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Groundwater aquifers are precious resources that has been serving human 

consumption for many centuries. This resource is pristine in comparison with surface 

waters such as lakes and canals, however, as population grows exponentially so does the 

demand for groundwater and the need to study the potential of groundwater replenishment 

programs. The injection of treated water or wastewater into an aquifer is a method to protect 

this resource for current and future generations. Health concerns would be expected since 

migration of water of “impaired quality” can affect the drinking water by contamination. 

Regulatory barriers resulting from the perceived risks of adverse health effects from 

pathogens such as viruses have limited the concept of this impaired water resources from 

being used for groundwater replenishment programs. The objective of this study is to 

examine the risk assessment using computational modeling with MODFLOW 
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and MT3D groundwater transport simulation. The results from the simulation showed that 

after two years, the risk of contamination based on concentration contours from the 

injection well to the production wellfields for the City of Hollywood stabilized below 10-

6. The risk assessment provided important aspect to demonstrate the concept of using 

injection of treated water as an option for groundwater replenishment. 

 



viii 

RISK OF INJECTION USING RECLAIMED WATER FOR AQUIFER RECHARGE 

USING ROTAVIRUS AS SURROGATE CONTAMINANT 

LIST OF TABLES ............................................................................................................. ix 

LIST OF FIGURES ............................................................................................................ x 

LIST OF EQUATIONS ..................................................................................................... xi 

1.0 INTRODUCTION ........................................................................................................ 1 

1.1 Site Description ............................................................................................................. 6 

1.2 Objectives ................................................................................................................... 13 

2.0 METHODOLOGY ..................................................................................................... 14 

2.1 Program Background .................................................................................................. 15 

2.1.1 Groundwater Vistas ......................................................................... 15 

2.1.2 MODFLOW ..................................................................................... 15 

2.1.3 MT3D ............................................................................................... 18 

2.2 Boundary Conditions .................................................................................................. 22 

2.2.1 ArcGIS v.10 ..................................................................................... 22 

2.2.2 Boundary Map ................................................................................. 24 

2.3 Model Initial Parameters ............................................................................................. 25 

2.3.1 Boundaries Piezometric Head .......................................................... 25 

2.3.2 Recharge Rate .................................................................................. 26 

2.3.3 Defining Layers Parameters ............................................................. 27 

2.4 Rotavirus Contaminant Concentration ........................................................................ 32 

3.0 RESULTS ................................................................................................................... 34 

3.1 Groundwater Flow Model ........................................................................................... 34 

3.2 Contaminant Transport Model .................................................................................... 37 

3.3 Risk Assessment ......................................................................................................... 42 

4.0 CONCLUSION ........................................................................................................... 47 

APPENDICES .................................................................................................................. 50 

APPENDIX A ................................................................................................................... 51 

APPENDIX B ................................................................................................................... 64 



viii 

APPENDIX C ................................................................................................................... 77 

APPENDIX D ................................................................................................................... 89 

REFERENCES ................................................................................................................. 95 

 

 



ix 

LIST OF TABLES 

Table 1: Boundaries Shapefiles ........................................................................................ 24 

Table 2: Recharge Rate 2011-2012 (NOAA) ................................................................... 28 

Table 3: Initial Parameters ................................................................................................ 31 



x 

LIST OF FIGURES 

Figure 1: Biscayne Aquifer (USGS 2013) .......................................................................... 7 

Figure 2: Broward County Map .......................................................................................... 8 

Figure 3: Hollywood Wellfield Project Location ............................................................. 12 

Figure 4: Hollywood Beach Well Field Map .................................................................... 24 

Figure 5: Initial Grid Boundary ........................................................................................ 25 

Figure 6: Modeled Layers with Depths ............................................................................ 29 

Figure 7: Groundwater Table Drawdown May 2011 GV (Dry Season) ........................... 35 

Figure 8: Groundwater Table Drawdown May 2011 GIS (Dry Season) .......................... 36 

Figure 9: Groundwater Table Drawdown September 2011 (Wet Season) ....................... 36 

Figure 10: Groundwater Table Drawdown September 2011 GIS (Wet Season) .............. 37 

Figure 11: Concentration Contour Time Step 1. ............................................................... 38 

Figure 12: Concentration Contour Time Step 3. ............................................................... 38 

Figure 13: Concentration Contour Time Step 5. ............................................................... 39 

Figure 14: Concentration Contour Time Step 7. ............................................................... 40 

Figure 15: Concentration Contour Time Step 9. ............................................................... 40 

Figure 16: Concentration Contour Time Step 11. ............................................................. 41 

Figure 17: Risk Contour ................................................................................................... 44 

Figure 18: Risk Probability Assessment ........................................................................... 44 

 

  



xi 

LIST OF EQUATIONS 

 

Equation 1: ........................................................................................................................ 16 

Equation 2: ........................................................................................................................ 17 

Equation 3: MT3D Governing Equation .......................................................................... 19 

Equation 4: First-Order Irreversible Rate Chemical Reaction .......................................... 19 

Equation 5: ........................................................................................................................ 20 

Equation 6: ........................................................................................................................ 20 

Equation 7: ........................................................................................................................ 20 

Equation 8: Retardation Factor ......................................................................................... 20 

Equation 9: The Relationship Between Transport and Flow Equation ............................ 21 

Equation 10: Three-Dimensional Groundwater Flow ...................................................... 21 

 



1 

1.0 INTRODUCTION 

Water supplies are limited for many areas of the world putting millions of people 

at risk and increasing global competition of a limited resource (WHO, 2014). Surface 

waters supply the majority of people connected to water utilities in the United States 

(Bloetscher, 2012), but these same surface waters are used many times over for water 

supplies, irrigation, industrial and domestic waste disposal. Groundwater is often perceived 

as being “cleaner” but unlike surface waters that recharge with rain, many confined 

aquifers are far less respondent to precipitation. As a result, aquifer levels are falling in 

many areas of the world (Reilly, et al., 2009).  The reduction in available water as a result 

of aquifer mining, places large numbers of people at risk. A solution is to try to inject water 

into aquifers to restore or maintain water levels. The use of such injection programs offers 

significant potential for improving many of the world’s water supply problems, but 

regulators discourage the investigation of ground water injection programs that use waters 

of less than potable quality. In the City of Hollywood, FL’s case, and in Miami-Dade and 

Broward County, FL, the requirement is basically to perform reverse osmosis on the water 

prior to injection, a very expensive requirement, to meet regulatory requirements. 

Nevertheless, one option for supplementing groundwater that has become an 

attractive and economically viable choice has been recharging aquifers with highly treated 

reclaimed wastewater. The Orange County Water Reclamation program in 
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California has been doing this for years, as has the West Coast Basin Barrier 

projects near San Diego (Bloetscher, et al., 2005). Billions of gallons of treated wastewater 

are discharged to surface waters (rivers, streams, lakes and oceans) and deep injection wells 

each day, some of which could be injected for aquifer recharge or protection programs 

(Bloetscher, 2001).  Over 85% of wastewater utilities discharge to river in the United 

States, and in southeast Florida, over 0.5 BGD are discharged to four ocean outfalls or over 

100 Class I injection wells over a half mile below the ground.   

Bloetscher et al. (2005) discussed a series of aquifer injection or management 

programs. The names of these ground water injection programs are familiar – aquifer 

storage and recovery, artificial recharge and aquifer reclamation (Bloetscher et al., 1997, 

AWWA, 2014). One or more of these approaches may contribute toward the beneficial 

reuse of a wastewater stream and be a contributor toward sustainable development of water 

supplies.  

 However, proposals to use waters of impaired quality have met with limited success 

and/or significant resistance. Resistance is caused by the concern, expressed by the public 

and the regulatory community, about the risk of adverse public health effects to the public 

should these impaired waters be recovered in water supply wells at a later point in time. 

The perceived “risks” of such reuse projects generally involve illness oracute diseases 

caused by exposure to: Microbiological constituents; Heavy metals; and organics, solvents 

and synthetic compounds (Bloetscher, 2001). Heavy metals are not perceived by the 

regulators as being able to move very far in the aquifer system (Bloetscher, 2001), although 

this may not be true in a highly porous aquifer like the Biscayne aquifer. The transport of 

organics varies considerably depending on the weight of the substance and the activity that 
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naturally occurring ground water microorganisms in the aquifer will exert towards organic 

decay. Dose-response relationships for organics and metals are readily available on US 

EPA’s IRIS web-site (http://www.epa.gov/iris/). Small quantities of organics (such as 

would be injected) generally serve as a food source in the aquifer for the naturally occurring 

bacteria, and thus would decrease with time and distance.  

 Therefore the regulatory community perceives the biggest risk to be the possibility 

of contamination of potable aquifer systems with potentially pathogenic organisms found 

in treated wastewater. Of the total of 673 waterborne illness outbreaks that occurred in the 

United States between 1946 and 1980, forty-four percent of those outbreaks were 

attributable to groundwater sources (Asano, 1985). Information on waterborne diseases is 

obtained through voluntary reporting from state and local health departments to the Centers 

for Disease Control and Prevention (CDC). Together, the CDC and U.S. EPA have 

maintained a collaborative surveillance system for collecting and reporting waterborne 

disease outbreaks since 1971. For the most recent ten year period under record (1997 – 

2006), 137 waterborne disease outbreaks were reported to the CDC, with a total of 8,498 

illnesses and 17 deaths (Barwick et al., 2000; Blackburn et al., 2004; Lee et al., 2002; Liang 

et al., 2006; Yoder et al., 2008; Bloetscher and Plummer, 2010). Of the outbreaks with a 

known cause (101), 17 were attributed to chemical or toxin poisoning and 84 to pathogens. 

Keswick et al. (1982) estimated that 50 percent of the waterborne illnesses in the United 

States in a given year originate from groundwater. Pathogen occurrence rate may be much 

higher in places with high organic content in the ground water, which encourages microbial 

growth (Bloetscher, et al., 1997; Bloetscher, et al., 2013). Many of these microbes could 

be found in reclaimed wastewater, so the concern of the regulatory community is 
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identifying the real source of any bacteria or viruses in drinking water wells (native water 

versus injected water). 

Application of reclaimed wastewater that may contain viruses, coupled with the 

potential for viruses to persist for long periods of time, has led to the recognition that 

viruses may increase the likelihood of groundwater related illnesses in the future (Yates, et 

al., 1985; Asano, 1985; Sloss, 1996; Tanaka, et al., 1998). This is especially important if 

aquifer recharge programs are located to recharge potable water supply wells because it is 

difficult to test for viruses quickly.   

Since the significance of viruses as agents of waterborne disease has been 

recognized, the focus of injection project risk assessments should be on how long viruses 

may remain viable in the ground, and how far can they travel (Yates, et al., 1987). Parashar 

et al. (2003, 2005) note that between 1986 and 1999, rotavirus caused 33% of childhood 

diarrhea hospitalizations, a number that increase to 39% from 2000 - 2004. They report 

over 600,000 world-wide rotavirus related deaths during that period. Hejkal et al., (1984) 

noted that levels were low from May through September and generally higher during winter 

and spring.  Rotavirus is virulent, and because it is waterborne, it was used as a risk factor 

in Bloetscher (2001) and Bloetscher, et al., (2014).  

Historically, pathogens have been a focus of regulatory efforts. The current 

acceptable levels of microbiological risk for drinking water systems in the United States 

has been suggested as 10-4 yearly, with an assumed 2 liter daily exposure over 365 days 

(Rose and Carnahan, 1992). Difficulties in determining microbial dose-response, in 

addition to low-dose and animal-to-human extrapolations, arise from microbial birth/death 



5 

processes, variation in microbial concentrations, transmission effects, and immune system 

response variations. Identification of safe doses in drinking water through collection of 

dose-response data is generally not feasible, since using the Cramer-Rao inequality, testing 

of more than 23,000 subjects would be required to obtain a 10-4 annual risk (Englehardt, 

2004). 

Given the regulatory agencies’ concern about microbial species and the incidence 

of illness caused by ground water contamination, Bloetscher (2001) and Bloetscher et al., 

(2005, 2014) focused on viral species and the risk posed to the public. Bloetscher et al 

(2014) picked up from prior efforts by Bloetscher (2001) to evaluate the applicability of 

using predictive Bayesian methods to develop a dose-response for several organisms that 

were identified as a major potential risk of infection. The use of predictive Bayesian 

methods for dose-response relationships has previously been investigated by two of the 

authors (Englehardt and Swartout, 2004; Bloetscher, 2001). The predictive Bayesian 

methodology appears to provide a useful solution to the use of sparse data and 

incorporating additional data as it is generated. A bi-variate Pareto II distribution was used 

and compared to prior models for Cryptosporidium in that work. As host susceptibility and 

microorganism virulence may vary, they found that this is no different from the population 

as a whole, and the updating did not appear to cause significant shifts in the initial dose-

response function. The fit was excellent, so the methodology was then applied to rotavirus 

which, was identified in Bloetscher (2001) as the key risk surrogate due to low dose-

response and high infectivity rates. The subsequent dose-response relationship was found 

using the same methodology and will be applied in this analysis to rotavirus concentration 

curves.  
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For purposes of this investigation, the term “risk” is defined as the probability of 

occurrence of an infection as a result of withdrawal of a contaminant introduced into the 

aquifer by an injection project. To be conservative, treatment of withdrawn water was 

ignored. It was assumed that any distance more than that resulting in a 10-6 risk would not 

pose a concern that would prevent the installation and operation of an injection project.  

The risk assessment concept was applied to southeast Florida where prior work has 

been undertaken with respect to aquifer recharge with reclaimed wastewater (Bloetscher, 

2001). While Florida is not water poor, there are significant annual and decadal variations 

in precipitation (Berry, et al., 2011) while Florida’s economy, natural environment and 

future growth are integrally dependent upon its water resources. The state’s increase in 

population has intensified the need to develop additional robustness of its water supply 

systems. Given that groundwater is the major source of water supply for the southern 

Florida region, municipalities, agriculture and industry withdrawals have strained the 

hydrologic system, which has given rise to the idea of using water of impaired quality for 

groundwater recharge. From a regulatory perspective, anti-degradation rules require that 

the injected water not result in further degradation of the ambient groundwater quality and 

must demonstrate compliance with risk reduction parameters.  

1.1 Site Description 

Southeast Florida is underlain by a series of interspersed formations with varying 

permeability. The uppermost formation generally encountered along the southeast coast is 

the Pamlico Sand formation of the Biscayne Aquifer. This surficial deposit consists 

predominantly of fine to medium-grained quartz sand, with varying amounts of shell, 
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detrital clays and organic constituents (Bloetscher, et al., 2005). Thickness of the sand is 

variable in the area, but averages approximately 40 feet. Under the surficial sand lies a 

series of fossiliferous, sandy limestones. Together with the Pamlico Sand layer these 

formations compose the wedge-shaped Biscayne Aquifer, which gains thickness as it 

approaches the coast, where it can be as much as 400 feet deep.  

The Biscayne Aquifer is one of the most productive aquifers in the world, since its 

components are all very permeable and full of water. The extensive drainage practices of 

the surficial aquifer system during the wet season and the increased population demand 

during the tourist season adversely affect the water supply which results in water shortages 

during the tourist season. The immediate concern is to the address the sustainability of the 

Biscayne Aquifer as a viable and efficient water supply source that will endure and satisfy 

the public demands for current and future development in South Florida. Most Broward 

County residents and utilities rely solely upon the Biscayne Aquifer as its primary 

groundwater source. The location of the Biscayne Aquifer is provided in Figure 1.  
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Figure 1: Biscayne Aquifer (USGS 2013) 

 

Figure 2: Broward County Map (USGS 2013) 

 

http://www.google.com/imgres?start=150&hl=en&biw=1249&bih=559&tbm=isch&tbnid=eHUXpU64HyA_SM:&imgrefurl=http://garminoregon6xx.wikispaces.com/North+Reference&docid=bo_oeKUuI6IBeM&imgurl=http://garminoregon6xx.wikispaces.com/file/view/North Arrow wiki logo.png/417044500/220x189/North Arrow wiki logo.png&w=220&h=189&ei=Yu66UdOiO4eK9gS1wYGoDQ&zoom=1&ved=1t:3588,r:51,s:100,i:157&iact=rc&page=9&tbnh=151&tbnw=163&ndsp=19&tx=107&ty=92
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Beneath the City of Hollywood, the Biscayne Aquifer often contains two distinct 

sandy, limestone beds that are generally separated by 40 to 50 feet of sand (Virogroup, 

1994). The upper bed (Tamiami formation) occurs between 40 and 100 feet below land 

surface (bls) and the lower bed between 110 and 200 feet bls (Virogroup, 1994). The 

Tamiami Formation in the Hollywood area consists primarily of fossiliferous, sandy, 

limestones that have well developed secondary porosity and are highly permeable 

(Virogroup, 1994). Under the surficial sand lies a series of fossiliferous, sandy limestones; 

part of the Anastasia or Fort Thompson Formations. These are from the Pleistocene Age 

and often occur interwoven with each other and the Key Largo Limestone formation, 

making distinction difficult. Together with the Pamlico Sand layer these formations 

compose the wedge-shaped Biscayne Aquifer, which gains thickness as it approaches the 

coast (Fish, 1988).   

In the study area, the top of the Biscayne aquifer production zone occurs between 

35 and 45 feet below land surface and the base, 160 to 180 feet below the surface (Fish, 

1988). The lithologic, water quality and hydraulic properties of the Biscayne aquifer have 

been generally described for Broward County in several agency reports (Merritt, 1996; 

Causaras, 1985; and Fish, 1988). The lower limestone units tapped by some of the City’s 

production wells are likely members of the Tamiami Formation of the Biscayne Aquifer.  

The water levels in the Biscayne Aquifer fluctuate in response to rainfall, drainage 

and withdrawal for irrigation and potable use. Since the Biscayne Aquifer is exposed to the 

surface with little in the way of confinement, the only major recharge in the area is rainfall, 

most of which occurs between June and October. During the winter months the aquifer’s 

water level continues to decline without some form of supplemental recharge. On the south 
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end of the drainage system the Miami, C-9, C-10 and other canals operated by the South 

Florida Water Management District are designed to direct water stored in Lake 

Okeechobee to coastal areas to stabilize aquifer declines. Western Broward wellfields are 

recharged due to their proximity to the water conservation areas operated by the South 

Florida Water Management District, but little help is available to eastern wellfields such as 

Hollywood’s. As a result, the aquifer levels in eastern wellfields steadily decline during 

the winter months. The Biscayne Aquifer is subject to contamination from saltwater 

intrusion as well as surficial activities as a result of the drainage system (Merritt, 1996). 

Several areas of the Biscayne Aquifer have saltwater intrusion problems, the most 

extensive occurring along the coast and the canals connected directly to the coast without 

salinity barrier/control structures (Merritt, 1996). Generally, the water level in the Biscayne 

Aquifer averages 1 to 2 feet ngvd, except during extremely wet and dry periods (from 

USGS monitoring well data gained from USGS.gov website – see Figure 3). 
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Figure 3 Water-level Elevation City of Hollywood (USGS 2014) 

The City of Hollywood is located in southeast Broward County Florida and is 

Broward County’s third-largest municipality with a population of about 140,000 

permanent residents, 50,000 seasonal residents and various commercial and industrial 

customers. For this report, wellfield data was collected from two sites (see Figure 4). This 

data was then analyzed using Groundwater Vistas, a computer model designed with 

comprehensive graphical analysis tools. A number of general principles and assumptions 

were utilized in the development of the Hollywood wellfield model.  
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Figure 4 Hollywood Wellfield Project Location 

The City of Hollywood’s primary groundwater resource is the surficial aquifer 

system, which includes the Biscayne and Floridan aquifers and provides most of the fresh 

water for the city’s population usage. The City of Hollywood potable water treatment plant 

has a capacity of 35.7 million gallons per day, with 11 million gallons of onsite storage and 

two 1 million gallons storage tanks located in the city. The water treatment plant has a 

consumptive use permit for 20.67 million gallons per day to be withdrawn from the 

Biscayne aquifer. Additionally, prior aquifer data collection noted that the base of the 

aquifer is a confining layer known as the Hawthorn Group. The Hawthorn Group is located 

200 feet beneath the Biscayne aquifer and appears to act as a barrier between the saline 

water of the underlying Floridan aquifer and the freshwater Biscayne aquifer (Bloetscher, 

2001). 
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1.2 Objectives 

By using a modeling processor developed for the software Groundwater Vistas, 

which includes MODFLOW and MT3D, a contaminant transport model using rotavirus, 

and the  dose-response relationship developed by Bloetscher et al., (2014) as surrogate, the 

public health risk  for groundwater injection of reclaimed wastewater will be determined. 

The simulations will be run for a 24 months period of record. The simulations will allow 

for transport modeling of rotavirus in the injected water. Risk contours for 24 months 

period will indicate the impact of rotavirus injection in groundwater aquifer. Because of 

many uncertainties and that mistakes in model are common, the characteristics of the 

application of a groundwater modeling to a field problem has been presented with various 

frameworks for model application intended to minimizes such variation (Zheng and 

Bennett, 1995). 
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2.0 METHODOLOGY 

The model was set-up as a two steps process. The first was the MODFLOW flow 

model, which does not include a rotavirus contaminant transport model. The groundwater 

model for the City of Hollywood study was initially analyzed using the finite-difference 

groundwater model (MODFLOW) written and maintained by the U.S. Geological Society 

(Virogroup, 1994; Hazen and Sawyer, 2000; Bloetscher, 2001). The MODFLOW test 

condition was used to validate the situation that the City of Hollywood is presently 

experiencing with respect to groundwater level and drawdown. MODFLOW computes 

velocities and flow rate into and out of boundary cells (Rumbaugh, 2004).  

Once the current condition of drawdown and groundwater table was verified, the 

contaminant transport model can be run using the MODFLOW results. The resulting 

velocities and directions in MODFLOW are then used by the MT3D or to model 

contaminant transport. The MT3D simulations used rotavirus as a surrogate to illustrate 

how contaminants move within the groundwater (Zheng and Bennett 1995). Groundwater 

Vistas was used at the pre- and post-processor since the professional version of this 

software is available to FAU graduate students in environmental engineering and has been 

used successfully to visualize groundwater modeling results. Since Groundwater Vistas 

contains all USGS public access models in one package, it is ideal to use for modeling in 

this situation. 
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2.1 Program Background 

2.1.1 Groundwater Vistas 

Groundwater Vistas (GV) is a Graphic User Interface developed by Environmental 

Simulations Inc. which is used as a pre-processor and post-processor for MODFLOW and 

MT3D. This software package allows for intuitive and informative user interface while 

retaining the usefulness of the MODFLOW finite difference model code and MT3D, a 

three-dimensional contaminant transport simulation distributed by Chunmiao Zheng at the 

University of Alabama (www.mt3d.org). GV gives results which are much more user-

friendly and understandable using contours, colors, velocity vectors and detailed mass 

balance analyses. The use of grid independent boundary conditions as the grid is modified 

allows changes to the model without losing time to alter the boundaries or their conditions 

(Rumbaugh, 2004).  

2.1.2 MODFLOW 

MODFLOW (from McDonald and Harbaugh, 1988) 

MODFLOW is a software package developed by the United States Geological 

Survey (USGS) in the late 1970s, The original guide for MODFLOW was developed and 

published in 1998 (McDonald and Harbaugh, 1988). While continually updated by USGS, 

in reality, the basis of the program has undergone only limited changes to add features not 

commonly used like drains. The robustness of the model has made it the basis for all 

groundwater modeling software. Fluid flow or movement is the basis for MODFLOW. 

This software has public access and therefore is a free download from the Internet or from 
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other sources. Extensive documentation is available from the U.S. Printing Office a well.  

MODFLOW is a modular three-dimensional finite difference ground water model. 

Its focus is groundwater flow utilizing a series of subroutines to allow input for a variety 

of conditions. It is easily adapted for particular applications and simulates steady and 

nonsteady flow of an irregularly or regularly shaped flow system, in which aquifers may 

be confined, unconfined, or a combination. External sources and sinks include flow to wells 

or input from wells, aerial recharge, evapotranspiration, flow to drains, and static or 

variable water bodies such as canals, rivers and lakes. The basic equations are as follows: 

Equation 1 

S
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x y z
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Where, (values in parentheses are units) 

 𝐾𝑖𝑖 - A principal component of the hydraulic conductivity tensor in a 

given x, y or z direction (LT-1) 

 ℎ - Hydraulic head (L) 

𝑆 - Specific storage of the porous materials (L-1) 

q -source or sink 

 

which MODFLOW solves as follows (in its simplistic form) between grid cells (x-axis 

shown): 
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Equation 2 
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The aquifer system can be broken into discreet layers of varying hydraulic 

conductivity/transmissivity and differing anisotropic flow and coordinate direction. A 

specified head and flux velocity can be simulated to provide output data that shows long 

and short-term head differentials over the stress periods. The base model provides this 

information only as input and output files and must be downloaded to other software to 

provide graphics. The U.S.G.S. has designed a pre- and post-processing package that will 

provide the contouring to visualize aquifer head in the model.  

The groundwater flow equation was solved using finite difference approximations 

to derive head conditions over a grid pattern. The grid pattern is in squares or rectangles 

and may use a block centered flow package to provide averages across the grids for aquifer 

head. Mass balances are derived for each time period and stress period. 

The software’s dimensions allow up to 90,000 individual grid-cells without 

modification of the software. The most current version of MODFLOW includes the 

following subroutine packages: rivers, drains, wells, general head boundaries, recharge, 

evapotranspiration, an interbedded storage package, time variance, specific head, 

horizontal flow barrier, transient leakage, reservoirs, and gradients. Other subroutine 

packages are included to allow the package to work within itself. Data requirements include 

input of initial conditions, hydraulic properties of the aquifer for each grid cell in the 
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project, and stress periods. The output file is generally aquifer head, which must be 

transferred to a post-processor for graphic output (GV does this automatically). Other 

output includes a drawdown and water budget data.  

2.1.3 MT3D 

The modular three-dimensional transport model referred to as MT3D, uses a 

modular structure similar to MODFLOW (U.S. Geological Survey, 1988). The benefit of 

modular structure is comparable to MODFLOW in which simulation of dispersion, 

advection, sink/source mixing and chemical reactions are independent without reserving 

computer memory space on unused options. New options of transport processes can be 

added to the model without having to modify an existing code (Zheng and Bennett, 1990).  

The MT3D transport model was developed to be used in conjunction with block-

centered finite-difference flow models such as MODFLOW. MT3D uses the hydraulic 

heads, flow and sinks/sources calculated by MODFLOW and incorporates them with 

specified hydrologic predefined boundary conditions. MT3D has the capability to 

accommodate spatial discretization and transport boundary conditions: (1) the solute 

transport effects of external sources and sinks; (2) specified concentration or mass flux 

boundaries; (3) inclined model layers and variable cell thickness within the same layer; and 

(4) confined, unconfined variably confined/unconfined aquifer layers (Zheng and Bennett, 

1990). 

The governing equation for three-dimensional transport of contaminants in 

groundwater can be written as follows: 
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Equation 3 MT3D Governing Equation 

𝜕𝐶

𝜕𝑡
=

𝜕

𝜕𝑥𝑖
(𝐷𝑖𝑗

𝜕𝐶

𝜕𝑥𝑗
) −

𝜕

𝜕𝑥𝑖

(𝑣𝑖𝐶) +
𝑞𝑠

𝜃
𝐶𝑠 + ∑ 𝑅𝑘

𝑁

𝑘=1

 

Where, (values in parentheses are units) 

C - Concentration of contaminants dissolved in groundwater (ML-3) 

xi - Distance along the respective Cartesian coordinate axis (L) 

Dij - Hydrodynamic dispersion coefficient (L2T-1) 

vj - Seepage or linear pore water velocity (LT-1) 

t  - Time (T) 

qs - Volumetric flux of water per unit volume of aquifer representing    

sources (positive) and sinks (negative) (T-1) 

Cs - Concentration of the sources or sinks (ML-3) 

Θ - Porosity of the porous medium dimensionless  

∑ 𝑅𝑘
𝑁
𝑘=1  - Chemical reaction term (ML-3T-1) 

 

The governing equation for the chemical reaction term can be expressed as (Grove and 

Stollenwerk 1984): 

Equation 4 First-Order Irreversible Rate Chemical Reaction  

∑ 𝑅𝑘

𝑁

𝑘=1

=
𝑃𝑏

𝜃

𝜕𝐶̅

𝜕𝑡
− 𝜆(𝐶 +

𝑃𝑏

𝜃
𝐶̅) 

Where, (values in parentheses are units) 

Pb  - Bulk density of the porous medium (ML-3) 

𝐶̅  - Concentration of contaminants sorbed on the porous medium 

(MM-1) 

𝜃 - Rate constant of the first-order rate reactions (T-1) 

 Decay rate. (T-1) 



20 

By rewriting the 
𝑃𝑏

𝜃

𝜕�̅�

𝜕𝑡
 term as: 

Equation 5  

𝑃𝑏

𝜃

𝜕𝐶̅

𝜕𝑡
=

𝑃𝑏

𝜃

𝜕𝐶

𝜕𝑡

𝜕𝐶̅

𝜕𝐶
 

And substituting equation in Equation 4 and Equation 5 into Equation 3, the following 

equation is: 

Equation 6 

𝜕𝐶

𝜕𝑡
=

𝜕

𝜕𝑥𝑖
(𝐷𝑖𝑗

𝜕𝐶

𝜕𝑥𝑗
) −

𝜕

𝜕𝑥𝑖

(𝑣𝑖𝐶) +
𝑞𝑠

𝜃
𝐶𝑠 +

𝑃𝑏

𝜃

𝜕𝐶̅

𝜕𝐶

𝜕𝐶

𝜕𝑡
− 𝜆(𝐶 +

𝑃𝑏

𝜃
𝐶̅) 

Moving the fourth term on the right-hand side of Equation 6 to the left-hand side: 

Equation 7 

𝑅
𝜕𝐶

𝜕𝑡
=

𝜕

𝜕𝑥𝑖
(𝐷𝑖𝑗

𝜕𝐶

𝜕𝑥𝑗
) −

𝜕

𝜕𝑥𝑖

(𝑣𝑖𝐶) +
𝑞𝑠

𝜃
𝐶𝑠 − 𝜆(𝐶 +

𝑃𝑏

𝜃
𝐶̅) 

Where R is called the retardation factor: 

Equation 8 Retardation Factor 

𝑅 = 1 +
𝑃𝑏

𝜃

𝜕𝐶̅

𝜕𝑡
 

Equation 7 is the governing equation in the transport model. The relationship between 

transport equation and flow equation: 
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Equation 9 The Relationship Between Transport and Flow Equation 

𝑣𝑖 = −
𝐾𝑖𝑖

𝜃

𝜕ℎ

𝜕𝑥𝑖
 

Where, (values in parentheses are units) 

 𝐾𝑖𝑖 - Hydraulic conductivity tensor (LT-1) 

 ℎ - Hydraulic head (L) 

 

The hydraulic head is obtained from the solution of the three-dimensional groundwater 

flow equation: 

Equation 10 Three-Dimensional Groundwater Flow 

𝜕

𝜕𝑥𝑖
(𝐾𝑖𝑖

𝜕ℎ

𝜕𝑥𝑗
) + 𝑞𝑠 = 𝑆𝑠

𝜕ℎ

𝜕𝑡
 

Where, (values in parentheses are units) 

𝑆 - Specific storage of the porous materials (L-1) 

q - sources/sinks 

It is commonly assumed that the components of the hydraulic conductivity tensor 

(K) which has nine components (Kii, or Kxx, Kyy, Kzz) are aligned with the x, y and z 

coordinate axes so that non-principal components become zero. This assumption is 

incorporated into MODFLOW (Zheng and Bennett, 1990). 

More sophisticated, multi-species chemical reactions can be simulated by add-on 

reaction packages. MT3D can accommodate very general spatial discretization schemes 

and transport boundary conditions, including:  
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 Confined, unconfined or variably confined/unconfined aquifer layers;  

 Inclined model layers and variable cell thickness within the same layer; and 

 Specified concentration or mass flux boundaries.  

 

This program was designed to couple with MODFLOW’s basic groundwater 

modeling of wellfields or recharge projects, and add contaminant tracking to model plume 

movement that may be present due to injection, or other sources. It does not do groundwater 

modeling itself.  

2.2 Boundary Conditions 

Two wellfields located in the City of Hollywood in Broward County Florida will 

simulate recharge and withdraw sources for this groundwater flow model (see Figure 5). 

These wellfields are surrounded by natural and manmade constant head boundaries. These 

boundaries include the C-10 canal, the intracoastal waterway/Atlantic Ocean, the Turnpike 

canal and the C-11 canal. The Atlantic Ocean is in such close proximity to the intracoastal 

that there is brackish water throughout this waterway and salt water intrusion can be located 

roughly a mile inland from the shoreline. The groundwater modeling GV requires a 

primary shapefile layer to be inserted to defined the boundaries over the prefabricated map. 

ArcGIS v.10 was used to generate several shapefiles which eventually formed an accurate 

map of the area within the defined boundaries. 

2.2.1 ArcGIS v.10 

ArcGIS v.10 is a software package developed by ESRI. This package includes a 

program which allows prefabricated shapefiles to be inserted or new shapefiles to be 

created into the layout window and transformed to a uniform and accurate coordinate 
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system. The boundaries shapefiles were obtained from a database of the Florida 

Geographic Data Library (FGDL) and inserted into ArcGIS, and then transformed into a 

uniform coordinate system denoted as World Coordinate System (GCS_WGS_1984). This 

system will allow measurements and location to be denoted in decimal degrees. Table 1 

shows the shapefiles that were used to construct the boundary map. 

 

Figure 5 Hollywood Beach Wellfields Map 
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Table 1 Boundaries Shapefiles 

File Name Data Type Coordinate 

System 

Source Year Feature Type 

Sfwmd_canals Vector WGS 1984 FGDL 2008 Polygon 

Wells Vector Albers 

WGS 1984 

N/A 2013 Point 

Cities Vector Albers 

Conical 

Equal Area 

FGDL 2004 Polygon 

Corner 

Boundaries 

Vector WGS 1984 N/A 2013 Polygon 

Water Vector Alber 

Conical 

Equal Area 

FGDL 2004 Polygon 

2.2.2 Boundary Map 

Several tools within ArcMap v.10 were utilized to generate the desired map for the 

project. In order to generate a map within the specific boundaries, an Excel sheet with four 

points was imported and displayed on the interface. These points will be the corners of the 

map. The next step was to bring in the water shapefiles that were used as the constant head 

boundaries. The files labeled sfwmd_canals, cities, wells, and water were inserted and 

projected to match the WGS1984 coordinate system used in the databases. These files 

depicted the C-10, C-11, intracoastal and Turnpike canal. The corner boundaries shapefiles 

were created as a reference to “clip” all the shapefiles within its boundary. The final map 

used in the GV can be seen in Figure 6. 

The number of rows and columns are 65 and 85 respectively. The rows and columns 

define how many elements are used in the finite difference model. The grid spacing in the 
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x and y direction were initially 500 ft. providing a total modeled area of 32,500 by 42,500 

ft2 (see Figure 6). 

 

Figure 6 Initial Grid Boundary 

2.3 Model Initial Parameters 

2.3.1 Boundaries Piezometric Head 

Some initial conditions given for the MODFLOW model were the total withdrawal 

rate of 24.4 MGD, split between two wellfields. The north wellfield contributed 15 MGD 

and the south wellfield contributed 9.4 MGD. The canals in the area were considered 

constant head boundaries with 2 feet as initial head condition. Turnpike was thought to 

have a canal alongside thus allowing western boundary to be treated as a constant head. 

The northern and southern boundaries of the model were represented by C-10 and C-11 

canals respectively which are both considered constant head boundaries. The Atlantic 
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Ocean was used as an eastern constant head boundary. All boundaries were considered to 

have constant piezometric head of 2 feet which is the high tide condition. This value may 

be altered throughout the year, but there is no actual data on the tidal levels at the upper 

reaches of these canals.  Since groundwater moves slowly the high tide condition was used 

as this appears to match findings by others (Bloetscher, et al., 2014a). 

2.3.2 Recharge Rate 

The source and sink term in the flow model in the transport equation represents 

solute mass dissolved in water which enters and exit the flow domain through fluid sources 

and leaves through fluid sinks (Zheng and Bennett, 1995). A source and sink can be 

represented by both internal and external. Some examples of internal sources are wells, 

evapotranspiration, recharge and surface water bodies such as lakes, canals and rivers. 

External sources can include boundary conditions such as specified-flow and specified 

head flow cells.  

The recharge rate was computed using data from NOAA that measured the monthly 

normal precipitation in feet from the year 2011 to 2012. The year 2011 and 2012 had no 

storms, no droughts and were otherwise not atypical. Since data on groundwater levels was 

also available for these years, the two year precipitation was used for modeling purposes. 

Table 2. The recharge rate was approximate using 66.6% of the given rainfall data. The 

model were simulated for 24 stress periods with a time step of 1 month.  
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2.3.3 Defining Layers Parameters 

There are types of information needed to set-up groundwater transport model. First 

type includes hydrogeologic and hydrochemical conditions in the defined domain. The 

primary geologic parameters are locations of model boundaries and thickness of geologic 

unit. Physical and chemical parameters such as chemical reaction, porosity, specific yield, 

storage, transmission and hydraulic conductivity are also included (see Figure 7 for initial 

layers thickness). The data matches that used by Virogroup (1994). Within the model area, 

the opinion of Virogroup (1994), based on drilling data, was that the layers were relatively 

homogeneous. Note that the water table is at an elevation of 2 ft. 
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Table 2 Recharge Rate 2011-2012 (NOAA) 

Month 

CPRECIPRAW 

(in) 

PRECIPRAW 

(in) 

PRECIPRAW     

(ft) 

Recharge 

Rate (2/3) 

Recharge  

(ft/day) 

1 1.37 1.37 0.1142 0.0761 0.0025 

2 1.54 0.17 0.0142 0.0094 0.0003 

3 4.08 2.54 0.2117 0.1411 0.0046 

4 7.39 3.31 0.2758 0.1839 0.0061 

5 10.24 2.85 0.2375 0.1583 0.0051 

6 12.44 2.2 0.1833 0.1222 0.0041 

7 20.23 7.79 0.6492 0.4328 0.0140 

8 28.14 7.91 0.6592 0.4394 0.0142 

9 36.1 7.96 0.6633 0.4422 0.0147 

10 52.53 16.43 1.3692 0.9128 0.0294 

11 55.44 2.91 0.2425 0.1617 0.0054 

12 57.88 2.44 0.2033 0.1356 0.0044 

1 0.55 0.55 0.0458 0.0306 0.0010 

2 4.34 3.79 0.3158 0.2106 0.0075 

3 6.77 2.43 0.2025 0.1350 0.0044 

4 16.86 10.09 0.8408 0.5606 0.0187 

5 28.48 11.62 0.9683 0.6456 0.0208 

6 36.01 7.53 0.6275 0.4183 0.0139 

7 46.25 10.24 0.8533 0.5689 0.0184 

8 60.54 14.29 1.1908 0.7939 0.0256 

9 69.27 8.73 0.7275 0.4850 0.0162 

10 73.96 4.69 0.3908 0.2606 0.0084 

11 74.5 0.54 0.0450 0.0300 0.0010 

12 76.39 1.89 0.1575 0.1050 0.0034 
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Figure 7 Modeled Layers with Depths 

Second type of data required by the model to run a simulation study includes flow 

rates, measured hydraulic heads and contaminant concentration levels. which are needed 

for calibration to compare with existing results. Most of the data required by the simulation 

are site specific, defined by site study and investigation. The Virogroup study included 

aquifer testing, borehole drilling, water level monitoring and water quality testing. As a 

result their assumptions were used herein.  

Hydraulic conductivity is one of the most fundamental parameters in flow and 

transport modeling (Zheng and Bennett, 1995). Hydraulic conductivity is related to 

permeability which is a property of a porous medium. The hydraulic conductivity displays 

extensive variations and can range in different order of magnitude over a similar type of 

rock or sediment. Also most sediments are anisotropic; thus hydraulic conductivity in the 
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vertical direction is significantly lower than horizontal direction. Because of these 

variations, assumptions had to be made in order to simplify the simulation over a large 

area. An alternative method for dealing with variations is to use a spatial conductivity 

distribution from the field measured value but this method required extensive study and 

thus required sophisticated geostatistical techniques based on field observed data set.  

 Specific yield and storage coefficient are required by transient flow simulation. 

Storage coefficient is for confined aquifers and specific yield is for unconfined aquifers. 

When inelastic aquifer compaction and land subsidence are not present, estimates of 

storage coefficient may be based on the elastic properties of water and of the porous 

framework (e.g., Freeze and Cherry, 1979; Domenico and Schewartz, 1990).  

Porosity is another important parameter that can affect transport modeling in two 

ways. First, it represent the pore volume of a model cell available for storage of solute mass 

and second, it is a control for advective transport. The concept of effective porosity, the 

assumption that a part of the porosity consists of interconnected pore space which are 

capable of transmitting flow, can simplify the nonuniform characteristic of the soil (Zheng 

and Bennett, 1995). See Table 3 for initial parameter for groundwater transport simulation 

model. 
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2.4 Rotavirus Contaminant Concentration 

 A common cause of serious gastroenteritis in humans is rotavirus (Gerba, et al., 

1996). In the United States, rotavirus infection is estimated to account for 20% of diarrheal 

deaths in early childhood (Maldonado and Yolken, 1990). Rotavirus can be used as 

surrogate since dose-response data in human adult study indicated that it is the most 

infective of all the enteric viruses.  

 The concentration of rotavirus in water samples were calculated assuming the City 

of Hollywood treatment level, which is secondary treatment with filtration and high level 

of disinfection. Based on the only study found, the average concentration of rotavirus is 

16.6 PFU/L and a detection rate of 33% in the raw wastewater (Li, et al., 2010), under the 

worst case scenario was 300 PFU/L and the detection rate of 100%. The reduction in 

concentration was 2.08 logs with secondary treatment (Li, et al., 2011). Virus removal in 

the secondary treatment would be mostly attributed to the adsorption of microorganisms 

on the activated sludge (Gerba, et al., 1996). Filtration achieved another 0.72 log removal 

(Li, et al., 2011). Chlorine can add another percentage of removal but to be conservative, 

in the absence of a stated number, it was assumed that combined, a total of 2.8 logs of 

removal was present. The injection well used for this transport modeling was estimated to 

deliver 1 million gallons per day into the recharge zone which is 200 feet below ground 

level. Based on a flow of 1 MGD, 1.6 million PFU were injected at worst case on a daily 

basis: 

Calculation: 
3.28×

106𝐿

𝑀𝐺𝐷
×300 𝑃𝐹𝑈/𝐿 

102.8 
= 1.6 𝑚𝑖𝑙𝑙𝑖𝑜𝑛 𝑃𝐹𝑈/𝑑𝑎𝑦 
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For ease in modeling, it was assumed that the daily amount of rotaviruses delivered 

was 2 million PFU/MGD of injection water.  
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3.0 RESULTS 

3.1 Groundwater Flow Model 

The groundwater flow was modeled using MODFLOW with the assumption of 

transient conditions. The flow rate of the injection well and production wells were assumed 

to be constant throughout the 24 months period of simulation. The initial parameters for 

rainfall data for calculation of recharge and physical conditions of the soil were given in 

Table 2 and Table 3 respectively. The model grids were developed to simulate the spatial 

variability of depth and the hydrologic effects of surface and groundwater bodies. There 

are 5 layers representing hydrologic differences in the soil characteristics; however, in the 

absence of better data, layers were assumed to have the same conditions throughout the 

whole area of the model, as Hazen and Sawyer/CDM (2000) did, which reduces the 

complexity and computational difficulty of the model.  

The groundwater flow model was calibrated using previously known conditions of 

groundwater table elevation and drawdown from City of Hollywood production wells in 

the wellfields located on the west side of the City. Figure 7 and Figure 9 illustrate 

groundwater table drawdown levels for May 2011 (dry season) and September 2011 (wet 

season) respectively from GV model simulation. Figure 8 and Figure 10 represent 

groundwater table drawdown levels as well but using images from GIS with data exported 

from GV. The contour lines represents hydraulic head and color flood represent the 

drawdown of groundwater table. The approximate minimum value for the hydraulic
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 head is 0.8 feet and 1.4 feet for dry season and wet season respectively.  

 

Figure 8 Groundwater Table Drawdown May 2011 GV (Dry Season) 

 

 

Figure 9 Groundwater Table Drawdown May 2011 GIS (Dry Season) 



36 

 

Figure 10 Groundwater Table Drawdown September 2011 (Wet Season) 

 

Figure 11 Groundwater Table Drawdown September 2011 GIS (Wet Season) 
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3.2 Contaminant Transport Model 

The flow simulation results were needed to run MT3D contaminant transport 

model. The observation of groundwater flow with advection provides a means for 

assessment of aquifer vulnerability to contamination. Since contamination of groundwater 

sources would be catastrophic to citizens of the community in terms of health and economic 

effects, MT3D modeling of the proposed groundwater injection program using high level 

of disinfected treated wastewater was performed. The c model included the transport 

mechanisms of the contaminant as well as chemical reaction, rate of decay and dispersion 

radius from the injection source. Three-dimensional solute transport simulation MT3D was 

used to monitor the contaminant particles movement within groundwater aquifer. The 

simulation illustrated expected concentration at various depths and distance from the 

injection source.  

The contaminant transport model showed that rotavirus reached its equilibrium 

during time step 7, which was expected since the decay rate of rotavirus, was 0.1027 day-1 

(Yates, et al., 1985). Given that injected wastewater contained 2 million PFU/d, the 

calculated total decay concentration of rotavirus should have all been decayed or inactive, 

which was true according to the MT3D model. The contaminant contour started at the 

injection well as a point source and propagated through groundwater layers and widen as 

time steps increase until it reached equilibrium period. See Figure 11 to Figure 16 for 

MT3D results from time step 1, 3, 5, 7, 9 and 11. Noted that each time step represents a 

period of one month. See Appendix A for the contaminant contour of all the time steps.  
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Figure 12 Concentration Contour Time Step 1. 

 

Figure 13 Concentration Contour Time Step 3. 
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Figure 14 Concentration Contour Time Step 5. 

 

Figure 15 Concentration Contour Time Step 7. 
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Figure 16 Concentration Contour Time Step 9. 

 

Figure 17 Concentration Contour Time Step 11. 
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For comparison purposes, Figure 17 is a comparison between current simulation of 

rotavirus loading rate of 2 million concentration per 1 million gallon of injection water and 

Hazen and Sawyer/CDM data form 2000 (Hazen and Sawyer/CDM, 2000). Hydraulic 

conductivity, porosity, storage, specific yield, leakage and transmissivity were obtain; 

however, the contours are different due to the different in goals (salinity vs rotavirus), 

changes in recharge rate, differences in rainfall and rate of withdrawal from the production 

wells. The Hazen and Sawyer/CDM study was focused on salinity control during dry 

season without recharge and the chloride concentration does not have rate of decay. The 

aquifer also had a vertical buoyancy component not required in this model  As a result the 

modeling described herein in likely to provided a less conservative result than Hazen and 

Sawyer/CDM, and it does.  There is also an issue with horizontal conductivity in the x 

direction in the Hazen and Sawyer/CDM model.  

  

Figure 18 comparison of Hazen and Sawyer/CDM results versus current 

model. 
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3.3 Risk Assessment  

A risk assessment can give regulatory agencies technical and analytical assurance 

of the potential incidence of illness caused by groundwater contamination from injection 

programs. The application of using impaired quality such as treated wastewater for 

groundwater injection program is an example for the need of such assessment. The 

potential for viruses to persist for long periods and the recognition that pathogenic 

organisms may increase the possibility of groundwater-related illnesses in the future 

(Yates, et al., 1985). The current USEPA acceptable level of microbiological risk for 

drinking water systems has been suggested as 10-4 yearly, with maximum exposure of 2 

liters daily over 365 days (Rose and Carnahan, 1992). This project updated this to a 10-6 

risk in any given year, 10-4 lifetime.  

Although there is limited information on injection programs or the migration of 

injected water, computational analytical technique was developed to assess the risk that the 

injected water can affect in groundwater aquifer. Because of many variables in 

groundwater and soil characteristics, it is advisable to have a degree of the uncertainty of 

model predictions. It was assumed that the injection wells will be operated continuously 

for many years, thereby allowing the program to reach equilibrium by ),,,( tzyxC . 

However, the groundwater program cannot assume that the time element was infinity. To 

resolve the problem, two years, with recharge via rainfall was chosen to be modeled. 

Because of its high shedding incidence, high exposure and low infective dose, rotavirus 

was modeled and an appropriate decay rate was incorporated as noted above. Using the 

dose response curve, the resulting concentrations from the groundwater model (Figures 12-

17) were directly translated to risk contours. These contours decrease with increasing 
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distance from the injection point, although due to the sharp increase in the dose-response 

curve developed by the Predictive Bayesian equation, the risks between 0 and 0.1 occur 

over a very short horizon. See Figure 19 for risk contour from GIS. The data from MT3D 

simulation were exported to GIS as a shape file, which also included concentration level 

per contour. Using GIS, each contour color were converted to risk contours based on 

predicted concentration. It should be noted that these are log concentration contours. After 

the data was exported onto GIS layers, the distance between each contour layers and 

injection well was measured using the measuring tool in GIS. 

 

Figure 19 Risk Contours for Rotavirus 
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 GV has an option to display log concentration contour thus uniform the distance 

between each contour lines. Using log probability of concentration versus log of 

concentration, risk assessment can be graphed to yield a visual presentation (see Figure 

20). Each log reduction in concentration translates to one log decline in risk probability 

assessment. The closer the distance to the injection well, the higher the risk probability 

since the concentration will be higher. However, City of Hollywood uses wellfields to the 

western part of the City, the concentration contours, even at the lowest concentration level, 

never reach that distance given the current parameters and assumptions. The lowest 

concentration contour is 0.7 miles from the injection well while the City of Hollywood’s 

wellfields are around 3 miles.   

 

Figure 20 Risk Probability Assessment 
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Having completed one analysis, the next step was to test for other scenarios and 

test the model’s sensitivity. Different scenarios of virus’s loading rate for rotavirus were 

simulated along with enterovirus to compare the risk of injection associated with each of 

the scenario. See Table 4 for the different scenarios and their respective decay rate and 

distance of risk contour from the injection well. The two worst case scenarios were 

simulated with one assumed rotavirus decay rate at zero and another at 0.1027 per day. The 

worst case scenario used the detection rate of 100% and 300 PFU/L and no decay. The 

third scenario is average case which used the detection rate of 33% and 16 PFU/L with 

decay rate of 0.1027 per day. The fourth scenario uses enterovirus with viral loading rate 

of 1 PFU/L which equal to concentration of approximately 6,000 per 1 million gallon of 

injection water per day. This is based on study done by G. Bitton, S.R. Farrah, R.H. Ruskin, 

J. Butner and Y.J. Chou (1983). Graphical representations for each case are found in 

Appendix D.  

Table 4 Results Different Scenarios of Viral Loading Rate 

Source: Rotavius decay from Yates, et al 1985. Enterovirus decay from Bitton, et al 1983 

 

Figure 21 shows the results of the risk contours for different scenarios and their 

respective distances from the injection well based on Table 4. The City of Hollywood’s 

Scenario 

Viral 

Loading 

Rate 

Decay 

(day-1) 

Distance From 

Injection Well at 

10-6 (mile) Half-life 

Worst case no decay 2,000,000 - 2 - 

Worst case  2,000,000 0.1027 0.7 6.75 

Average case  30,000 0.1027 0.3 6.75 

Non-specific Enterovirus 6,000 0.0456 0.25 15.2 

Virus removed by RO 0 0.1027 0 6.75 
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production well fields are located approximately 3 miles from the injection well. Assuming 

worst case scenario number 2, the risk contour is estimated to be about 2.3 miles from the 

production well fields which might suggest the injection program as feasible. Because of 

lower viral loading rate for enterovirus, the risk contour from contaminant transport 

modeling shows the migration of virus for 0.25 miles from the injection well. 

It should be noted that viruses cannot replicate without a host.  There is not evidence 

in the literature that rotavirus will generate in the soil, but not absence either. The lack of 

literature on virus growth within groundwater aquifer led to the assumption of no growth 

for this study.  

 

Figure 21 Comparison of Scenario vs Distance of Risk Contour from Injection 

Well. 
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4.0 CONCLUSION 

Water consumption and demand from population growth has placed great stress on 

t groundwater resources. At present, methods of replacing and replenishing this precious 

resource are few. The study of groundwater contaminant transport and fate rely on 

uncertainty within model simulations. For this project reliance on past data and a series of 

assumptions had to be made to ensure that hydraulic characteristic within model boundary 

were appropriate.  

Some of the difficulties include the lack of field data to characterize relative 

permeability and capillary pressure and nonlinearity involved in small grid spacing and 

large computational times. Another limitation of this investigation was using rotavirus. The 

transport analysis did not focus on contaminants other than microbiological ones as the 

regulatory agencies see this as the area of greatest health risk resulting for the use of 

reclaimed water in injection programs in aquifers that may be in contact with potable water 

supplies. However, it would be easy to revise the model for later applications for other 

contaminants as many of the dose-response relationships are available on US EPA’s IRIS 

site.  

 It is not in the scope of this study to define what is safe as a probability 

concentration level; however, given the results, the contaminant level goal distance for the 

10-6 contour was more than 2 miles from the production wellfields of City of Hollywood. 

The 10-6contour is 100 times lower than the EPA criteria for incurring 
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illness. The result shows that injection of reclaimed wastewater into the Biscayne Aquifer, 

while not contemplated under the current regulations, can be designed so as not pose a 

significant risk to the public. The output data from this project denoted contaminant 

concentration contour for risk that should be able to serve the regulatory agencies in 

decision making if utilizing the use of reclaimed water can be one of a viable option for 

groundwater replenishment program.  

Note that (Li, et al., 2010) evaluated a water treatment plant with reverse osmosis 

membranes process and found the result of rotavirus detection to be non-detectable thus 

analysis could not be performed for modeling purposes. Results for wastewater treated with 

reverse osmosis with ultraviolet radiation and advance oxidation by (Bloetscher, et al., 

2012) also does not shows the presence of organisms in the wastewater either. We can 

assume reverse osmosis treatment will not pass rotavirus. 

Health and ecological risks represent only one aspect of the sustainability of 

wastewater effluent discharge alternatives. Costs and ecological impacts to the drainage 

basin at large are also important considerations. As population pressures increase, reuse 

will be increasingly important part of an integrated wastewater management strategy. 

Therefore, treatment plant design will be driven by the need to remove non-conventional 

and emerging wastewater constituents, such as viruses pharmaceutically active substances, 

endocrine disruptors and NDMA, which require assumptions on fate and ability to analyze 

in small dose. Research of this kind is essential for further assessment in the 

characterization of contaminant transport and fate. The results reported represent one of 

the first quantitative assessment of groundwater injection discharge risks of such scope and 

are therefore considered a starting point rather than an end. Nevertheless, the results are 
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considered important for water management planning and as a basis for further studies.  
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APPENDIX A 

Concentration contour for 24 months periods 
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APPENDIX B 

Drawdown contour for 24 months periods 
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APPENDIX C 

Mass balance for 24 months periods. 
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APPENDIX D 

Summary of Rotavirus Data 

 

 

(Source for P(C) and Concentration from Ward et al., 1986) 

 

 

 

Summary Of Log Data For Pdfs Of 

Various Distributions For Rotavirus 

 

 

 

Log GM GM Concentr Width P(C) Diff P(C) pdf(C) Log pdf

0.009 0

-1.55 0.028 0.081 0 0.000 #NUM!

0.09 0

-0.55 0.285 0.81 0.14 0.173 -0.76

0.9 0.14

0.45 2.846 8.1 0.58 0.072 -1.15

9 0.72

1.45 28.46 81 0.14 0.00173 -2.76

90 0.86

2.45 284.6 810 0.02 0.000025 -4.61

900 0.88

3.95 9000.0 89100 0.12 0.000001 -5.87

90000 1

Organisms p(C) Pareto Log Norm Gamma1 Gamma2 BetaPois Expon Weibull

0.028 #NUM! 2.574739 -0.88405 1.192146 1.192145 1.079288 -6.99488 -1.387

0.285 -1.75446 -0.35578 -2.70868 -0.96574 -0.96574 1.07605 -6.99511 -0.37432

2.846 -2.65926 -3.26217 -4.35583 -3.106 -3.10608 1.043782 -6.99746 -3.87281

28.46 -6.35963 -6.17034 -5.67944 -5.24904 -5.24983 0.721045 -7.02094 -149.748

284.6 -10.5966 -9.0785 -5.98553 -7.40688 -7.41471 -2.50632 -7.25571 undefined

9000 -13.8155 -13.4408 -10.342 -11.1782 -11.4257 -112.32 -15.2442 undefined

RSQ with p(C)= 0.970379 0.855732 0.966461 0.964033 0.568027 0.568027 undefined

Best Fit Pareto
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Best Fit Parameters For Rotavirus 

 

(Source:  Haas, et al., 1999, 2002) 

 

 

Model   Best Fit Parameters    Deviance 

 

Exponential   r=0.0216    129.48 

 

 

Beta-Poisson   =.265        6.82 

  N50=5.597 

 

 

Benchmark Dose Methods: 

Logit-probit   q1=10.504    d=   11.87 

    q2=4.137 

 

 

Log Logistic   q1=10.504    d=   11.87 

    q2=4.137 

 

 

Weibull  q1=10.504     d=   11.87 
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 Biscayne Aquifer Flow Model 

Input Parameters 

(Hazen and Sawyer, CDM/Missimer International, 2000) 

 

 

 

 

 
 

Figure 1  - Comparison of actual pdf data to Pareto pdf 

with alpha = .2377 and k = .01 
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2 Upper Zone 2 1000-3000 .02-.08 5 to 15 0-4.5 .0002-.0006

3 Biscayen Aq. 100K - 500K .08-.15 30-50 0-4.5 .00004-.0001

4 Biscayne Aq. 100K - 500K .08-.15 30-50 0-4.5 .00004-.0001

5 Lower Zone 1 2000-13000 .02-.09 50-60 0-4.5 .0002-.0006
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MCMC solution for k values at 0.5 CFU/100 mL. Note increasing the values for prior for 

alpha gamma prior does not alter the graph 

 

 

Comparison of Haas Models and Predictive Bayesian Model with uncertain a and various 

uncertain k values.  
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Enterovirus concentration contour during the worst case scenario. Half life is 15.2 day 

with 0.0456 day-1 rate of decay. 

 

Concentration contour at Time Step #24 with no decay of rotavirus at 2 million 

concentration. 
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Location of Hollywood, Florida 

Biscayne Aquifer Reclamation Water Movement After Injection 
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