow path template contained a specified number of 

stochastically generated gamma distributed HPFs, a specified number of randomly 

located VPFs, and homogeneous matrix porosity, hydraulic conductivity, specific 

storage coefficient. Values for the parameters of the gamma distribution, HPF and VPF 

densities, and porous media properties varied across the realizations using values 

drawn from a specified probability distribution (Table 4-1). Across the ensemble, HPF 

fracture sets had mean orientations of 45° and 315°, northeast and northwest, following 

orientations of a prior photolineament study [Vernon, 1951], however the orientation of 

individual HPFs were allowed to randomly vary around this mean with a tolerance 

drawn from a uniform distribution. This random tolerance is referred to as the spread in 

following analyses. The location of each HPF and VPF was randomly selected from a 

uniform distribution of x and y coordinates within the domain. One HPF was 

deterministically placed at the location of Silver Springs. 
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Dissolution model 

 DisCo was run for each preferential flow path template to simulate the conduit 

network evolution subject to the specified climatic, topographic, and hydrologic 

boundary conditions of the Silver Springshed model. Calcite undersaturated water was 

applied at land surface, and moved through the epikarst and VPFs to the HPFs where 

dissolution could occur, enlarging the HPF radii. Recharge entering the HPFs from the 

VPFs was assumed to 100% undersaturated with respect to calcite. Groundwater 

entering the HPFs from the limestone porous media was assumed to be 100% 

saturated with respect to calcite. 

Morris Method Global Sensitivity Analysis 

Morris Method Global Sensitivity Analysis (MM-GSA) was used to sample the 

wide range of possible preferential flow path and porous matrix properties influencing 

spring network genesis and hydrologic and transport response. Furthermore, insights 

from the MM-GSA were used to evaluate properties driving network development, 

observed behaviors, and examine sensitivity to input parameters.  

The MM-GSA used estimated ranges in values for HPF density and orientation, 

VPF location and density, and porous matrix properties from literature and previous 

studies in the Silver Springshed (Table 4-1). The analysis evaluated dissolution and 

hydraulic and transport pulse response. Not all preferential flow path templates have the 

potential to create a first magnitude spring, thus behavioral Monte Carlo filtering (BMCF) 

of the MM-GSA results was used to determine parameter ranges most likely to create  

“behavioral” networks, that is, preferential flow path templates that develop into a first 

magnitude spring.  



 
 

99 
 

The Morris method classifies input parameters into three groups, parameters that 

have negligible effects, those with large linear effects without interactions, and those 

with large non-linear and interactive effects [Iooss and Lemaître, 2014]. The Morris 

method is an elementary effects method where the domain of experimental inputs, Ω is 

a k dimensional p-level grid [Campolongo et al., 2007]; where k is the number of 

independent model input parameters (i.e. input parameter space is a vector 𝜃𝑖 with 

i=1,2,…,k) and p is the number of levels which span the specified value range for each 

parameter. For each model run, a change in a single parameter is generated and its 

effect on the output (x) is examined. The change in x in response to a change in the ith 

parameter (𝜃) is the elementary effect (𝐸𝐸) of the ith input on output x calculated as: 

𝐸𝐸𝑖 =
[𝑥(𝜃1, 𝜃2 … , 𝜃𝑖 + ∆𝑖, … , 𝜃𝑘) − 𝑥(𝜃1, … , 𝜃𝑘)]

∆
 

(4-2) 

where ∆ represents a non-dimensional step change of parameter 𝜃  within the specified 

range, i.e. i/(p-1) where i=1, 2,…, p-2. For this study, p=4 was selected [Khare and 

Muñoz-carpena, 2014]. Different 𝜃 from Ω are randomly sampled to create a finite 

sample of 𝐸𝐸𝑖. These effects are used to derive sensitivity indices based upon the mean 

(µ) and the standard deviation (σ) of the  𝐸𝐸𝑖 over the ensemble. Large µ values 

indicate a large influence of the corresponding parameter on model output. A modified µ 

value, µ* was proposed by [Campolongo et al., 2007], which averages the absolute 

values of 𝐸𝐸𝑖 to eliminate effects of opposite signs in non-monotonic model responses. 

This µ* index was shown in the same study to be an acceptable approximation for the 

variance based total index provided by more rigorous GSA analyses. The signs of 

elementary effects were shown to vary during analysis so both µ and µ* were evaluated. 
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Large values of σ indicate that the corresponding input parameter exerts a non-linear 

effect on model output or has non-linear interactions among other input parameters.   

The number of simulations in the Morris analysis (𝑁) is:  

𝑁 = 𝑟(𝑘 + 1) (4-3) 

where 𝑟 is the sampling size for each trajectory and 𝑘 is the number of parameters 

being investigated. Parameters were sampled using the eSU method [Khare and 

Muñoz-Carpena, 2014]. A value of 𝑟 =10 was selected based on previous research 

[Saltelli et al., 2004; Muñoz-Carpena et al., 2007] and 𝑘 = 8 for the MM-GSA analysis 

(Table 4-1) resulting in 𝑁 = 90 simulations. To better control random behaviors, the 

random seed for each replicate was changed for each gamma distribution.  

Morris results were analyzed using the Elementary Measures and Plots Matlab 

software [Khare and Muñoz-Carpena, 2014]. The blue lines in the plot reflect a 1:1 line 

between µ and µ* and σ. The red lines represent the relationship of µ and µ* to +/- 2/σ-2. 

Values inside the red plotted lines are highly interactive, those within the blue lines are 

moderately interactive and those outside the lines are non-interactive parameters.  

Dissolution Response Metrics 

The spring hydrograph as a function of dissolution time was used to determine 

when the conduit network reached a stable configuration. Hydraulic and transport pulse 

experiments were evaluated on the stable network. Differences in conduit radii statistics 

(median, max), and network plots were used to compare conduit networks. Effective 

porosity for the evolved karst aquifer was computed as: 

𝐶𝑣 + 𝑛(𝑀𝑣 − 𝐶𝑣)

𝑀𝑣
 

(4-4) 
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where 𝐶𝑣 is the conduit volume, 𝑀𝑣 is the matrix volume, and 𝑛 is the porosity. The HPF 

density was defined as: 

𝐿𝑡

𝐴𝑡
 

(4-5) 

where 𝐿𝑡 is the total length of HPFs and 𝐴𝑡 is the springshed area and has units of     

[km-1]. Dissolved HPF density was used to evaluate magnitude of dissolution across 

replicates. For that metric, 𝐿𝑡 is the total HPF length for HPFs with radii greater than 0.5 

m was used in equation 4-5. 

Hydrograph Response Metrics 

Hydrograph response metrics were derived directly from simulated spring 

hydrograph storm pulse responses. Metrics include steady-state flow magnitude, timing 

and magnitude of peak flow, and early and late hydrograph recession coefficients. 

Hydrograph recession can be separated into at least two periods, an early period which 

is controlled by drainage of water in the conduit network, epikarst, and matrix cells 

containing conduits, and a later period that is controlled by slow draining of storage in 

the lower permeability porous matrix often referred to as baseflow recession [Atkinson, 

1977; Padilla et al., 1994; Kiraly, 2002; Kovács et al., 2005; Geyer et al., 2008b]. 

Due to significant difference in response timescales for focused and diffuse 

recharge, early hydrograph behavior is dominated by focused recharge while late 

recession is dominated by diffuse recharge [Covington et al., 2009]. Recession 

coefficients and inflection points were calculated based upon linear regression of the 

natural logarithm springflow through time (lnQ vs t plots). Defining inflection points is 

subjective, however the point where the hydrograph recession becomes linear on the 
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lnQ vs t plot (i.e. exponential decay) has been widely used to describe late recession 

behavior [Baedke and Krothe, 2001; Dewandel et al., 2003; Kovács and Perrochet, 

2008; Chang et al., 2015]. This was the approach used to separate early and late 

recession behavior (Figure 4-4). 

The effects of conduit networks on flow toward the spring were evaluated in 

using fraction of conduit flow through 3 concentric circular control planes through the 

aquifer located 2, 8, and 12km away from a spring for steady-state and peak flow.  

Transport Response Metrics 

Transport response metrics were derived from surface tracer pulse chemographs 

(breakthrough curves). A uniform instantaneous pulse of 1 kg m-2, was applied to the 

surface in a steady flow field. Surface and spring chemograph analysis included peak 

magnitude and timing, and moment analysis including total mass (0th moment), mean 

travel time (normalized 1st moment), and travel time standard deviation (square root of 

normalized 2nd central moment). Since the experiments allowed two boundaries for 

tracer mass to exit, the fraction of mass delivered to the spring or to the surface 

boundary varied among replicates. Combined tracer mass recovery from the surface 

and spring boundary conditions was required to be at least 90% before moments were 

calculated. The concentrations at each boundary at the end of the simulation were 

examined to get a relative sense of whether the remaining solute was contained in near 

surface storage or aquifer storage. 

Behavioral Monte Carlo Filtering 

Behavioral Monte Carlo filtering (BMCF) was used to evaluate parameter ranges 

that were more likely to generate a spring conduit network. If the preferential flow path 

template evolved into a first magnitude springshed (>2.8 m3 s-1), it was considered 



 
 

103 
 

behavioral. Sensitivity indices of behavioral classifications to MM-GSA parameters were 

evaluated to determine which parameters were driving the behavior. A probability 

distribution was developed for each parameter for the behavioral and non-behavioral 

groups.  Kolmogorov–Smirnov (KS) two-sample test was used to test the null 

hypothesis that the distributions were identical.  

Results  

Dissolution Behaviors and Sensitivity 

The MM-GSA provided insights into paleo karst template properties that lead to 

development of a spring conduit network. Steady-state springflow was used to 

determine if networks generated 1st magnitude springs. As networks evolved, they 

began to capture more of the surface recharge, consequently spring flux increased 

through time. Networks reached a steady spring flux over varying timescales (Figure 4-

5A), however every conduit system reached a maxima after which steady-state flux did 

not change significantly (<0.01% change in springflow).  

Of the 90 simulations in the MM-GSA only 61 were behavioral. To test that non-

behavioral networks continue to be non-behavioral with longer dissolution, dissolution 

was allowed to proceed, and springflow evolve, for 1.5 times the time when dissolution 

steady-flux behavior was observed for each replicate. Results confirmed that non-

behavioral networks continue to be non-behavioral (Figure 4-5B). Although a steady 

spring flux was achieved at a certain point during dissolution, the HPFs continued to 

dissolve and radii increased. This had minimal effect on steady-state spring fluxes but a 

significant effect on peak response to the hydraulic pulse (Table 4-2). As the conduit 

diameter in the network increased, the head gradient across the conduit decreased and 
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the conduit behaved like a fixed head boundary equal to the spring head, with reduced 

resistance to flow.  

Prior research of single-conduit evolution in box models with fixed boundary 

conditions at each end has shown similar dissolution progression, where initial conduit 

development is slow but reaches a steady value [Kaufmann, 2003, 2009; Kaufmann et 

al., 2010]. Figure 4-5 illustrates this behavior at the macro-scale for a conduit network. It 

is posited that steady-flow behavior represents karst system maturity, and the majority 

of flow paths that will connect to the network have become stable. 

To test this hypothesis, plots of conduit flow at steady-state (15,000 years), 

20,000 years, and 25,000 years were examined for one behavioral case during network 

development (Figure 4-6). While some very small paths continue to develop near the 

distal edges of the fracture network over time, the majority of the network stays the 

same. These data support that when the steady flux is obtained that the configuration of 

the network has become stable; this state could be described as self-organized.  

Table 4-3 summarizes difference between behavioral and non-behavioral groups 

for dissolution. Minimum, maximum, mean and standard deviation in template HPF 

density was similar between the groups, while dissolved HPF distributions have different 

behaviors. This congruence between behavioral and non-behavioral initial network HPF 

densities indicates that the statistical parameters dictating the probability distribution 

preferential flow path template parameters may not be the only important driver of 

behavioral networks; random placement of HPF and network connectivity within the 

domain may assert significant control over patterns in connectivity and eventual network 

development.  
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As expected, radii were more developed, with higher ensemble median and 

mean radii in the behavioral replicates. The small influence of conduit networks on 

effective porosity was consistent with prior karst modelling studies, conduits make up a 

maximum of 1% of the aquifer volume [Bonacci, 1987; Worthington, 1999; Ford and 

Williams, 2013].   

The MM-GSA dissolution results (Figure 4-7) showed that hydraulic conductivity 

was the most sensitive parameter and it had relatively low interactions. Higher values of 

hydraulic conductivity contributed to lower dissolved HPF density (i.e. density of HPFs 

that have a radii greater than 0.5 m) (Figure 4-7A), and lower median and maximum 

radii (Figure 4-7B, Figure 4-7C). In this experiment, distributed recharge was applied 

across the top surface and flow focusing though the VPFs to the conduits occurred if 

conduit heads decreased and as a result gradients between the epikarst and conduits 

increased. Higher hydraulic conductivity values allowed distributed recharge to be 

distributed easily within the porous matrix, reducing flow focusing in VPFs and 

producing lower head gradients between the matrix and conduits and less impetus for 

conduits to develop. Thus in this experiment higher hydraulic conductivity was observed 

to impede network development. 

Network development was also sensitive to parameters that specified 

connectivity of the preferential flow paths. Dissolved HPF density was sensitive to the 

HPF length distribution parameters (k and theta), and fracture spread. Median radii 

were sensitive to length scale (theta), which influences network connectivity. Maximum 

radii was sensitive to the number of VPFs. Thus higher connectivity in the preferential 
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flow path template due longer HPFs (higher K*theta), higher variation in HPF orientation 

and more VPFs led to more network development.  

Steady-State and Hydraulic Pulse Response Sensitivity 

Steady state flow (Figure 4-8A) was most sensitive to hydraulic conductivity, and 

the fracture length scale (theta). Increased hydraulic conductivity was associated with 

lower steady-state fluxes, lower peak flows, and slower recession, which is somewhat 

counter-intuitive. However because hydraulic conductivity had such a strong influence 

on conduit development, the observed sensitivity was dominated by the indirect 

influence on conduit development rather than the direct influence of porous media flow 

behavior. This explanation is supported by the fact that highest values of matrix 

hydraulic conductivity (1e-4 m s-1) often result in non-behavioral systems. Of the 20 

simulations with the highest hydraulic conductivity values, only 4 generated a first 

magnitude spring. Non-behavioral networks had steady-state fluxes <0.1 m3 s-1 and no 

hydraulic pulse response or recession.  

After hydraulic conductivity, hydraulic response were most sensitive to the 

fracture length scale parameter theta and the number of VPFs. Longer fractures and 

more VPFs lead to increased peak flow and faster recession which was expected 

because more developed conduits will lead to rapid response and rapid recession of 

hydraulic pulses. 

Transport Pulse Response Sensitivity 

Behavioral Morris transport pulse response results also showed that hydraulic 

conductivity was the most sensitive least interactive parameter (Figure 4-9A). Higher 

hydraulic conductivity decreased the magnitude of peak solute concentration and 

increased the peak travel time, first normalized temporal moment (mean travel time) 
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and the second centralized moment (travel time standard deviation). Again this result 

was likely attributed to the fact that high hydraulic conductivities promote more flow 

through the matrix and inhibit development of the conduit network, thus more solute was 

transported more slowly through the porous media matrix.   

Transport pulse response was also sensitive to the fracture length scale 

parameter and spread. In general, increased network connectivity from longer fractures 

and more variable orientations increased the magnitude of peak solute concentration, 

and reduced the travel time peak, mean, and standard deviation. Thus as expected, 

parameter values that increased the conduit network connectivity led to faster transport 

by focusing flow and solute into the network (Figure 4-9D). 

Hydraulic Pulse Response Metrics 

Ensemble hydrograph plots illustrate the variability in spring flow over the entire 

ensemble (Figure 4-10) and behavioral replicates (Figure 4-11). Behavioral replicate 

spring flows ranged from approximately 83% to 100% of recharge. The mean steady-

state springflow was 27.19 m3 s-1 and the standard deviation around this mean was 3.70 

m3 s-1. Hydrograph metrics for behavioral and non-behavioral replicates (Table 4-4) 

illustrate expected behaviors; steady state and peak flow was substantially higher in 

behavioral cases.  

Hydrograph recession values are in the range of values estimated from the Silver 

Springs data, where the best fit of transfer function hydrologic response modeling 

indicated exponential function with a response time ranging between 1.5-4.5 years [Jim 

Jawitz, personal communication, September 1, 2015]. In this study, early recession 

hydrologic response time (1/alpha) ranged from 0.55 to 4.5 years with a mean of 0.25 

years. Late baseflow recession response time (1/alpha) ranged from 3 to 274 years with 
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a mean of 20 years. The lower numbers are closer to the estimated values from the 

exponential response function lag times, but the larger values suggest that storage 

release during baseflow recession can extend for long periods of time.  

Flow through concentric control planes toward the spring provides further insight 

into causes of behavioral and non-behavioral groups (Table 4-5). In behavioral cases, 

flow through the control planes was dominated by conduit flow with nearly all of the flow 

occurring in the conduits and small decreases in percentage of conduit flow with 

distance from the spring. In contrast, non-behavioral case mean behavior shows small 

flow fractions near the spring and increasing mean flow fractions as distance from the 

spring increases. This suggests that in these non–behavioral cases local flow systems 

developed and routed water to the surface boundary instead of the spring; this finding 

was further supported by observed non-behavioral networks discussed below. 

Transport Pulse Response Metrics 

Entire ensemble chemographs (i.e. breakthrough curves) show substantial 

variation in transport pulse response (Figure 4-12). Entire ensemble results show high 

variability due to low spring mass flux for non-behavioral cases. However, the 

comparison of the entire ensemble and behavioral group chemographs reveal highly 

consistent peak travel time of approximately 14 years (Figure 4-13), which was in good 

agreement with prior measurements of apparent groundwater age at Silver Springs that 

range from 9.9 to 27.5 years with a mean of 18.73 years [Phelps and Survey, 2004].  

Transport pulse response statistics provided further insights into differences 

between behavioral and non-behavioral groups (Table 4-6). Overall mass recovery was 

good with a minimum of approximately 73% and mean of 86% mass recovery through 

both the surface and spring boundary for non-behavioral cases and a minimum of 81% 
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with a mean of 97% for behavioral cases (Table 4-6). Unrecovered mass likely remains 

in the domain at the end of the simulation, although model precision could account for 

up to 4% error at each boundary over the 1250 year simulation. Transport BTCs 

showed expected behaviors, behavioral replicates infiltrated much more mass into the 

domain illustrating the role that connected conduit networks play in aquifer vulnerability. 

Maximum, minimum and mean peak travel times, mean travel times, and travel time 

standard deviations were smaller in the behavioral cases.   

Behavioral and Non-Behavioral Networks 

The MM-GSA results (Figure 4-14), show that hydraulic conductivity and HPF 

length scale (theta) are the most sensitive parameters for behavioral cases. The BMCF 

analysis examined differences between behavioral and non-behavioral groups. The KS 

test D parameter is the distance parameter, an indicator of differences between the 

empirical cumulative distribution functions between behavioral and non-behavioral 

groups for each input parameter. The magnitude of the D parameter depends on the 

number of samples; a smaller value indicates a higher probability that the samples in 

each group are drawn from the same statistical distribution, while larger values indicate 

a lower probability that samples are drawn from the same distribution. The P value 

represents the probability that the two distributions are the same. This analysis showed 

that hydraulic conductivity and the fracture length scale parameter theta were the most 

sensitive parameters that distinguish between behavioral and non-behavioral 

realizations. Histograms of behavioral versus non-behavioral parameters show that 

hydraulic conductivity (p<0.001) and number of VPFs (p=0.006) were significantly 

different among behavioral and non-behavioral groups, further underscoring the 

importance of these parameters on network development. While distributions for 
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behavioral and non-behavioral groups were significantly different for the number of 

VPFs, the number of VPFs did not show up as a sensitive parameter in the behavioral 

Morris sensitivity plot (Figure 4-14). This may be due to the influence of non-behavioral 

groups on steady-state flow sensitivity. Results previously discussed indicated that the 

fracture length scale (theta) was also an important parameter in determining conduit 

network development, however it did not produce histograms that were different for 

behavioral and non-behavioral groups, likely due to high interactions of this parameter 

shown in Figure 4-15. Differences in network connectivity, such as the number of 

connections between HPFs were not explicitly described by the parameters so that may 

be driving some observed behaviors. Parameters with small µ values that are highly 

interactive such as spread may be exhibiting significant interactions with conduit 

geometry rather than the Morris parameter values.  

Network plots for non-behavioral (Figure 4-16) and behavioral groups (Figure 4-

17) were used to further investigate causes of non-behavioral groups. As expected, 

behavioral groups had much more connectivity with the spring, whereas non-behavioral 

networks tended to develop localized flow systems that discharge to the surface 

boundary.  

Figure 4-17 shows three behavioral conduit networks with the same peak solute 

travel time but increasing steady-state flux from left to right. Steady state flux for Figure 

4-17A was 10 m 3 s-1, Figure 4-17B was 18 m 3 s-1, and Figure 4-17C was 24 m 3 s-1. 

These figures illustrate expected drivers of behavioral networks; intense development of 

conduits near the spring and fluxes which increase with network extent and number of 

fractures oriented along the dominant north-south springshed head gradients. These 
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networks also illustrate that in behavioral cases conduits tend to develop in the low lying 

areas of the model domain (Figure 4-17, Figure 4-3). 

 Behavioral steady-state flow hydraulic conductivity end members show the 

influence of evolved conduit networks on steady-state hydraulic heads. Figure 4-18 

shows the lowest matrix hydraulic conductivity (1E-8 m s-1). The low hydraulic 

conductivity leads to a highly spatially heterogeneous potentiometric surface. Hydraulic 

heads in Figure 4-18A were significantly higher than observed in the Silver Springshed 

(Figure 5-1) owing to low matrix hydraulic conductivity, however the patterns of high 

heads in the northern and southern part of the domain and wide flat area near the 

spring was consistent. The dark circular features represent local low head regions 

around the VPFs with similar hydraulic heads as the spring boundary condition. Lower 

hydraulic conductivity results in more pronounced differences between conduit-

influenced porous matrix cells and porous matrix cells more distant from conduits.   

Figure 4-19 shows the highest matrix hydraulic conductivity (1E-4 m s-1). The 

hydraulic head values, pattern, and smooth potentiometric surface in the high hydraulic 

conductivity case 14 (Figure 4-19A) correspond well with observations from the Silver 

Springshed and illustrate the smoothing influence of high hydraulic conductivity on the 

potentiometric surface.  

Discussion 

The MM-GSA results and BMCF indicate hydraulic conductivity strongly 

influences network development and that initial HPFs must have significant mean length 

scales, spread, and density to facilitate the connectivity requisite to create a sufficient 

drainage network to create a first magnitude spring. The relatively small number of 

behavioral replicates and the observed parameter sensitivities confirms the first 
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hypothesis that a limited range of parameters will result in a development of a first 

magnitude spring system and that parameters that increase connectivity and decrease 

matrix permeability will be the most influential. The number and length of HPFs 

influence network drainage area, and connectivity to the spring. The number of VPFs 

had to be significant in order to route calcite undersaturated water to the HPFs to 

facilitate network development.  

Behavioral Monte Carlo Filtering of MM-GSA results show that the distributions 

between behavioral and non-behavioral parameters were highly similar. The HPFs and 

VPFs were randomly placed in the domain and interactions between network 

connectivity, HPF length scales and orientations, VPF locations, and porous media 

properties such as hydraulic conductivity led to significant hydraulic and solute response 

differences between behavioral and non-behavioral networks, with similar initial 

properties. Thus in addition to hydraulic conductivity and statistics of the HPF and VPF 

distributions, the actual connectivity of randomly placed HPFs and VPFs appears to 

have a large influence on whether a behavioral network evolves (Figure 4-14). This 

hypothesis will be further examined in the next chapter. 

Parameters with high μ* but μ values close to zero were likely influenced by non-

behavioral networks. For instance, sensitivity calculated for steady-state flow was highly 

influenced by the significant difference in steady state flow between behavioral and non-

behavioral groups where steady-state flows were equal to almost all of the applied 

recharge for behavioral cases and almost none of the recharge for non-behavioral 

cases. 
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The MM-GSA results, steady-flow behaviors, and BMCF results were used to 

examine what properties lead to development of a spring network and what timescales 

are appropriate to evolve each network for meaningful comparison. These results 

confirmed that networks evolve until they reach a steady flow when connected 

pathways and head gradients stabilize (Figure 4-5). After this point, conduit radii 

continue to grow but the springflow at the outlet was steady. This steady flow regime 

represents when the contributing drainage areas to each HPF have reached a stable 

configuration. Comparisons between networks at the time of steady flow facilitated fair 

comparisons among networks. 

The MM-GSA evaluated interactive and influential parameters of preferential flow 

path templates for hydraulic and solute pulse response in a hypothetical springshed. 

Hydrologic and transport pulse response metrics showed significant sensitivity to 

hydraulic conductivity and preferential flow path template properties (e.g. number of 

HPF, HPF length scales, spread, and numbers of VPFs). Porosity was expected to 

influence transport behavior by influencing velocity distributions in the porous matrix, 

however sensitivity to porosity was minimal. Behavioral and non-behavioral groups had 

similar preferential flow path template pdf parameters, but substantially different 

hydrologic and transport response. This was another indication that the random 

configuration of these features and resulting connectivity and interactivity among 

parameters was a significant driver of response.   

Analysis of mean and standard deviation for hydraulic and transport pulse for 

behavioral networks showed mean steady-state spring flows of 27.19 m3 s-1, a standard 

deviation of 3.70 m3 s-1 (Table 4-4) and coefficient of variation (CV) of 0.14. Similarly 
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peak spring flows had a mean of 34.80 m3 s-1 with a similar standard deviation of 6.21 

m3 s-1 with a CV of 0.18. Transport response (Table 4-6), had a mean tracer peak travel 

time of 13.86 years with a CV of 0.28, mean peak mass flux of 1.36 kg s-1, with a CV of 

0.38. Low CV values for hydraulic and transport metrics confirm the hypothesis that 

spring hydraulic and transport pulse response uncertainty was relatively low among 

behavioral replicates. However, Figure 4-18, and Figure 4-19 illustrate that distributed 

aquifer behavior such as head fields were more highly variable and dependent on 

conduit configuration. 

To gain further insight into properties associated with behavioral networks, 

network plots were used to visualize differences between behavioral and non-behavioral 

systems. Non-behavioral plots showed poor connectivity with the spring and 

disconnected local flow systems (Figure 4-16). Large variability in resulting 

potentiometric surfaces were observed, even in behavioral replicates (e.g. Figure 4-18) 

with large variations in maximum hydraulic head values, pronounced locally low head 

regions near VPFs, and pronounced undulations in the surface with lower matrix 

hydraulic conductivity. Behavioral networks showed increases in steady-state springflow 

with increasing spring connectivity and an increased distribution of connected HPFs. 

Increased development of HPFs appeared to occur in the topographic low areas of the 

model domain that drain nearby high regions like the western boundary where heads 

were elevated relative to the spring (Figure 4-17, Figure 4-18, Figure 4-19). This last 

result has implications for management of springsheds because areas of higher conduit 

network development correspond to areas of higher aquifer vulnerability. This supports 

the hypothesis that topographic and hydrologic features may be good predictors of 



 
 

115 
 

conduit development and thus may provide valuable information for mapping of 

vulnerable areas. 

Study Summary 

This study presented a framework for evolving random conduit networks in a 

hypothetical springshed representative of Silver Springs (Figure 4-1). A generalized 

geologic model for local karst properties and boundary conditions was created using 

available literature, geologic reports, and insights from meetings with local 

hydrogeologists. These data were used to formulate parameter ranges and horizons for 

conduit development that were incorporated into a simplified regional scale hydrologic 

model derived from a widely-used equivalent-porous-media regulatory hydrologic 

model. A preferential flowpath generation algorithm was developed to create 

preferential flow path templates. These preferential flow path templates were subjected 

to dissolution by spatially distributed calcite undersaturated recharge to create karst 

aquifer realizations. Hydrologic and transport response in each replicate was used to 

determine whether the realization resulted in generating a significant spring network.  

Morris Method Global Sensitivity Analyses coupled with Behavioral Monte Carlo 

Filtering was used in an effort to identify porous media and preferential flow path 

parameter ranges more likely to result in a first magnitude spring. Furthermore, these 

analyses were used to determine what assumptions about initial paleo karst templates 

influence hydrologic and transport response. Variation in ensemble hydrologic and 

transport response was used to evaluate how uncertainty in conduit location and 

properties contribute to uncertainty in hydrographs, chemographs and ensemble 

statistics. 

This analysis resulted in the following insights: 
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 A limited range of preferential flow path template parameters result in evolution of 
a conduit network that generates a first magnitude spring in the Silver 
Springshed 

 During dissolution steady-springflow occurs in the network and the network has 
reached a stable configuration. After this time steady-state spring flow does not 
change but conduit radii continue to grow, causing higher peak hydrograph 
response and faster recession to hydraulic pulses. 

 Lower hydraulic conductivity and longer HPF length scales (theta) often resulted 
in more significant conduit development. 

 Conduits tended to develop in topographic lows that drained nearby high regions. 

 Steady spring flux was a function of number of conduit connections near the 
spring, overall network extent, and matrix hydraulic conductivity. Behavioral 
replicates occurred across all hydraulic conductivity ranges suggesting that 
connectivity is a limiting factor.  

 HPF length scales, hydraulic conductivity and number of VPFs and HPFs were 
generally the most sensitive parameters for hydrologic and transport pulse 
experiments.  

 Behavioral and non-behavioral networks often had similar preferential flow path 
template pdf parameters suggesting that random placement and resulting 
connectivity variation exerted a large control on behaviors of evolved preferential 
flow path templates. Parameter interactions among minimally sensitive 
parameters in the MM-GSA results further support that the random behavior of 
networks influenced interpretation of input parameters. 

 Hydrologic response for behavioral networks at the time of steady-flow resulted 
in mean steady-state flow values of 23.78 m3 s-1 with a standard deviation of 3.70 
m3 s-1. Peak spring flows had a mean of 34.80 m3 s-1 with a standard deviation of 
6.21 m3 s-1. 

 Transport response for behavioral networks at the time of steady-flow resulted in 
peak travel time with a mean of 13.86 years and standard deviation of 3.83 
years, peak mass flux values with a mean of 1.36 kg s-1 and standard deviation of 
0.51 kg s-1, and mean travel times with a mean of 46 years and a standard 
deviation of 9.22 years. All of these results were close to previously estimated 
mean groundwater age measurements reported in the literature [Phelps and 
Survey, 2004]. 
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Figure 4-1.  Conduit Evolution Algorithm, adapted from Borghi et al., [2012]. 
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Figure 4-2.  Silver springshed site location.  A) Springshed location in Florida.  B) Silver 
Springs, 1000 year spring groundwater capture zone, photolineament defined 
regional fracture sets, extensive sinks (black dots) and model domain. 
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Figure 4-3.  Silver Spring model domain showing model grid and model surface 
topography elevations. 

 
Table 4-1.  Horizontal and vertical preferential flowpath (HPF and VPF) and matrix 

properties for Morris Method Global Sensitivity Analysis.  

Parameter Units 
Probability 

Distribution* Source 

HPF Number Count U(2500, 4000) [Vernon, 1951] 
Northeast HPF Set 1 
Orientation Degrees Fixed 45° [Vernon, 1951] 
Northwest HPF Set 2 
Orientation Degrees Fixed 315° [Vernon, 1951] 

HPF Spread Degrees U(0°, 60°) Estimated 

HPF k Unitless U(0.75, 2.00) Estimated 

HPF theta M U(4000, 6000) Estimated 

VPF Number Count U(250, 500) 
[Denizman, 1998; Ford 
and Williams, 2013] 

Matrix Porosity Unitless U(0.25, 0.40) [Langston et al., 2012b] 

Matrix Hydraulic Cond. m s-1 LU(1.00E-4, 1.00E-8) [Heath, 1983] 

Matrix Specific Storage m-1 U(1.00E-4, 1.00E-6) [Batu, 1998] 

Epikarst Hydraulic Cond. m s-1 Fixed 1.00E-3 [Heath, 1983] 

Epikarst Porosity Unitless 0.3 [Langston et al., 2012b] 

Epikarst Specific Storage m-1 Fixed 1.00E-4 [Batu, 1998] 

*U(minimum, maximum) uniform distribution probability range for GSA 
 LU(minimum, maximum)  is log uniform distribution probability range for GSA  
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Figure 4-4.  Example lnQ vs t plot showing hydrograph (black), log transformed flow 
(blue) and computed inflection point separating early and late hydrograph 
recession periods. 

 

 

Figure 4-5.  Simulated springflow during dissolution.  A) Steady-flux dissolution time.  B) 
One and a half times the steady-flux dissolution time. 

Table 4-2.  Comparison of flows and radii statistics at steady-flux dissolution time and 
one and a half times the steady-flux dissolution time. 

  

Steady-state 
flow 

(m3 s-1) 

Peak 
flow 

(m3 s-1) 

Max 
radii 
(m) 

Mean 
radii 
(m) 

Median 
radii 
(m) 

Steady-flux 
dissolution time      

Minimum 0.00 0.00 0.32 0.03 0.01 

Maximum 28.67 43.88 14.26 3.48 4.29 

Mean 18.45 23.60 3.91 1.24 1.26 

Standard Deviation 13.05 17.02 2.71 0.97 1.18 
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Table 4-2 (Continued) 

 

Steady-state 
flow 

(m3 s-1) 

Peak 
flow 

(m3 s-1) 

Max 
radii 
(m) 

Mean 
radii 
(m) 

Median 
radii 
(m) 

1.5 steady-flux 
dissolution time      

Minimum 0.00 0.00 0.05 0.01 0.01 

Maximum 28.68 0.00 0.35 0.03 0.01 

Mean 18.63 46.95 15.26 3.72 4.59 

Standard Deviation 13.18 25.25 4.19 1.32 1.35 

 
 

 
Figure 4-6.  Conduit flow during evolution.  A) Network at 15,000 years.  B) Network at 

20,000 years.  C) Network at 25,000 years. 

Table 4-3.  Morris Method Global Sensitivity Analysis results showing behavioral and 
non-behavioral group statistics for dissolution. 

Metric 

All HPF 
Density 
(km-1) 

Dissolved 
HPF Density 

(km-1) 

Median 
Radii 
(m) 

Max 
Radii 
(m) 

Effective 
Porosity 

Conduit 
Volume 
Fraction 

Behavioral       

Minimum 1.53 0.83 0.00 0.23 2.82 0.00 

Maximum 6.11 5.72 0.00 4.29 14.26 0.01 

Mean 3.75 2.55 0.00 1.83 5.30 0.00 

Standard Deviation 1.13 0.94 0.00 1.01 2.03 0.00 

Coefficient of variation 0.30 0.37 0.67 0.55 0.38 0.17 
       

Non-Behavioral       

Minimum 1.53 0.00 0.01 0.32 0.25 0.00 

Maximum 6.81 2.17 0.44 3.72 0.40 0.00 

Mean 3.88 0.38 0.06 1.00 0.32 0.00 
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Table 4-3 continued       

Metric 
All HPF 
Density 
(km-1) 

Dissolved 
HPF Density 

(km-1) 

Median 
Radii 
(m) 

Max 
Radii 
(m) 

Effective 
Porosity 

Conduit 
Volume 
Fraction 

Standard Deviation 1.33 0.70 0.11 1.22 0.06 0.00 

Coefficient of variation 0.34 1.82 1.78 1.23 0.18 1.75 

 

 

Figure 4-7.  Morris Method Global Sensitivity Analysis dissolution statistics showing µ, 
µ*, and σ values, 1:1 µ to σ relationships (red line) and µ to +/- 2/ σ-2 (blue 
lines) which aide in interpretation of parameter interactivity.  A) Dissolved 
HPF density.  B) Median Radii.  C) Max radii.  
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Figure 4-8.  Morris Method Global Sensitivity Analysis hydrologic pulse response 
metrics.  A) Steady-state flow.  B) Peak flow.  C) Early recession coefficients.  
D) Late recession coefficients. 
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Figure 4-9.  Morris Method Global Sensitivity Analysis transport pulse response metrics. 

A) Transport peak value.  B) Transport peak time.  C) Normalized first 
moment (mean breakthrough time).  D) Normalized second central temporal 
moment (tracer variance). 

 

Figure 4-10.  Ensemble hydrograph showing mean (black line) and standard deviation 
(gray shaded region). 
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Figure 4-11.  Behavioral ensemble hydrograph showing mean (black line) and standard 
deviation (gray shaded region). 

Table 4-4.  Morris Method Global Sensitivity Analysis results showing behavioral and 
non-behavioral group hydrograph statistics. 

Metric 
Steady-state flow 

(m3 s-1) 
Peak flow 

(m3 s-1) 

Alpha early 
recession 
coefficient 

(year-1) 

Inflection 
time 

(days) 

Alpha late 
recession 
coefficient 

(year-1) 

Behavioral      

Minimum 23.78 33.73 0.23 2.03 0.00 

Maximum 28.67 43.88 19.66 24.34 0.33 

Mean 27.19 34.80 4.63 9.26 0.05 

Standard Deviation 3.70 6.21 4.19 8.06 0.07 

Coefficient of variation 0.14 0.18 0.90 0.87 1.42 

Non-Behavioral      

Minimum 0.00 0.00 0.00 0.00 0.00 

Maximum 0.09 0.09 0.00 0.00 0.00 

Mean 0.05 0.05 0.00 0.00 0.00 

Standard Deviation 0.04 0.04 0.00 0.00 0.00 

Coefficient of variation 0.77 0.77 0.00 0.00 0.00 
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Table 4-5.  Behavioral Morris results showing behavioral and non-behavioral group 
statistics for flow fractions through concentric control planes located 2, 8 and 
12 km from the spring at steady-state and peak flow.  

Metric 
 2 km 

Steady-State 
Flow Fraction 

 2 km 
Peak Flow 
Fraction 

 8 km 
Steady-State 

Flow 
Fraction 

 8 km 
Peak Flow 
Fraction 

 12 km 
Steady-

State Flow 
Fraction 

 12 km 
Peak 
Flow 

Fraction 

Behavioral       

Minimum 0.99 0.99 0.98 0.98 0.97 0.97 

Maximum 1.00 1.00 1.00 1.00 1.00 1.00 

Mean 1.00 1.00 0.99 0.99 0.99 0.99 

Standard Deviation 0.00 0.00 0.00 0.00 0.01 0.01 
Coefficient of 
variation 0.00 0.00 0.00 0.00 0.01 0.01 

       

Non-Behavioral       

Minimum 0.00 0.00 0.00 0.00 0.03 0.03 

Maximum 0.96 0.96 0.97 0.97 1.00 1.00 

Mean 0.34 0.34 0.45 0.45 0.61 0.61 

Standard Deviation 0.40 0.40 0.33 0.33 0.38 0.38 
Coefficient of 
variation 1.17 1.17 0.73 0.73 0.62 0.62 

 

 

Figure 4-12.  Ensemble chemograph showing mean (black line) and standard deviation 
(gray shaded region). 
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Figure 4-13.  Behavioral ensemble chemograph showing mean (black line) and 
standard deviation (gray shaded region). 

Table 4-6.  Behavioral Morris results showing transport metric summary for behavioral 
and non-behavioral cases. 

Metric 

Percent 
Tracer Mass 
Recovery 

Percent 
Tracer 
Infiltrated 

Transport 
Peak Time 
(years) 

Transport 
Peak Value 
(kg  s-1) 

Mean Tracer 
Breakthrough 
(years) 

Tracer 
Standard 
Deviation 
(years) 

Behavioral       

Minimum 80.70% 27.28% 9.01 0.38 28.37 37.74 

Maximum 99.70% 97.71% 22.60 2.41 71.39 87.95 

Mean 97.23% 76.76% 13.86 1.36 46.01 54.15 

Standard Deviation 4.15% 20.78% 3.83 0.51 9.22 10.09 

Coefficient of 
variation 0.04 0.27 0.28 0.38 0.20 0.19 

       

Non-Behavioral       

Minimum 72.92% 0.01% 5.96 0.00 60.94 85.30 

Maximum 95.13% 0.25% 84.08 0.01 177.49 130.07 

Mean 85.52% 0.12% 29.33 0.00 104.13 109.99 

Standard Deviation 7.80% 0.09% 23.68 0.00 32.75 13.09 

Coefficient of 
variation 0.09 0.73 0.81 0.83 0.31 0.12 
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Figure 4-14.  Morris Method Global Sensitivity Analysis results showing sensitive and 

interactive parameters for behavioral networks. 
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Figure 4-15.  Behavioral Monte Carlo Filtering results for input parameters showing 
parameter distributions for behavioral (blue) and non-behavioral (green), 
networks and statistically significant parameters (red boxes). 
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Figure 4-16.  Two non-behavioral conduit networks, showing development of localized 

flow systems. 

 

 
Figure 4-17.  Three behavioral conduit networks with the same transport peak time but 

increasing steady-state flux from left to right.  A) Steady state flux was 10 m 3 
s-1.  B) Steady state flux was 18 m 3 s-1.  C) Steady state flux was 24 m 3 s-1. 
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Figure 4-18.  Behavioral example with spatially heterogeneous potentiometric surface.  

A) Potentiometric surface.  B) Conduit network. 
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Figure 4-19.  Behavioral example with relatively smooth potentiometric surface.  A) 

Potentiometric surface.  B) Conduit network. 
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CHAPTER 5 
EVALUATING THE IMPORTANCE OF CONDUIT AND SINK LOCATION ON FLOW 

AND TRANSPORT IN AN IDEALIZED SILVER SPRINGS MODEL 

Background 

Locations of karst conduits and conduit properties are unknown and poorly 

constrained. Uncertainty in conduit location, density, network geometry and connectivity 

on hydrologic response is not well quantified, leading to limited use of discrete-

continuum models that incorporate conduit networks for regional scale hydrologic 

regulatory models [Reimann et al., 2011b]. Nevertheless it is well documented that 

conduit networks influence flow and transport in karst aquifers considerably [Bonacci, 

1987; Worthington, 1999; Ford and Williams, 2013]. To date equivalent porous media 

(EPM) models have been typically used for management of water resources. These 

models increase matrix hydraulic conductivity to account for the influence of conduits. 

While this approach can provide reasonable water balances for calibrated models 

hydrologic flowpath heterogeneity, which is particularly important for predicting solute 

transport, is neglected. Furthermore, as shown in the previous chapter and by [Bonacci, 

1987] the majority of the flow in karst aquifers can occur in the conduit system. 

Therefore it is of prime importance to evaluate the uncertainty of conduit location, 

orientation and connectivity on flow and transport in karst aquifers. 

Study Objectives 

The objective of this study was to perform a Monte Carlo analysis of vertical 

preferential pathway and conduit network geometries to gain insight into potential flow 

and transport uncertainty in the idealized Silver Springshed. While conduit networks and 

flow and transport responses are simulated in an idealized system, interpretation of flow 

and transport phenomena in the idealized system should provide much needed 
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information about the importance of incorporating vertical preferential flow path and 

conduit network uncertainty into hydrologic decision models. 

This study used insights obtained from the Morris Method Global Sensitivity 

Analysis from the previous chapter to examine hydrologic and transport pulse response 

in networks that generate springflows and potentiometric surfaces that are 

representative of the Silver Springs system. Of the 90 simulations included in the Morris 

Global Sensitivity Analysis, only two networks had potentiometric surfaces, steady-state 

flows [Munch et al., 2006] and peak transport times similar to prior published data for 

the Silver Springshed ([Phelps and Survey, 2004], and St. Johns River Water 

Management District (Figure 5-1A). While chapter 4 examined the influence of 

parameters governing the probability density function for horizontal preferential 

flowpaths (HPFs), density and angles of orientations for HPFs, density of vertical 

preferential flow paths (VPFs) and properties of the porous matrix, this study examined 

the uncertainty in hydrologic and transport pulse response to the actual spatial 

configuration of HPFs and VPFs in preferential flow path templates in a Monte Carlo 

framework.  

Chapter 4 behavioral Monte Carlo filtering results indicated that the length scale 

factor and hydraulic conductivity were highly influential in determining conduit network 

development and first order magnitude spring generation, but the mechanisms 

explaining differences between non-behavioral and behavioral replicates were not fully 

uncovered by the Morris Method. It is hypothesized that variations in network 

connectivity imposed by the specific random placement and orientation of preferential 

flow paths, even for the same governing Morris Method parameters, led to differences 
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that contributed to behavioral network formation. Simply put, the random placement of 

preferential flow paths matters.  

This study asked two questions (1) for specified statistical properties of the 

preferential flow path template (HPF length, density, and orientation and number of 

VPFs) and porous media properties that are representative of the Silver Springshed, 

does random placement of individual HPFs and VPFs within the domain create 

differences in connectivity among replicates that drives significant differences in 

resulting conduit networks and the tendency to create first magnitude springs; and (2) 

what is the uncertainty in head fields, and hydraulic and transport pulse response 

contributed by randomly placed VPFs and HPFs that honor statistical properties of the 

preferential flow path template and porous media properties representative of the Silver 

Springshed?  

To answer these questions, the statistical properties of the preferential flow path 

network and the porous media properties were fixed in a Monte Carlo experiment, so 

the only random variables are the placement and orientation of HPFs and the locations 

of VPFs. Differences between behavioral and non-behavioral replicates were used to 

test the hypothesis that, in addition to the statistical parameters of the HPF length 

distribution and the porous media hydraulic conductivity (shown in chapter 4), the actual 

random placement of the preferential flow paths in the domain was an also important 

factor in determining whether a first magnitude spring develops, as well as the resulting 

behavior of head fields, spring hydrographs and chemographs.  

Methods 

Only two networks from the previous chapter showed head fields, spring flows 

and solute chemographs (break though curves) that were behavioral for the Silver 
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Spring system. Those networks were used as a basis to develop parameters and an 

additional behavioral constraint for defining whether each Monte Carlo replicate 

behaved like Silver Spring. To more rigorously define the additional hydraulic head 

behavior condition for a replicate to be categorized as behavioral for Silver Springs, the 

hydraulic heads of all transects for the previous chapter were examined. Simulations 

with hydraulic head values within 2 m of the 2010 potentiometric surface values where 

the four transects intersected the springshed boundary (Figure 5-1) were considered 

behavioral. Combined use of the first magnitude springflow and head metrics to the 

screen replicates included in the Morris Method ensemble in chapter 4 resulted in 2 

Silver Springs behavioral replicates, 14 and 81. These networks had very similar 

hydraulic properties (Table 5-1). However, many of the preferential flow path templates 

with similar properties in the Morris Method ensemble were not behavioral, indicating 

the potential importance of VPF and HPF connectivity on eventual development of a 

spring network. Representative values near the mean of the two behavioral networks 

were selected and fixed (Table 5-2), while the actual placement and orientation of HPFs 

and the location of VPFs was randomly varied.  

Monte Carlo replicates were generated and run through the dissolution, hydraulic 

pulse and solute pulse experiments until the ensemble mean values for the flow and 

transport outputs of interest converged for the entire ensemble. Outputs of interest 

included: steady-state flow, steady state hydraulic head transects from the spring 

though the model domain in the four cardinal directions (i.e. north, south, east, and 

west), hydraulic pulse peak flow, solute pulse peak travel time, solute pulse peak 

concentration, first normalized temporal moment of the solute breakthrough curve 
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(mean travel time), square root of the normalized second central temporal moment of 

the solute breakthrough curve (travel time standard deviation). Mean convergence was 

tested using a t-test to test the null hypothesis that the ensemble means were equal.   

As discussed in chapter two, springs integrate springshed behaviors through 

converging flowpaths, and therefore solute chemographs from instantaneous surface 

solute pulses were typically smooth and did not reveal vulnerable areas of the 

springshed that contribute to early arrival of solute at the spring. Therefore in this study, 

a backwards transport pulse Monte Carlo experiment at the spring outlet was conducted 

to illustrate the spatially variability of solute mass loading, peak solute travel times, 

mean solute travel times and thus vulnerable locations within the springshed.   

For the equivalent porous media (EPM) model and each behavioral conduit 

model replicate, a backwards pulse from the spring equal to the 1 kg m-2 over the entire 

springshed area was applied at the spring. The velocity field was reversed, the 

simulation was run for 1250 years, and the breakthrough of solute at the model land 

surface was observed. Distributed plots of the 0th moment (mass), peak travel time, and 

mean travel time at the land surface provide information on the spatial variability of 

vulnerable areas within the domain. For the behavioral ensemble, mean hydraulic 

heads and moments were computed and plotted for comparison. 

Results 

Convergence of ensemble output means occurred after 400 replicates. All P 

values for the hydraulic and transport pulse output metrics (Table 5-3) and head 

transects in the cardinal directions (Table 5-4) were greater than 0.7, allowing the 

acceptance of the null hypothesis that the means were equal. For the head transects, 
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only the means of the individual values along the transect and t-statistics are provided in 

the table, however each location along each transect met the above criteria. 

Based on the results shown in chapter 4 it was expected that, because of the 

high value for hydraulic conductivity required to simulate behavioral head fields, the 

number of behavioral replicates would be low, and in fact only 73 out of 400 replicates 

were behavioral for the first magnitude spring criterion. Only 37 of these were 

behavioral for the additional hydraulic head criterion. This confirms the hypothesis that 

in addition to HPF and VPF statistics properties and the hydraulic conductivity of the 

porous media (shown in the previous chapter), the actual random placement of HPF 

and VPF elements exerts significant control on behavioral conduit network 

development, and resulting flow and transport behaviors for behavioral and non-

behavioral networks.  

Hydrologic and Transport Response 

Hydrologic and transport metrics (Table 5-4), hydrographs (Figure 5-2), head 

transects (Figure 5-3), and chemographs (Figure 5-4) for the full ensemble showed high 

coefficients of variation (CV), indicating substantial variability in dissolution, hydrologic, 

and transport behavior. For example, the CV for steady-state flow was 1.86, peak flow 

was 1.86, peak solute travel time was 0.46, and mean tracer breakthrough was 0.31.  

Hydraulic pulse response statistics and hydrographs for the 37 behavioral 

replicates (Table 5-6 and Figure 5-5) showed that variation among behavioral networks 

was very small, with a mean value of 28.66 m3  s-1 with low standard deviation (<0.001 

m3  s-1), and extremely low CV (<0.001). Similarly, mean peak flow for behavioral 

replicates was 31.46 m3  s-1 with a CV of 0.01. If a first magnitude spring developed in any 
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particular replicate, it tended to capture all of the applied recharge and springflows 

tended to the value of the areally integrated recharge. 

Mean behavioral head transects also showed small standard deviation with 

values of approximately less than approximately 1 m in each cardinal direction near the 

spring (Figure 5-6). Non-linear behavior of mean head gradient near the spring was 

observed, which was a diagnostic behavior for conduit dominated, rather than 

equivalent porous media dominated flow systems at the regional scale [Worthington, 

2009]. 

Behavioral ensemble chemographs (Figure 5-7) also showed limited variability in 

solute in pulse response. Mean behavioral ensemble peak travel time (19.95 years) was 

similar to previously measured mean groundwater ages of approximately 20 years 

[Phelps and Survey, 2004]. However, the highly skewed mean solute breakthrough 

curve resulted in much larger values for mean travel time (first normalized temporal 

moment), approximately 57 years, and mean travel time standard deviation (square root 

of second centralized moment), approximately 73 years. Coefficients of variation of 

transport solute metrics were very small; the CV of peak solute arrival time was 0.06, 

the peak solute mass flux was 0.20, mean tracer breakthrough was 0.05, tracer spread 

(standard deviation) was 0.08. This low variability in steady flow, heads, hydraulic pulse 

breakthrough curves and solute pulse breakthrough curves across behavioral replicates 

indicates that the actual spatial configuration of the network was not extremely 

important to accurately predicting integrated spring measures within the set of 

behavioral replicates. 
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Backward Transport Pulse Monte Carlo 

A backwards transport pulse experiment at the spring outlet was conducted for 

the EPM model and the behavioral ensemble and to illustrate the spatial variability of 

solute mass loading, peak solute travel times, mean solute travel times and thus 

vulnerable locations within the springshed. 

The backwards transport pulse experiment on the EPM model showed expected 

behaviors with smooth heads and relatively uniform contours (Figure 5-8A) and 

relatively uniform 0th moment at the surface (Figure 5-8B) where mass from the spring 

backward transport pulse arrives equally throughout the domain. The notable exception 

was mass exiting the surface boundary in the northwest area of the domain. Peak 

arrival time and first normalized moment spatial maps (Figure 5-8C and Figure 5-8D) 

show concentric contours which illustrate that the EPM model, which neglects the 

influence of preferential flow paths, leads to uniform behaviors in backwards transport 

pulse response. 

The behavioral Monte Carlo ensemble mean hydraulic heads (Figure 5-9A), 0th 

moment (Figure 5-9B), peak arrival times (Figure 5-9C), and 1st normalized moment 

(Figure 5-9D) show much more spatial variability than the EPM model. Backwards 

transport Monte Carlo ensemble mean hydraulic heads reasonably reproduce the 2010 

Silver Springshed potentiometric surface. The 0th moment shows most of the mass from 

the spring arrives in the relatively flat hydraulic head area near the spring with 

significantly less contribution from the high head areas at the north and south ends of 

the domain. The peak arrival time shows significant spatial variability; first arrival less 

than 10 years in areas spatially distant from the springs on the western edge of the 

domain and greater than 100 year peak arrival times at the distal edges of the north and 
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southern areas of the domain. The 1st normalized moment shows that mean tracer 

breakthrough was less than 50 years near the spring, greater than 500 years in all of 

the high topographic areas, and 150 to 250 year mean breakthrough times that were 

spatially associated with topographic lows. 

Discussion 

Differences in mean behaviors between the entire Monte Carlo ensemble and the 

behavioral ensemble were used to test the hypothesis that actual connectivity of 

preferential paths within a particular realization of the Monte Carlo experiment exerts 

important control on eventual development of a first magnitude spring. Since the 

ensemble statistical properties of every realization were the same, if random placement 

results in a significant number of both behavioral and non-behavioral groups this 

hypothesis was supported. The small number of behavioral samples (37 out of 400) 

supports that the statistical parameters of the VPF and HPF distributions and the 

hydraulic conductivity of the porous matrix were not the only drivers, and perhaps not 

the most significant drivers of first magnitude spring development.  

Connectivity of individual realizations was found to be a significant driver of 

spring development and the consistent mean and standard deviation behavior among 

behavioral replicates indicates spring development was “all or nothing” for the 

parameter values explored here. Recharge was either lost completely to the surface 

boundary or directed completely to the spring outlet; the steady-state spring flow was 

either <0.1 m3 s-1 (for non-behavioral replicates) or equal to total recharge applied (for 

behavioral replicates). Standard deviations for steady-state flow, peak flow, peak arrival 

time, and peak mass flux were an order of magnitude higher for the entire ensemble 

than for the behavioral ensemble. Low standard deviations among behavioral replicate 
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metrics indicate that for the cases investigated here connectivity was extremely 

important in determining whether a spring will form, but once it formed knowledge of the 

actual location of preferential paths was not important for accurately predicting hydraulic 

and solute pulse response at the spring vent. 

The backwards tracer pulse experiment on the EPM model illustrates that even 

when springflows were equal to the recharge (28.65 m3 s-1) and hydraulic head 

distributions were representative of the Silver Springshed (Figure 5-8A), the transport 

behaviors were significantly different. The EPM model had relatively uniform mass 

arrival at the surface (Figure 5-8B) and the peak arrival time (Figure 5-8C) and first 

normalized moment (mean tracer breakthrough) (Figure 5-8D) had concentric contours 

away from the spring. This finding illustrates the importance of including preferential 

flow paths for prediction of spatial patterns in springshed vulnerability. 

The backwards tracer pulse experiments illustrated that although the prediction 

of integrated spring vent hydraulic and transport response was not particularly 

uncertain, spatially variable differences vulnerability across the springshed exist. The 

behavioral Monte Carlo ensemble hydraulic heads, peak arrival times, and 0th and 1st 

moments show significant variability (Figure 5-9). The mass distribution at the surface 

as a result of the backwards pulse (Figures 5-9B) indicated that all areas of the 

springshed were not equally vulnerable and did not respond equally to the solute 

injected at the spring. A higher percentage of solute mass exited the domain near the 

spring and in low topographic areas throughout the domain, while less solute mass 

exited at distant high topographic areas. Quick peak arrival times at areas spatially 

distant from the spring on the western edge of the domain further underscore how the 
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EPM model inadequately represented the distribution of vulnerability. Furthermore over 

larger timescales represented by the mean tracer breakthrough (1st normalized 

moment), preferential flow paths in topographic lows exert significant influence on the 

breakthrough times, a finding not observable with EPM models or forward transport 

experiments. 

In localized portions of the springshed, where the network was well developed, 

peak solute arrival times were on the order of 0-40 years whereas in less well 

connected regions, typically in distant high topographic locations, peak solute arrival 

times were greater than 100 years. However total mass, peak travel time and mean 

travel time were not well predicted by distance from the spring alone, topography and 

conduit network geometry interacted to impact springshed vulnerability. This 

emphasizes the importance of including conduit networks in vulnerability mapping 

exercises, and suggests that simulating transport using equivalent porous media flow 

and transport models is insufficient to characterize springshed vulnerability or plan 

effective land management strategies for reducing contaminant concentrations in spring 

flows.  Nevertheless the correspondence of the backward moment zeroth and peak 

travel time plots with the potentiometric surface plot indicate that if extremely high 

resolution maps of potentiometric surface map were available they could be used as 

first order screening tools for vulnerable regions.  

To further examine the variability in behavioral replicates, two behavioral 

replicates were compared, cases 79 and 83. The HPF density for cases 79 and 83 was 

representative of both non-behavioral and behavioral networks (Figure 5-10A, Figure 5-

11A). The hydraulic heads differed but showed the same spatial patterns with a low, flat 
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area in the center of the domain near the spring and high head areas in the northern 

and southern portions of the domain (Figure 5-10B, Figure 5-11B). The resulting 

fracture networks after dissolution were different but have similar characteristics as 

previously observed behavioral replicates; extensive development of networks near the 

spring and long branches that extend up through the domain to the northern and 

southern boundaries (Figure 5-10C, Figure 5-11C).  

Figures 5-12 and 5-13 show results of the backward pulse responses for case 79 

and 83 respectively. Figure 5-14 shows the breakthrough curve at the spring for forward 

solute pulse experiments on each of these replicates. The forward pulses were smooth 

and resulted in different solute mass contributions but showed similar peak travel times 

to the spring. Peak solute travel times at the surface as a result of the backward pulse 

(Figure 5-12A and 5-13A) illustrate the importance of VPFs and the conduit network 

configuration to determining vulnerable areas of the springshed that quickly contribute 

solute to the spring outlet. For both replicates, the western side of the domain, spatially 

distant from the spring, showed the fastest peak pulse arrival times (i.e. less than 10 

years). In contrast, high topographic areas in the northern and southern part of the 

domain showed much longer peak travel times even where extensive conduit network 

development occurred beneath them. The spatial map for distribution of mass exiting 

the surface of the domain (Figures 5-12B and 5-13B) showed that areas contributing 

significant mass to the spring were similar for the two replications and corresponded 

quite well on to the piezometric surface of the individual replicates (Figures 5-10A and 

5-11A). While there was spatial variability within and across the two replicates the 

highest mass was recovered near the spring in both cases, and less mass exited the 
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domain in areas with higher topography distant from the spring in both cases. The 

spatial map for distribution of mean arrival time (Figure 5-12C, Figure 5-13C) showed 

that the mean travel time was highly influenced by conduit geometry with exit times less 

than 50 years occurring in very close proximity to the developed conduit networks. 

Together these data show that for behavioral networks vulnerable regions were spatially 

variable but quite similar between the replicates and the ensemble mean behaviors.  

Study Summary 

Hydrologic models used for karst aquifer management typically neglect the 

influence of preferential flow pathways on hydrologic and transport response due to lack 

of information about the location and properties of preferential flow pathways. This study 

has shown that in addition to statistical properties of vertical and horizontal preferential 

pathways and the hydrologic properties of the porous media, the actual location of VPFs 

and HPFs in relation to each other and the spring outlet determines whether a spring 

will develop in a karst landscape. However, for the Monte Carlo simulation conducted in 

this study, if a network developed the uncertainty in hydraulic and solute pulse response 

at the spring vent due to unknown locations of network elements (e.g. VPFs and HPFs) 

was minimal. This indicates that incorporating preferential flow processes into the model 

may be more important than exact knowledge of preferential flowpath locations and 

orientations for understanding spatiotemporally integrated behaviors at springs. 

However backwards transport pulse experiments confirmed that conduit networks do 

contribute significant spatial heterogeneity in tracer travel times, surface vulnerability, 

and long term breakthrough tailing behavior.  
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Figure 5-1.  Potentiometric surface maps for Silver Springs.  A) Contoured 

potentiometric surface in ft. for 2010.  B) Adapted equivalent porous media 
(EPM) NDM model hydraulic heads for layer 4. 

 
Table 5-1.  Hydrologic and transport pulse metrics for behavioral cases from Chapter 4 

with values similar to published values for Silver Springs. 

  
Peak flow 
(m3 s-1) 

Steady-state 
flow (m3 s-1) 

Transport peak 
time (years) 

Transport peak 
value (kg s-1) 

Case 14 30.00 28.90 18.44 0.57 

Case 81 34.97 28.94 17.54 1.00 

 

Table 5-2.  Behavioral network properties from cases similar to Silver Springs from 
chapter 4 and selected parameters for chapter 5 Monte Carlo experiments. 

  
K Theta 

Number 
of VPF 

Number 
of HPF 

Hydraulic 
conductivity 

(m s-1) 

Spread 
(°) 

Porosity 
Specific 
storage 

(m-1) 

Case 14 1.17 6000 500 3000 0.0001 20 0.25 3.4E-05 

Case 81 1.58 4000 200 3500 0.0001 40 0.35 6.7E-05 

Average 1.375 5000 350 3250 0.0001 30 0.3 5.1E-05 

         
Selected 
parameters 

1.5 5000 350 3250 0.0001 30 0.3 1.0E-05 
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Table 5-3.  Output statistic convergence results for Monte Carlo simulations. 

Output Statistic 
Mean 300 
replicates 

Mean 400 
replicates 

T statistic P value 

Steady-state flow (m3 s-1) 6.47 6.36 -0.17 0.90 

Peak flow (m3 s-1) 6.67 6.56 0.39 0.73 

Transport peak time (years) 18.88 18.56 0.31 0.79 

Transport peak value (kg s-1) 0.13 0.15 0.26 0.76 

1st normalized moment (years) 71.57 70.37 -0.11 0.93 

2nd normalized moment-2(years) 94.24 92.66 0.39 0.73 

 

Table 5-4.  Head transect output statistic convergence results for Monte Carlo 
simulations 

 

 

Table 5-5.  Complete ensemble mean and standard deviation for hydrologic and 
transport metrics. 

Statistic 
Steady-state 
flow (m3 s-1) 

Peak 
flow  

(m3 s-1) 

Transport 
peak time 

(years) 

Transport 
peak 
value  

(kg s-1) 

Mean tracer 
breakthrough 

(years) 

Tracer 
standard 
deviation 
(years) 

Min 0.00 0.00 5.52 0.00 47.31 61.78 

Max 28.67 31.46 82.27 1.03 209.68 143.01 

Mean 6.36 6.56 18.56 0.15 70.37 92.66 
Standard 
deviation 11.85 12.22 8.49 0.28 21.53 23.69 
Coefficient 
of variation 1.86 1.86 0.46 1.89 0.31 0.26 

 

Output statistic 
Mean 300 
replicates 

Mean 400 
replicates 

Mean T 
statistic 

Mean 
P value 

East transect 19.07 18.96 -0.37 0.75 

North transect 21.10 24.08 -0.43 0.71 

South transect 19.88 19.39 -0.39 0.70 

West transect 19.62 19.45 -0.31 0.73 
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Figure 5-2.  Complete ensemble hydrograph showing mean (black line) and standard 
deviation (gray shaded region). 

 
Figure 5-3.  Complete ensemble head transects showing mean (black line) and 

standard deviation (gray shaded region). Spring is at zero on x-axis and 
distances are in the direction away from the spring.  A) North transect. B) 
West transect.  C) South transect.  D) East transect. 
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Figure 5-4.  Complete ensemble chemograph showing mean (black line) and standard 

deviation (gray shaded region). 

 
Table 5-6.  Behavioral ensemble mean and standard deviation for Hydrologic and 

transport metrics. 

Statistic 
Steady-state 
flow (m3 s-1) 

Peak 
flow  

(m3 s-1) 

Transport 
peak time 

(years) 

Transport 
peak value  

(kg s-1) 

Mean tracer 
breakthrough 

(years) 

Tracer 
standard 
deviation 
(years) 

Min 28.66 29.02 16.09 0.35 51.63 61.92 

Max 28.67 31.46 22.88 1.03 67.61 93.43 

Mean 28.66 29.57 19.95 0.66 56.83 73.15 

Standard 
Deviation 

0.00 0.43 1.18 0.14 3.01 5.97 

Coefficient 
of variation 

0.00 0.01 0.06 0.20 0.05 0.08 
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Figure 5-5.  Behavioral ensemble hydrograph showing mean (black line) and standard 
deviation (gray shaded region). 

 

 
Figure 5-6.  Behavioral ensemble head transects showing mean (black line) and 

standard deviation (gray shaded region). Spring is at zero on x-axis and 
distances are in the direction away from the spring. A) north transect, B) west 
transect, C) south transect, and D) east transect. 
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Figure 5-7.  Behavioral ensemble chemograph showing mean (black line) and standard 
deviation (gray shaded region). 
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Figure 5-8.  Equivalent porous media (EPM) model hydraulic heads and moments.  A) 

Hydraulic heads.  B) 0th moment.  C) Peak arrival time.  D) 1st normalized 
moment. 
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Figure 5-9.  Behavioral Monte Carlo ensemble model hydraulic heads and moments.  A) 
Hydraulic heads.  B) 0th moment.  C) Peak arrival time.  D) 1st normalized 
moment. 
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Figure 5-10.  Behavioral case 79.  A) Initial HPF network.  B) Steady-state hydraulic 

heads.  C) Developed conduit network.  

 

 
Figure 5-11.  Behavioral case 83.  A) Initial HPF network.  B) Steady-state hydraulic 

heads.  C) Developed conduit network.  
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Figure 5-12.  Backwards transport pulse for case 79.  A) Mass recovery at the surface 
(0th moment).  B) Peak arrival time.  C) Mean breakthrough time (1st 
normalized moment).  D) Model surface topography. 

 

 

Figure 5-13.  Backwards transport pulse for case 83.  A) Mass recovery at the surface 
(0th moment).  B) Peak arrival time.  C) Mean breakthrough time (1st 
normalized moment).  D) Model surface topography. 
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Figure 5-14.  Forward transport pulse for case 79 and 83 showing tracer mass flux.  
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CHAPTER 6 
SUMMARY AND CONCLUSIONS 

This research utilized a multi-disciplinary approach to examine spatially 

distributed evidence of nitrate transformations, in-situ nitrogen transformations, and the 

influences of geologic heterogeneity on conduit development and flow and solute 

transport fluxes and flowpaths in karst terrain.  

Spatially Distributed Nitrate Transformations 

The first element of the research examined the spatial distribution of 

denitrification proxies to uncover relationships between local aquifer geochemistry, 

aquifer confinement, and spatial flow focusing karst features associated with nitrate 

removal via denitrification. This study found that aquifer confinement was not associated 

with observed denitrification evidence despite local conditions which were favorable for 

denitrification (e.g. low DO, negative ORP, organic (DOC) and solid phase (iron and 

manganese) electron donor availability. All of the measured evidence of denitrification 

occurred in the unconfined region of the springshed. This does not necessarily mean 

that denitrification is not occurring in the confined region but rather that denitrification 

was not observed with the density of sampling of the confined region.  

 In the confined region, surficial flow paths towards depressions, sinks and 

wetlands that may be connected to the UFA may create nitrate transformation hotspots 

over small spatial scales not captured by the limited density of available wells to sample 

in the unconfined region. Therefore, the limited number of available sites in the confined 

region may not have captured enough of the variability in geochemistry to make the 

assertion that denitrification is not occurring there.  
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In general, local geochemical conditions were a poor predictor for denitrification 

evidence. It is likely that local scale flow path variability inherent to karst terrain that can 

may confound interpretation of data at individual sites. Observed excess nitrogen gas 

may have been generated upgradient where conditions were move favorable and 

delivered to the site without significant dilution from other flow paths. Another possible 

reason for the poor correlation between local conditions and denitrification is that 

denitrification may be occurring in localized microsites on biofilms within aquifer 

material. Significant evidence of biofilms in previous cave studies suggest that this 

biofilm denitrification mechanism may be a more probable explanation. 

Relationships between excess nitrogen gas (i.e. direct evidence of denitrification) 

and flow focusing mechanisms (e.g. sinks, swallets, closed topographic depression, and 

wetlands) were evaluated. Of all features examined, only proximity to wetlands had a 

significant correlation with excess nitrogen gas. However this relationship only held for 

sites where excess nitrogen gas was detected suggesting that confounding factors such 

as wetland-aquifer connectivity and upgradient location within the hydrologic flow path 

to the sampling site may contribute to the lack of relationship between excess N2 

denitrification evidence and distance to wetland metrics. This finding presents an 

interesting research topic for future investigation: more rigorous evaluation of 

denitrification proxies within the aquifer beneath wetlands, can be used to confirm or 

refute this potential relationship. 

 Lastly, the correspondence between spatially distributed denitrification measures 

and spring vent measurements was evaluated. Spring vents measurements have long 

been used to characterize karst springsheds however how those measures relate to 
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processes distributed throughout springsheds is still poorly understood. Groundwater 

samples from wells represent only a spatial average of the well contributing area while 

spring vent measures provide flow averaged values across the entire springshed due to 

the inherent integration of flow paths at spring vents. This study found that local scale 

heterogeneity in N transformations (e.g. nitrification) confounds expected isotopic 

signatures. Spatially averaged excess nitrogen gas measures were close to spring vent 

measurements, 0.31 mg L-1 and 0.51 mg L-1 respectively, however the expected linear 

relationships between DO and increasing δ15N were not observed in the groundwater 

samples from wells as they have been in integrated spring measures. Together these 

data suggest that spring vent measurements remain the most cost-effective way to 

characterize springshed denitrification because observed heterogeneity in spatially 

distributed N transformations would require significant sampling densities.  

In-Situ Denitrification Measurements in Geochemical End Members 

The second study directly measured rates and mechanisms of N transformation 

in the aquifer across a redox gradient: at a completely oxic and highly anoxic site 

representing end members of redox state in wells sampled for the first study. Push-pull 

tracer tests with nitrate and nitrate plus carbon addition were combined with microbial 

genetic data analyses to provide information about aquifer response to nitrate and 

carbon addition and to identify important transformation mechanisms. Differences 

between reactive and conservative tracer mass recovered in push-pull tracer tests were 

used to compute zero order loss rates. Baseline conditions and response to each tracer 

injection were examined using microbial DNA and rRNA which identified both the genes 

in the microbial communities as well as the genes that were actively being used. 
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Significant nitrate mass was still missing after an N balance was computed for 

each experiment which measured all aqueous N forms, and estimated maximum N 

assimilation by microbes using microbial population data, indicating potential loss by 

denitrification. Denitrification genes were detected as being present in the communities 

but genes in sampled water were not active. This further supports the assertion that 

denitrification may be occurring in biofilms on aquifer material that were not sampled in 

this study. However the reported rates represent zero order (mass time-1) nitrate losses, 

instead of denitrification rates because measurements represent unrecovered nitrate 

and the portion of nitrate loss attributed specifically to denitrification could not be 

determined. 

Nitrate losses were measured both with and without carbon addition. At the 

anoxic site without carbon addition, increased ammonium concentrations and genetic 

data support that dissimilatory reduction of nitrate to ammonium occurred. This is 

significant because this mechanism of nitrate reduction has not been documented at all 

in the UFA and only one study has reported it in freshwater aquifers [Bengtsson and 

Annadotter, 1989]. With carbon addition, the mechanism of nitrate loss shifted and 

DNRA became less significant as evidenced with genetic data and reduced ammonium 

concentrations. The mechanism in this case was likely denitrification due to enhanced 

carbon availability, although porewater genetic data could not confirm it was occurring 

the porewater. This supports a recurrent finding in this study: unexplained nitrogen 

losses occurs in zones where conditions are not considered to be favorable (e.g. high 

dissolved oxygen), leading to the inference that biofilm processes on aquifer materials 

may be significant. 
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Zero order nitrate loss rates with carbon addition were much higher at the anoxic 

site (0.13 +/- 0.02 mmol L-1 hr-1) than the oxic site (0.05 +/- 0.01 mmol L-1 hr-1). Together 

these data indicate that nitrate was not conservatively transported in the UFA even 

when local conditions are considered unfavorable for denitrification. While the measured 

rates were consistent with literature values from similar experiments in basin fill 

aquifers, these rates were high relative to the documented nitrogen loads to the 

springshed which ranged from 262,000 to 1.3 million kg year-1[Katz et al., 2009]. 

Assuming that the nitrate loads for each year are completely mixed in only the top 1% of 

the aquifer volume estimated from the thickness of the Ocala Limestone (0.58 m), a 

matrix porosity of 0.3, and the springshed area of 960 km2 results in nitrate load 1.32e-5 

to 6.71e-5 mmol L-1 hr-1, which is 3 orders of magnitude less than the measured nitrate 

loss rates. If this were the case nitrate contamination would not be an issue. These 

rates may include other short term sinks for nitrate such as assimilation and may be 

influenced by the high nitrate concentrations in injected tracers. Regardless, they 

provide a relative measure of denitrification potential and these experiments confirmed 

that denitrification is not the only mechanism of nitrate transformation in the UFA. 

Observed nitrate reduction to ammonium, unexplained nitrate losses, and observed 

assimilation, support that nutrient spiraling is occurring in the UFA as water passes 

through areas of the aquifer with different geochemical conditions.  

Effects of Karst Aquifer Complexity on Fluxes and Flow Paths 

A stochastic framework was used to generate preferential flow path templates 

which were evolved into conduit networks for a hypothetical springshed. Calcite 

dissolution and evolution of these preferential flow path templates was evaluated to gain 

insight into parameters that lead to development of a spring network. These networks 
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were placed in a hydrologic flow and transport model and used to evaluate what 

preferential flow path template properties influence hydrologic and transport response 

metrics. This study addressed three questions; what initial assumptions about 

preferential flow path templates lead to development of first magnitude springs, how 

long do you evolve networks for to provide useful comparisons across replicates, and 

what influence do these evolved preferential flow path templates have on springshed 

behaviors such as hydraulic head, springflow and solute transport.  

The most important preferential flow path template parameters were the length 

scale (theta) and density of the horizontal preferential pathways (HPFs) and vertical 

preferential pathways (VPFs), and the variation in orientation. All of these factors 

contribute to network connectivity. The most important porous matrix property for 

conduit evolution, and hydraulic and transport pulse response was hydraulic 

conductivity. Higher porous matrix hydraulic conductivity may impede network 

development by decreasing head gradients, and allowing diffuse recharge to be 

distributed throughout the domain in the matrix instead of focusing undersaturated water 

into preferential pathways connected to springs. Network development is therefore a 

competition between hydraulic conductivity of the matrix and connectivity of the 

network. 

Hydraulic and transport pulse response experiments showed high variability due 

to the large contrast between paleo karst templates that developed into a first 

magnitude spring and those that did not. However variation in hydrologic and transport 

spring response among networks where springs develop was much lower. Evaluation of 

parameter ranges using behavioral Monte Carlo filtering showed that the distributions of 
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parameters for behavioral and non-behavioral samples were similar suggesting that the 

specified properties may not be the only drivers of non- behavior. 

Effects of Randomly Distributed Preferential Flow Paths. 

Selected parameter ranges in the Morris Method study described above only 

generated behavioral networks approximately 66% of the time indicating that there was 

another process influencing network development whose influence was not well 

described. This raised the question as to whether non-behavioral networks were non-

behavioral only because of the interaction among paleo karst template statistical 

properties and porous media properties, or whether the actual random placement and 

orientation of preferential flow paths mattered. Two replicates from the prior study which 

behaved similar to the Silver Spring system were selected. Preferential flow path 

template statistical properties and porous media properties were fixed and Monte Carlo 

simulations were conducted in which the only random behavior was the placement of 

HPFs and VPFs within the domain. Only 83 of the 400 Monte Carlo realizations resulted 

in springs, and these springs essentially captured all the applied recharge suggesting 

that specific network connectivity details were an important driver of network 

development. Moreover, only 37 of 400 also had reasonable potentiometric surfaces 

comparable to Silver Springs. The low variability in spring flow and transport behavior 

among behavioral replicates indicated that, if only spring vent predictions are required, 

knowledge of exact conduit location is perhaps not as important as long as preferential 

flow paths are represented, however a backwards tracer pulse injection Monte Carlo 

experiment revealed that different conduit networks lead to spatially vulnerable regions 

in the springshed, an outcome not discernable from only integrated signals measures at 

spring vents. 
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Insights for Further Research 

This study examined the role of hydrogeological heterogeneity, assumptions 

about preferential flow paths, and drivers of denitrification and other nitrogen 

transformation mechanisms at local and springshed scales. Insights for further research 

gained from this study include: 

 Denitrification was often observed where local conditions were unfavorable, in 
both studies where direct measurements were made. This indicates that local 
scale nitrate transformations may be occurring in aquifer biofilms. Incorporation 
of biofilm sampling in further research may help to ascertain its potential 
importance. 

 Denitrification evidence showed a suggestive correlation with nearby wetland 
area, number of wetlands and distance to wetlands. Further nitrogen 
transformation research may benefit from a more rigorous evaluation of this 
wetland-aquifer-denitrification connection. 

 This study uncovered evidence of nutrient cycling that should be evaluated in 
future studies of nitrogen transformations in the UFA. Quantifying the spatial 
distribution of zones of similar character to the site where DNRA occurred in the 
aquifer will provide deeper insights into nitrate cycling and denitrification. 
Furthermore, sampling of aquifer biofilms will help determine their potential 
influence on regional scale nutrient spiraling in the UFA. 
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APPENDIX A 
SELECTED GOECHEMICAL DATA FOR THE ICHETUCKNEE SPRINGSHED 

Table A-1. Measured geochemical parameters for Phase I and Phase II sampling in the Ichetucknee Springs Basin. 
Site 

number 
Sample 

date 
pH 

DO 
(mg L-1 ) 

ORP 
(mv) 

SPC 
(ms cm-1) 

K 
(mg L-1 ) 

Na 
(mg L-1 ) 

Mg 
(mg L-1 ) 

F 
(mg L-1 ) 

Cl 
(mg L-1 ) 

SO4 
(mg L-1 ) 

NOx-N 
(mg L-1 ) 

2 8/9/2013 7.34 7.34 116.9 276 0.52 4.45 4.62 0.00 7.25 2.07 1.14 

3 8/9/2013 7.94 0.36 -379.3 89 1.02 0.74 1.34 0.00 1.06 0.00 0.10 

4 8/2/2013 7.84 7.82 75 854 0.64 2.07 1.22 0.00 3.16 4.18 2.63 

5 7/31/2013 6.67 6.81 158.6 485 0.09 3.67 1.22 0.00 5.27 0.32 0.33 

6 8/2/2013 8.46 0.44 -119.6 440 0.50 4.10 5.59 0.00 6.08 1.93 0.31 

7 8/8/2013 7.61 0.94 -92.7 393 0.52 3.32 5.83 0.08 4.75 4.96 0.12 

8 8/1/2013 6.98 1.82 144.7 409 0.53 5.62 8.99 0.04 7.21 19.98 0.41 

9 8/2/2013 8.42 0.15 -177.3 761 0.42 2.71 3.16 0.00 3.84 8.16 0.07 

10 8/8/2013 6.32 5.27 41.6 669 1.42 2.12 1.94 0.00 4.01 28.93 4.39 

11 8/8/2013 7.39 1.12 -16.1 655 0.87 3.78 10.70 0.12 5.03 51.22 0.10 

12 8/1/2013 6.83 2.37 118.4 409 0.20 2.60 5.59 0.00 4.45 5.12 0.69 

13 8/1/2013 7.13 5.74 155.5 420 0.50 5.00 9.48 0.07 7.60 30.82 0.05 

14 8/2/2013 7.18 7.72 153.6 298 0.12 1.78 1.22 0.00 3.67 4.04 0.20 

15 8/2/2013 6.89 6.05 110.8 567.5 0.25 2.25 1.94 0.00 3.41 3.75 0.07 

16 8/2/2013 7.26 7.49 89.9 928 0.31 2.23 2.67 0.00 2.78 3.55 0.11 

1 3/18/2014 8.69 0.66 -191.4 291 22.43 9.87 12.70 0.36 5.70 4.72 0.02 

2 3/9/2014 7.25 8.63 143.4 273 0.50 4.33 4.38 0.21 7.57 1.85 1.20 

3 3/18/2014 8.07 0.32 -396 84 0.95 0.75 1.64 0.16 0.99 0.00 0.03 

5 3/7/2014 6.64 6.81 262.4 524 0.06 3.70 0.82 0.06 6.05 0.48 0.38 

8 3/9/2014 6.86 3.33 176.6 462 0.47 4.93 9.13 0.18 8.07 17.57 0.39 

9 3/14/2015 6.91 0.53 -141 328 0.23 2.54 3.04 0.09 4.07 8.53 0.12 

10 3/14/2014 6.63 6.06 119.1 446 1.24 1.68 1.80 0.07 3.26 27.42 3.68 

12 3/9/2014 6.76 3.01 176.5 404 0.22 2.95 5.54 0.13 4.97 5.08 0.78 

13 3/7/2014 6.97 4.4 173 424 0.41 4.42 9.72 0.15 7.47 25.33 0.04 

14 3/9/2014 7.1 7.09 178.6 297 0.14 1.78 0.85 0.07 3.52 3.97 0.37 

15 3/7/2014 6.96 5.7 141.6 344 0.22 2.15 1.61 0.04 3.22 3.46 0.06 

16 3/14/2014 6.7 8.02 154 393 0.12 2.12 1.99 0.06 2.70 3.47 0.03 
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Table A-2.  Nutrients and dissolved carbon measurements for Phase I and Phase II sampling in the Ichetucknee Springs 
Basin 

Site number 
NH3 

(mg L-1 ) 
TKN 

(mg L-1 ) 
PO4 

(ug L-1) 
DOC 

(mg L-1 ) 
DIC 

(ugC g-1) 

2 0.08 0.08 0.03 0.00 27.69 

3 0.19 0.21 0.00 1.53 8.05 

4 0.08 0.08 0.03 0.29 40.15 

5 0.10 0.01 0.05 1.23 66.70 

6 0.08 0.04 0.00 0.35 35.33 

7 0.09 0.04 0.04 0.58 29.31 

8 0.07 0.02 0.05 0.41 44.27 

9 0.08 0.05 0.01 0.26 36.78 

10 0.08 0.05 0.07 1.17 44.31 

11 0.36 0.47 0.06 1.42 44.45 

12 0.07 0.02 0.06 0.17 48.49 

13 0.09 0.07 0.04 0.30 36.74 

14 0.08 0.05 0.14 0.06 34.33 

15 0.07 0.08 0.10 0.20 41.75 

16 0.07 0.06 0.06 0.12 50.29 

1 0.44 0.74 0.04 2.71 31.28 

2 0.03 0.10 0.02 0.00 26.18 

3 0.03 0.14 0.00 1.87 8.39 

5 0.03 0.12 0.04 0.63 66.70 

8 0.04 0.18 0.05 0.41 50.26 

9 0.03 0.11 0.01 0.70 39.47 

10 0.05 0.20 0.06 1.17 46.85 

12 0.03 0.14 0.04 0.54 44.91 

13 0.03 0.04 0.04 0.55 41.74 

14 0.05 0.10 0.12 0.54 34.33 

15 0.03 0.32 0.09 0.70 41.75 

16 0.30 0.05 0.06 0.56 52.43 
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Table A-3.  Dissolved metal concentrations for Phase I and Phase II sampling in the Ichetucknee Springs Basin. 
Site 

number 
Fe 

(mg L-1 ) 
Mn 

(mg L-1 ) 
Sr 

(mg L-1 ) 
V 

(mg L-1 ) 
Cr 

(mg L-1 ) 
Co 

(mg L-1 ) 
Ni 

(mg L-1 ) 
Cu 

(mg L-1 ) 
Zn 

(mg L-1 ) 

2 0.0011 0.0002 0.0702 0.0022 0.0019 0.0000 0.0000 0.0011 0.0052 

3 0.2200 0.0606 0.9234 0.0000 0.0005 0.0000 0.0000 0.0000 0.0007 

4 0.0003 0.0000 0.0631 0.0020 0.0015 0.0000 0.0000 0.0005 0.0388 

5 0.0039 0.0005 0.0857 0.0016 0.0009 0.0008 0.0004 0.0029 0.0059 

6 0.2628 0.0078 0.0589 0.0020 0.0000 0.0000 0.0000 0.0001 0.0602 

7 0.0791 0.0084 0.0554 0.0015 0.0001 0.0001 0.0002 0.0003 0.1044 

8 0.0002 0.0001 0.2393 0.0021 0.0004 0.0001 0.0000 0.0018 0.0085 

9 0.4632 0.0377 0.1218 0.0000 0.0003 0.0000 0.0002 0.0001 0.0026 

10 0.0025 0.0014 0.1468 0.0075 0.0009 0.0001 0.0002 0.0004 0.0066 

11 0.0781 0.0277 0.0678 0.0002 0.0000 0.0002 0.0008 0.0005 2.5932 

12 0.0028 0.0020 0.1308 0.0016 0.0010 0.0001 0.0001 0.0039 0.0185 

13 0.0000 0.0001 0.3148 0.0005 0.0002 0.0000 0.0000 0.0011 0.0069 

14 0.0002 0.0001 0.0676 0.0022 0.0022 0.0001 0.0000 0.0036 0.0080 

15 0.0020 0.0001 0.0882 0.0038 0.0013 0.0001 0.0002 0.0052 0.0196 

16 0.0009 0.0002 0.1360 0.0011 0.0016 0.0002 0.0001 0.0042 0.0063 

1 0.0068 0.0142 0.0904 0.0002 0.0009 0.0004 0.0006 0.0002 0.0012 

2 0.0013 0.0002 0.0828 0.0027 0.0023 0.0000 0.0001 0.0016 0.0005 

3 0.2852 0.0624 0.9941 0.0000 0.0004 0.0001 0.0002 0.0000 0.0020 

5 0.0115 0.0006 0.1032 0.0019 0.0010 0.0007 0.0014 0.0041 0.0200 

8 0.0006 0.0001 0.2408 0.0019 0.0005 0.0001 0.0001 0.0020 0.0058 

9 0.5262 0.0353 0.1273 0.0000 0.0000 0.0000 0.0001 0.0000 0.0017 

10 0.0042 0.0007 0.1432 0.0061 0.0011 0.0001 0.0008 0.0001 0.0014 

12 0.0009 0.0004 0.1426 0.0018 0.0013 0.0000 0.0001 0.0030 0.0161 

13 0.0015 0.0003 0.4017 0.0008 0.0005 0.0000 0.0001 0.0017 0.0104 

14 0.0006 0.0002 0.0750 0.0025 0.0021 0.0001 0.0002 0.0039 0.0105 

15 0.0097 0.0006 0.1086 0.0048 0.0015 0.0001 0.0012 0.0035 0.0193 

16 0.0012 0.0001 0.1426 0.0011 0.0017 0.0001 0.0001 0.0027 0.0076 
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Table A-4. Geospatial statistics for Ichetucknee Springs Basin spatial analysis. 

Site 
number 

Confining 
unit 

thickness 
(ft) 

Number 
of CTD 
within 
0.5km 

Nearest 
CTD 
(km) 

CTD 
Area 

0.5km 

Number of 
Wetlands 

Within 
0.5km 

Nearest 
wetland 

(km) 

Wetland 
area 

0.5km 

Number of 
swallets 
within 
0.5km 

Nearest 
swallet 
(km) 

1 125 0 0.69 0.00 2 0.06 0.03 0 4.54 

2 65 4 0.27 0.30 0 0.93 0.00 0 4.46 

3 68 0 0.87 0.00 3 0.40 1.38 1 0.87 

4 24 3 0.05 0.81 3 0.13 0.01 1 0.16 

5 28 6 0.04 0.27 1 0.49 0.00 0 4.10 

6 18 5 0.12 1.00 4 0.38 0.02 2 0.55 

7 48 4 0.13 0.34 2 0.32 0.01 0 1.78 

8 2 5 0.10 0.13 0 1.61 0.00 1 1.01 

9 7 6 0.06 0.03 2 0.20 0.02 1 0.06 

10 2 3 0.04 0.63 2 0.22 0.01 0 2.74 

11 79 0 0.68 0.00 4 0.14 0.03 0 4.05 

12 6 3 0.14 0.02 0 1.77 0.00 1 0.50 

13 20 6 0.00 0.08 0 1.93 0.00 0 2.47 

14 41 1 0.43 0.00 0 2.53 0.00 0 3.79 

15 12 9 0.06 0.51 0 0.90 0.00 0 1.97 

16 8 5 0.27 0.09 1 0.25 0.00 1 0.25 
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Table A-5.  Site names and nitrate isotope data for Phase I and Phase II sampling in the Ichetucknee Springs Basin, 
showing sites with non-detection (ND) where insufficient nitrate was available for analysis and sites where 
isotope samples were not measured (NM).  

Site number Site name Phase Date δ15N -NO3 δ18O -NO3 

1 JOHN FOLKS DOF LAKE CITY DEEP 1 3/18/2014 5.26 16.07 

2 JOHN FOLKS DOF ROSE CREEK 1 3/9/2014 5.62 9.01 

3 DOT LAKE CITY 1 3/18/2014 3.51 6.73 

4 BOB BRENNAN-BH WOODWORKS 1 8/2/2013 4.99 2.45 

5 DOT 47 1 3/7/2014 6.75 4.86 

6 MT SALEM CHURCH 1 8/2/2013 7.64 8.02 

7 HUNTS ALUMINUM 1 8/8/2013 4.68 5.65 

8 ICHETUCKNEE MW4 1 3/9/2014 8.72 10.09 

9 ICHETUCKNEE MW15  1 3/14/2015 4.01 7.86 

10 ANDERSON MINE 1 3/14/2014 4.47 3.53 

11 BETHEL BAPTIST 1 8/8/2013 0.55 -4.17 

12 ICHETUCKNEE MW1 1 3/9/2014 3.43 5.79 

13 ICHETUCKNEE MW6 1 3/7/2014 7.61 6.16 

14 ICHETUCKNEE MW7 1 3/9/2014 2.89 0.26 

15 ICHETUCKNEE MW9 1 3/7/2014 2.49 -0.63 

16 ICHETUCKNEE MW14 1 3/14/2014 1.73 -4.47 

1 JOHN FOLKS DOF LAKE CITY DEEP 2 8/8/2013 NM NM 

2 JOHN FOLKS DOF ROSE CREEK 2 8/9/2013 4.51 5.26 

3 DOT LAKE CITY 2 8/9/2013 ND ND 

5 DOT 47 2 7/31/2013 6.9 4.84 

8 ICHETUCKNEE MW4 2 8/1/2013 9.66 12.6 

9 ICHETUCKNEE MW15 2 8/2/2013 ND ND 

10 ANDERSON MINE 2 8/8/2013 4.26 3.91 

12 ICHETUCKNEE MW1 2 8/1/2013 3.96 6.18 

13 ICHETUCKNEE MW6 2 8/1/2013 10.02 5.06 

14 ICHETUCKNEE MW7 2 8/2/2013 3.66 1.6 

15 ICHETUCKNEE MW9 2 8/2/2013 3.91 0.33 

16 ICHETUCKNEE MW14  2 8/2/2013 2.42 -5.64 
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APPENDIX B 
KARST DISSOLUTION MODEL OVERVIEW 

 
Dissolution Model 

The following text describes the dissolution model theory which has been 

documented in Graham et al. [2015] for unpublished work completed for the St. Johns 

Water Management District. Permission to reprint this passage has been provided by 

the other coauthors.  

Theory 

We assume that karst aquifers can be represented by one-dimensional conduits 

with a circular cross-section embedded in a porous limestone matrix. We consider 

physical and chemical processes within the conduits and the matrix. Some previous 

studies karst evolution studies have represented conduits as ducts having a rectangular 

cross-section. In these studies the conduits are often referred to as fractures even when 

the fractures are represented by one-dimensional discrete features. Other studies have 

considered karst dissolution in a single two-dimensional fracture [Hanna and Rajaram, 

1998; Andre and Rajaram, 2005; Detwiler and Rajaram, 2007; Szymczak and Ladd, 

2009, 2011; Chaudhuri et al., 2013; Pandey et al., 2014].  

Flow and Reactive Solute Transport  

Conduit flow is governed by the following mass-balance equation: 

 
c c,O c,I c m 0

vAp
C q q q

t s



    

 
    (B-1)  

where Cc is capacity term for conduit flow [m], p the pressure head [m], v the velocity 

[m/s], A the cross-sectional area of flow [m2], s the spatial coordinate in the direction 

parallel to the conduit [m], c mq  a sink term associated with exchange from the conduit 
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to the matrix [m2/s] and qc,O and qc,I are conduit sink and source terms  [m2/s], 

respectively. The flow velocity v in the conduit equals Q/A. The mass balance equation 

for matrix flow is given by: 

m,O m,I 0m c

p
C q q q

t



     


q      (B-2) 

where C is a capacity term for matrix flow [L-1], p the pressure head, q the darcy flux 

[m/s], m cq  a sink term associated with exchange from the matrix to the conduit [1/s]  

and qm,O and qm,I are matrix sink and source terms, rrespectively [1/s]. 

Reactive solute transport of calcium in the conduits is governed by the following 

advection-dispersion-reaction equation: 

   
c,O c,I c 0I m c

Ac vAc c
DA cq c q cq P

t s s s


    
       

    
 (B-3) 

where c is the concentration [mol/m3], D is the hydrodynamic dispersion coefficient for 

conduit flow [m2/s], cI the concentration at inflow boundaries and Pc a calcium 

production term [mol/m/s] . Reactive transport in the matrix is governed by the following 

advection-dispersion-reaction equation: 

 
    m,O m,I 0I m c m

c
c c cq c q cq P

t


 


       


q D   (B-4) 

where θ is the water content [-], D the hydrodynamic dispersion tensor [m/s] and Pm a 

calcium production term [mol/m3/s]. Equations (B-3) and (B-4) are based on the 

assumption that solute transport between the conduits and the matrix is solely governed 

by advection.  
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Calcite Dissolution 

The change in conduit radius r[m] due to a dissolution rate R [mol/m2/s] follows 

from a mass balance at the conduit wall: 

r R

t 





   (B-5) 

where ω is the number of moles of calcite per unit mass of calcite [mol/kg] and ρ the 

density of calcite [kg/m3]. Similarly, within the porous matrix, change of porosity φ due to 

a dissolution rate R [mol/m2/s] is given by: 

RS

t

 







   (B-6) 

where S is the specific reaction surface [1/m] of porous limestone. Typically, the 

reaction surface per unit volume of porous material is very large and calcite 

undersaturated water (i.e. undersaturated with respect to calcite) entering the porous 

matrix quickly becomes saturated with respect to calcite. As a result, dissolution of the 

porous matrix is effectively limited to a small region with a sharp reaction front where 

the calcite undersaturated water is introduced. Within the bulk of the matrix continuum 

the calcium concentration simply equals the saturation equilibrium concentration for 

calcium ceq:  

eqc c    (B-7) 

The dissolution of limestone at the conduit-matrix interface is governed by 

surface-controlled and transport controlled-reaction rates. The first-order surface-

controlled dissolution rate Rs [mol/m2/s] is given by (B-31): 

 s s s eq1R k c c      (B-8) 
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where ks is the surface-controlled rate coefficient [mol/m2/s], cs the calcium 

concentration at the interface [mol/m3] and ceq the calcium saturation equilibrium 

concentration [mol/m3]. The transport-controlled dissolution rate accounts for transport 

through the diffusion boundary layer and is given by: 

 t t s1R k c c      (B-9) 

where kt is the transport-controlled rate coefficient and c the bulk calcium concentration 

within the water. Equating equation (B-8) and equation (B-9) gives an expression for cs 

which can be inserted in either one of these two equations to find the following 

expression for the effective first-order dissolution rate R [Szymczak and Ladd, 2009; 

Perne et al., 2014]: 

 1 1 eq1R k c c      (B-10) 

with: 

1
t s

t s

k k
k

k k



    (B-11) 

The transport-controlled rate coefficient kt is given by: 

m
t

eq

D
k

c
     (B-12) 

where Dm is the diffusion coefficient [m2/s] and ε the thickness of the boundary layer. 

The thickness of the boundary layer is defined by the Sherwood number: 

Sh

2r
N


     (B-13) 

The Sherwood number for laminar conduit flow is 3.66 [Goode, 1996]. For 

turbulent flow the Sherwood number is derived using: 
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4 5 1 3

Sh Re Sc0.027N N N     (B-14) 

where NRe and Nsc are the Reynolds number and the Schmidt number, respectively. The 

Reynolds number is given by: 

w
Re

2vr
N




     (B-15) 

with v the velocity [m/s], ρw the density of water [kg/m3] and μ the dynamic viscosity of 

water [kg/m/s].  The Schmidt number is given by: 

Sc

w m

N
D




              (B-16) 

It has been observed that as calcium concentrations approach saturation the 

reaction rate decreases due to impurities within the limestone which inhibit dissolution 

[Svensson and Dreybrodt, 1992; Cornaton and Perrochet, 2006].  This phenomenon is 

known as the kinetic trigger effect [White, 1977] and has been modeled by switching 

dissolution from first-order to higher order kinetics when the calcium concentration 

exceeds a certain value c*. The higher order effective rate is typically given by [Lichtner, 

1988]: 

 eq1
n

n nR k c c      (B-17) 

with kn
 defined as: 

 
1

*

1 eq1
n

nk k c c


      (B-18) 

such that R1 = Rn at c = c*. A general expression for the reaction rate be written as: 

*

1

*

if

ifn

R c c
R

R c c

 
 



    (B-19) 
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Figure B-1 illustrates the effect of the kinetic trigger on reaction rate R. The 

decrease in dissolution rates close to saturation allows calcite undersaturated water to 

penetrate further into the aquifer than would otherwise be possible.   

 

Figure B-1.  Effect of the kinetic trigger on reaction rate as calcium concentration 

approaches saturation (c*=1.6 mol/m2)). Solid line corresponds to equations (B-10) and 

(B-17).  Dashed line corresponds to equations (B-26) and (B-27). 

Model Design 

The quasi-steady state approximation 

Combining equation (B-3) and (B-5) and using Pc = 2πrR results in the following 

reactive transport equation: 

 

 
c,O c,I c

2
I m

vcc c r
D cq c q cq

t s s s r t




    
      

     
   (B-20) 

Research has shown [Lichtner, 1988; Hanna and Rajaram, 1998] that because 

the density of the limestone rock is much larger than the maximum calcium 

concentration, the rate of change in conduit radius is much slower than the rate of 
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change in concentration and the rate of change in the flow field.  Thus the flow and 

reactive transport equations in the conduits can be simplified with a “quasi-stationary 

state approximation” using the steady-state equations:  

 

 

 

c,O c,I c m

c,O c,I c

0

2I m

vA
q q q

s

vc c
D cq c q cq rR

s s s







   



   
     

   

    (B-21) 

Within the matrix, we assume that the porosity remains constant and that the 

concentration of calcium equals the equilibrium concentration. Therefore the flow and 

reactive transport equations in the matrix are simplified: 

m,O m,I

eq

0m cq q q

c c

     



q
    (B-22) 

Equations (B-21) and (B-22) allow simulation of conduit generation processes 

through a sequence of steady states [Lichtner, 1988; Hanna and Rajaram, 1998].  To 

begin, steady state flow and concentrations fields and corresponding dissolution rates 

are computed based on initial conduit diameters. The dissolution rate, in turn, 

determines the rate of conduit radius enlargement.  The quasi-steady rate of conduit 

radius enlargement is applied over a “dissolution time step” to modify the conduit 

diameters.  The process is then repeated using the modified conduit diameters. A 

sequence of these dissolution time steps can be applied to simulate the dissolution 

process over the desired geologic timescale.  

Equations (B-21) and (B-22) constitute a speleogenesis model that solves 

advective-dispersive-reactive transport within the conduits.  This is different from many 
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other speleogenesis models in which advective-reactive transport is solved within the 

conduits and fractures [Siemers and Dreybrodt, 1998; Kaufmann and Braun, 2000; 

Perne et al., 2014]. The advection-reaction equation is independent of downstream 

conditions and may be solved from upstream to downstream. Equations are solved for 

each conduit cell separately with complete mixing assumed at conduit junctions. The 

strength of our scheme lies in the fact that it can be easily implemented in any model 

code capable of handling advective-dispersive transport. 

Numerical Solution of Flow 

The numerical solution of flow in the conduits and the porous limestone matrix 

follows the approach described by [de Rooij et al., 2013]. This solution is based on a 

discrete-continuum approach and a finite difference scheme. The coupling of conduit-

matrix flow is governed by a Peaceman well-index which depends on the conduit radius. 

Thus, after each dissolution timestep the Peaceman well-indices are updated. To permit 

efficient steady-state flow computations for large regional domains, instead of using 

Richards equation to simulate variably saturated flow in the porous matrix, an option 

was added to solve for flow using the 3-D saturated flow equation. The height of the 

model domain is adjusted in accordance with the change in height of the water table at 

each time step, using an approach similar to that used in MODFLOW. Contrary to 

MODFLOW, however, net recharge is applied to the topmost model cells even if the 

water table drops below the cell. The vertical hydraulic conductivity is assumed to 

remain constant, at its saturated value, to transmit recharge to the water table.  

Within the conduits the pipe flow equation proposed by Swamee and Swamee 

[Swamee and Swamee, 2007] is implemented, assuming the conduits always remain 

full. This equation provides for a smooth transition between laminar and turbulent flow. 
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For laminar flow the equation approximates the Poiseuille equation. For turbulent flow, 

the equation approximates the Darcy-Weisbach equation. The Swamee and Swamee 

equation allows conduit flow to automatically switch from laminar to turbulent conditions 

during conduit evolution (Figure B-2). 

 

Figure B-2: Swamee and Swamee pipe flow equation showing smooth transition 

between laminar and turbulent flow as hydraulic gradient in pipe increases (solid line).  

Poiseuille equation for laminar flow (dotted line) and Darcy-Weisbach equation for 

turbulent flow (dashed line) are also shown for comparison.  

Numerical Solution of Reactive Transport  

Reactive transport is also simulated using finite differences. Accurate numerical 

solution of advection-dispersion equations is subject to criteria for spatial as well as 

temporal discretization, which are typically given in terms of Courant and Peclet 

numbers. To avoid small space and time discretization that would result in extremely 

long computation times for large regional models, we use an upwind scheme that is 

unconditionally stable regardless of discretization. The drawback of upwinding is that it 

introduces numerical dispersion.  
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In the numerical solution of reactive transport the reaction term must be handled 

carefully to avoid numerical instability and time stepping restrictions. Reaction rates 

defined by equations (B-10) and (B-17) can result in numerical instability, with reaction 

rates jumping between first and higher order during non-linear iterations. This behavior 

is likely the due to the fact that the derivative of the reaction rate is highly discontinuous 

at c = c*
 (Figure B-1). Therefore the following expression for the higher-order effective 

rate, which has a continuous derivative at c*, was adopted [Svensson and Dreybrodt, 

1992; Andre and Rajaram, 2005; Detwiler and Rajaram, 2007]: 

1nR fR      (B-26) 

with: 

*

*

eq

1
c c

f
c c


 


     (B-27) 

Computations with this relationship were found to be more efficient. Figure B-1 

illustrates that the adapted expression compares reasonably well to the original 

expression.  
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