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1. Introduction 
 
Disposing of wastewater via onsite wastewater-treatment systems (OWS) has the benefit of 
recharging local groundwater supplies rather than removing treated wastewater from its 
watershed of origin, thus it is favorable from a water-resources standpoint.  If the environmental 
setting is appropriate OWS can be used to adequately treat and dispose of domestic wastewater 
in a more beneficial manner than most centralized wastewater treatment facilities.  However, in 
many cases, the susceptibility of ground-water resources to OWS pollutants must be assessed.    
Contaminants of concern which are present in OWS effluent include nutrients (nitrogen and 
phosphorous), pathogens (viruses and bacteria), and pharmaceutical compounds.   
 
Nitrogen is commonly of concern to regulators.  Residential developments that result in a high 
density of OWS can result in a considerable cumulative nitrogen load to local water resources.  
In some locations certain pollutants (such as nitrogen and pharmaceutical compounds) are 
accumulating in natural waters, placing increased demands on higher quality treatment of OWS 
effluents discharged to the environment (Laws, 2005; Lindstrom et al., 2002; Drake and Bauder, 
2005; Arnade, 1999).  With the increasing emphasis on watershed management and quantitative 
approaches to assess OWS pollutant fate and transport are needed. 
 
Today, one of the major issues faced by local regulators and county health officials is to 
determine the appropriate density for new residential developments that utilize OWS.  Another 
issue is what the appropriate setbacks should be between OWS and drinking water wells or local 
water resources (i.e. streams, lakes, etc.)  The US EPA (2002) notes that performance 
requirements need to be set for OWS based on mass removal or concentration of contaminants 
reaching a specified performance boundary.  Few studies have been published that describe 
quantitative tools to predict the fate and transport of contaminants originating from OWS at the 
development scale.    In the past, aquifer mixing or dilution models were used to predict 
development scale impacts of OWS plumes (Wehrmann, 1983; Bauman and Schafer, 1984; 
Hantzsche and Finnemore, 1992).  However, many studies have shown that OWS plumes tend to 
be long, narrow, and well defined and that dilution or mixing models are probably unrealistic 
(Florida HRS, 1993; Robertson et al., 1991; Robertson et al., 1995).  Other studies have used 
GIS-based watershed scale models to simulate fate and transport of OWS contaminants (Lasserre 
et al., 1999; Stark, 1997; Stark et al., 1999; Kellog et al., 1997). 
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Morgan and Everett (2005) used MODFLOW and MT3DMS to simulate optimal nitrate loading 
at a development scale in the La Pine, Oregon area.  This approach utilized a numerical modeling 
approach to simulate aquifer response to nitrate loading scenarios from OWS.  This type of 
model can be powerful but also requires substantial amounts of data (aquifer spatial variability, 
groundwater flow directions, groundwater-surface water interactions, initial and boundary 
conditions, etc.) to build the model and is typically more complex than most tools available to 
organizations responsible for permitting OWS. 
 
The model discussed in this paper may be suitable for local and county environmental health 
organizations to use for evaluating OWS groundwater impacts at a development scale.  The 
Horizontal Plane Source (HPS) model is a transient, three-dimensional analytical model capable 
of simulating advective-dispersive transport in a homogeneous, isotropic aquifer with uniform 
horizontal flow.  The model solution is based on a finite horizontal plane contaminant source 
zone.  Unlike other modeling approaches, the HPS model provides a predictive tool that is 
appropriate at the scale of development and is not as complex or data intensive as modeling 
approaches that have previously been proposed. 
 
This model is appropriate for scenarios where the performance boundary for OWS exists at a 
finite distance in an aquifer beneath a proposed development.  This may be applicable to 
scenarios where residences use domestic wells in the same aquifer that is reached by effluent 
from OWS, where nearby water-supply wells exists, or where sensitive surface water bodies are 
in close proximity.  For these situations, the HPS model is capable of simulating the contaminant 
plume extent and character originating from a single OWS.  The HPS model is capable of 
simulating aquifer impacts from multiple OWS through the law of superposition, but the 
modeling procedure becomes much more complex and computationally demanding.  For the case 
where cumulative effects of OWS are of interest it is probably more appropriate to use another 
modeling approach such as numerical model or a GIS-based model. 

 
 

2. Model Description 
 
The HPS model is based on the analytical solution developed using Green’s functions and 
originally derived by Carslaw and Jaeger (1959) which was used to describe the conduction of 
heat in solids.  Galya (1987) adapted this analytical model for contaminant transport in 
groundwater and demonstrated the validity of the HPS model for distances in close proximity to 
to the source zone in comparison to the analytical solution based on a point source.  The 
application of the HPS model to onsite wastewater soil dispersal systems assumes that the 
groundwater source zone will reflect the extent and geometry of the infiltrative surface to which 
OWS effluent is applied (Figure 1).  The groundwater source zone is assumed to be spatially 
uniform with respect to mass load applied. 
 
The HPS model considers an unconfined aquifer of finite thickness and infinite lateral extent.  As 
with most analytical models, the HPS model is limited to assuming a homogeneous and isotropic 
aquifer medium, although heterogeneous systems have previously been modeled successfully 
using equivalent porous medium models which can account for aquifer heterogeneity through 
macro-dispersion.  The solute input consists of a horizontal plane source zone, of finite 



 

 

dimensions (L and W), present at the water table.  The source zone is centered at x = 0, y = 0.  
Groundwater in the system is assumed to have constant, one-dimensional uniform flow parallel 
to the x direction. 
 
The HPS model can consider a time-varying source rate and generates output for a transient, 
three-dimensional aquifer solute concentration in relation to the source zone.  The processes of 
retardation and first-order solute decay can also be simulated using this model.  The analytical 
solution for the HPS model is given by the following equations. 
 

 
 
Figure 1.  Orientation of the groundwater source zone for the HPS model in relation to the soil 
dispersal system. 
 
 
The analytical solution for a plume concentration based on a spill of unit mass [1/L3] is given by 
equation [1]. 
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where k is a first-order decay rate [1/T], n is porosity [-], R is retardation factor [-], v’ is effective 
groundwater velocity [L/T], b is aquifer thickness [L], and Dxx’, Dyy’, and Dzz’ are effective 



 

 

longitudinal, transverse horizontal, and transverse vertical dispersion coefficients [L2/T] 
respectively.  The effective velocity and effective dispersion coefficients can be calculated by 
equations [2] and [3]. 

  
       Rvv /'=                                     [2] 
 RDD xxxx /'=                            [3] 

 
where v is groundwater velocity [L/T] and dispersion coefficients [L2/T] are calculated by 
equations [4-6] as follows: 

  
                         vD xxxx α=                      [4] 

     vD yyyy α=                           [5] 
     vD zzzz α=                         [6] 

 
where  xx is longitudinal dispersivity [L],  yy is transverse horizontal dispersivity [L], and  zz is 
transverse vertical dispersivity [L].   
 

The solution for the aquifer plume concentration (cp) [M/L3] with finite mass release rate )(τ
•
m  is 

given by [7]: 
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and the mass release rate [M/T] is defined as [8]: 

 

              0LWcim r=
•

              [8] 
 

where co is the solute concentration [M/L3] reaching the watertable and ir is the solute infiltration 
rate [L/T] which can be calculated by OWS flowrate divided by infiltrative surface area.  When 
trying to simulate a long-term continuous source input from OWS, the mass release rate is 
assumed to be constant over time.  Additionally, if we assume that the source input begins at 
time  =0 then equation [7] simplifies to equation [9]. 
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The solution to equation [9], which requires integration, can be solved through numerical 
approximation using Simpson’s rule or trapezoidal rule.  In this case, a computer code which 
uses Simpson’s rule to solve the analytical solution for the HPS model was written in 
FORTRAN 95 and compiled to create an executable file capable of calculating the solution to 
the HPS model for multiple space-time inputs.  The solution for the HPS model can also be 
achieved with a spreadsheet program.   
 



 

 

 
3. Model Application 
 
The application of the HPS model is presented here in the context of nitrate plume development.  
Nitrate contamination has been documented in groundwater beneath onsite wastewater soil 
dispersal fields in a number of studies.  Simulations were run to delineate a nitrate plume 
originating from an OWS with median estimates of flowrate and effluent nitrogen concentration 
based on statistical distributions compiled by McCray et al. (2005).  All nitrogen was assumed to 
be in the form of nitrate by the time it reached the watertable.  Soil dispersal system size was 
assigned a value 5000 ft2 (100 feet in width by 50 feet in length) which is typical according to 
the U.S. EPA (2002).  The groundwater velocity and porosity were set at 0.5 ft/day and 0.3 
respectively, which fall within the normal range of values for an aquifer (Fetter, 2001).  
Retardation factor was set at 1 and first-order decay coefficient was set at 0 to represent no 
retardation and no nitrate decay (denitrification) in the aquifer.   Dispersivity coefficients were 
assigned values of 20, 0.8, and 0.08 ft. for longitudinal, transverse horizontal, and transverse 
vertical dispersivity respectively.  These dispersivity values have been designated by the Idaho 
Department of Environmental Quality (2002) as representative estimates based on both field and 
modeling studies.   
 
Figure 2 presents HPS model results of a nitrate plume based on the baseline parameter values.  
The plume illustrations are in terms of maximum nitrate concentrations from an aerial view and a 
cross-sectional view.  The aerial view depicts concentrations of nitrate at the watertable (z = 0) 
and the cross-sectional view depicts concentrations of nitrate along the centerline of the plume (y 
= 0).  Results indicate that, for the baseline parameter value inputs, the HPS model predicts a 
nitrate plume which has nitrate concentrations exceeding regulatory standards (10 mg-N/L) at a 
distance of almost 200 feet down-gradient from the center of the source zone.  Results also 
indicate that the nitrate plume is long and narrow and the plume width actually decreases down-
gradient from the source zone.   
 
 
4. Model Sensitivity 
 
A sensitivity analysis was conducted to evaluate the importance of input parameters for the HPS 
model.  Sensitivities were evaluated using the baseline parameter values (Heatwole, 2005) as a 
basis for comparison.  Each parameter (with exception of retardation factor and first-order decay 
coefficient) was individually varied by -50, -25, 25, and 50 percent of the baseline value.  Model 
output was then evaluated by observing the percent change in nitrate concentration at a location 
of x = 200 feet, y = z = 0 feet after the HPS model had run to steady-state.  The selection of the 
observation point was made in order to find a representative spatial location that would account 
for spatially dependent parameters (such as dispersivity), but still be at a distance close enough to 
be have significant nitrate concentration predicted.   
 
This analysis is unique to the set of baseline parameter values used.  For this analysis aquifer 
thickness had no sensitivity within +/- 50 percent of the baseline value so it is not included in 
this figure.  Re-examining Fig. 2, it is apparent that the plume thickness never exceeds 10 feet in 
depth, which is much less than 40 feet.  An aquifer with a smaller saturated thickness would 



 

 

likely have a greater sensitivity to aquifer thickness.  Results also demonstrate that longitudinal 
and transverse horizontal dispersivities have very small sensitivities, while transverse vertical 
dispersivity appears to have a high sensitivity.  Velocity and porosity also have significant 
sensitivities and the ratio of source zone length to width proves to be sensitive. Finally, solute 
infiltration rate and nitrate concentration have significant sensitivities and these parameters, 
which are used to calculate the mass loading rate, are directly proportional to HPS predictions.   
 
 
5. Discussion 
 
Sensitivity analysis reveals that groundwater velocity is one of the most sensitive parameters for 
the HPS model.  Groundwater velocity can also vary over orders of magnitude from aquifer to 
aquifer or even from one site to another.  Other parameters have significant sensitivity for the 
HPS model such as nitrogen concentration, solute infiltration rate, and vertical aquifer 
dispersivity.  These parameters, however, typically do not vary more than an order of magnitude 
in the context of OWS.  McCray et al. (2005) have studied statistical distributions of OWS 
flowrates and nitrogen concentration in STE.  Aquifer dispersivities may vary more, but 
according to previous studies dispersivity is scale dependent (Xu and Eckstein, 1995) and the 
Idaho Department of Environmental Quality (2002) has chosen representative values based on 
field and modeling studies.  Although these dispersivity values are based on estimates using 
observed plume lengths, site-specific dispersivity values may depart considerably from the 
representative values discussed earlier.  It is the responsibility of the HPS model user to consider 
site-specific hydrogeology, aquifer heterogeneity, and other factors which might affect 
dispersivity (and other parameter) values, and to evaluate parameter estimates accordingly. 
 
Groundwater velocity is still arguably the most important parameter for the HPS model and may 
be the key factor to when considering plumes from OWS.  Aquifers with faster groundwater 
velocities have a greater ability to attenuate nitrate plumes by means of dilution, effectively 
reducing the aquifer nitrate concentration and the distance required to attenuate the nitrate plume 
below regulatory standards. 
  
 



 

 

 
Fig. 2. Plume illustration showing aerial (top) and cross-sectional (bottom) views of a nitrate 
plume generated by the HPS model. 
 
 
 
6. Conclusions 
 
The HPS model is potentially a useful tool for predicting the extent and character of solute 
plumes originating from OWS.  This analytical model can be utilized by creating a simple code 
which can be run as an executable file or it can be programmed into a spreadsheet program.  
Although discussion in this paper has been focused on nitrate plumes, the HPS model can 
simulate other solutes associated with OWS including those that undergo first-order decay and 
retardation.  This may include contaminants such as phosphorous, pharmaceutical compounds, or 
pathogens.  The HPS model is ideally suited to simulate a contaminant plume originating from a 
single OWS due to the increased computational demand for achieving a solution for multiple 
OWS solute inputs.  In that case, other types of models are better suited to predict potential 
aquifer impacts associated with OWS.   
 
Sensitivity analysis reveals that groundwater velocity is one of the most sensitive input 
parameters for the HPS model.  Groundwater velocity also varies greatly from one location to 
another, thus it is one of the most important factors to consider when trying to estimate potential 
aquifer impacts from OWS.  Aquifers with faster groundwater velocities will be much better 
equipped to attenuate nitrate inputs from typical OWS.   
 
This model is especially useful in that it provides decision makers and regulators a simple tool to 
evaluate impacts from OWS using site-specific aquifer properties by considering and varying the 
source zone size (onsite wastewater soil dispersal system size), solute concentration in OWS 
effluent reaching groundwater, and OWS flowrate.  For example, a regulator might use the HPS 
model to determine appropriate effluent quality standards for total nitrogen based on the model 



 

 

results for a particular aquifer.  In most cases for permitting and regulation of OWS, the available 
budget, data, and personnel are usually not sufficient to rigorously model potential impacts from 
OWS.  The HPS model is ideally suited for these cases and should be as a useful tool. 
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