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The Clean Water Act imposes Total Maximum Daily Load (TMDL) limits on pollutant 

concentrations within wastewater effluent; in Oregon, thermal discharge is one of the 

pollutants subject to regulation.  The City of Woodburn, Oregon, funded a series of pilot 

scale studies to investigate the utility of natural systems to reduce wastewater effluent 

temperature.  The research discussed here examined the groundwater response to an 

unlined, 0.15 hectare wetland used to infiltrate treated wastewater into the subsurface and 

the potential efficacy of an upscaled discharge system. 

An array of geotechnical holes and monitoring wells were placed around the wetland and 

were equipped with pressure transducers. Groundwater level, water temperature, and 

water chemistry were then monitored for 1.5 years.  These data were used to calibrate a 

series of numerical models, which were in turn utilized to assess the rate, flow direction, 

and spatial extent of infiltration from the wetland.  Results suggest that the water table rises 

to the level of the wetland, and that infiltration occurs primarily through lateral flow from 

the wetland.  Numerically-simulated and observational data found maximum water 

displacement velocities of 1.5 m/day in the horizontal direction, and 0.1 m/day in the 

vertical direction. 



Next, the numerical groundwater simulation model was used to predict how infiltration rate 

would be affected by moving from a pilot-scale to a large-scale system.  It was determined 

that because a large percentage of flow occurs laterally through the perimeter, the specific 

infiltration rate will decrease as wetland area increases, due to a smaller perimeter-to-area 

ratio.  Simulations estimated that the water displacement velocity for the large-scale (5.5 

hectare) system was 0.06 m/day in the vertical direction and 0.4 m/day along the perimeter.  

These results were deemed consistent with a water budget performed on a separate 

inundated portion of the floodplain. 

Finally, the observed temperature and numerical simulations were used to simulate the 

subsurface temperature profile.  It is predicted that the heat which enters the subsurface 

spreads out beyond a radius of 20 – 50m, and the wastewater will have its temperature 

transition from having daily fluctuations to seasonal fluctuations, before eventually reaching 

steady state.  Further, it was found that mean annual temperature is a function of the 

distance from the wetland, thus effectively dispersing the thermal load to the river across 

the entire year.   

In an effort to translate these results to other locations, two sets of non-dimensional 

numbers were formulated.  The first set of parameters examines the potential for cooling 

due to conductive losses to the atmosphere, and may indicate systems where the hydraulic 

retention time will be sufficient to partially or fully cool the wastewater.  The second set of 

non-dimensional numbers provides a means by which a site’s potential for hyporheic 

discharge may be assessed, by comparing hydraulic retention time against infiltration 

capacity.   

Altogether, the results suggest that infiltration wetland systems will reduce the peak 

wastewater discharge temperatures, and thus enable the City of Woodburn and other 

wastewater agencies to comply with their permit requirements through use of wetland 

recharge systems.   
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Infiltration and Temperature Characterization of a Wastewater Hyporheic Discharge 

System 

1 GENERAL INTRODUCTION  

1.1  Background 

Increasing concern about the effects of high temperatures on streams and rivers has lead 

many regulatory agencies to place Total Daily Maximum Load (TMDL) limits on the 

temperature of wastewater discharge.  This is leading municipal wastewater treatment 

plants to seek innovative and inexpensive ways to meet these TMDL limits.  The Oregon 

Department of Environmental Quality (ODEQ) has informed the City of Woodburn, located 

in northwestern Oregon, that a temperature TMDL will be included in future National 

Pollutant Discharge Elimination System (NPDES) permits for its wastewater treatment plant.  

The City of Woodburn partnered with CH2M Hill to fund research for a series of pilot-scale 

studies of natural wastewater temperature reduction and treatment methods.  In 2008, the 

City of Woodburn and CH2M Hill hired Oregon State University Professor John S. Selker to 

head the pilot study research.  Dr. Selker and a graduate student team assisted in the 

instrumentation, data collection, and synthesis of the pilot studies.   

Two pilot-studies monitored the wastewater treatment capabilities of a poplar plantation 

and subsurface gravel-bed system.  Results of these pilot studies are not included herein.  

The third pilot study examines a 0.15 hectare unlined wetland, constructed by the City of 

Woodburn in 2005.  This study had two objectives.  The first was to investigate the 

possibility of temperature reduction in the surface water; these results have been 

documented by Gregory (2010).  The second objective was to examine the potential of 

hyporheic discharge, where the wastewater is allowed to percolate into the shallow 

subsurface and enter the river via the hyporheic zone, as a way to prevent the peak 

wastewater temperatures from reaching the river.  This thesis focuses on the results of the 

hyporheic discharge study. 
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1.2  Relevance of the Research 

Studies which examine the use of natural systems to reduce wastewater temperature have 

the potential to develop low-cost and energy-efficient solutions, which can potentially offer 

large savings to municipalities and their ratepayers.  If infiltration wetlands can provide 

sufficient wastewater temperature reduction, they will provide significant savings in 

construction and maintenance costs over large infrastructure projects such as cooling 

towers (CH2M Hill 2009).  In addition, it is crucial to monitor the water quality of streams 

and groundwater to make certain that such projects do not create unforeseen 

environmental impacts.   

The comprehensive monitoring of the pilot studies will provide the facility designers with 

detailed information of which natural methods will meet water quality requirements.  If 

hyporheic discharge is to be used as a temperature reduction strategy, it is critical to have a 

thorough understanding of the environmental response to such a system, including 

potential changes in water quality, temperature, and flow.   

1.3  Scope and Objectives 

There were two main components to the hyporheic discharge study.  First, the floodplain 

which surrounds the pilot wetland was intensively monitored for water level, temperature, 

and water chemistry. This allowed for determination of the extent, rate, and degree to 

which the wastewater entered the subsurface around the wetland.  This monitoring is very 

useful to engineers and regulators as they examine the effects of a hyporheic discharge 

system.  Second, a series of numerical models were created within the program HYDRUS 

2D/3D, on the basis of the monitoring data.  These models were then employed to explore a 

variety of scenarios which would otherwise be difficult to quantify, including potential 

infiltration rates of a full-scale infiltration system and the resulting subsurface temperature 

patterns caused by such a system. 
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This thesis further divides the hyporheic discharge study into two sets of results.  The first 

focus is on how the water chemistry, water level, and water temperature data can be 

combined with numerical simulations to quantify the direction and rate of infiltration from 

the wetland.  This discussion is the subject of Chapter 2.  The second focus is on the long-

term thermal response of the subsurface to the operation of an infiltration wetland, and is 

the subject of Chapter 3.  Included in Chapter 3 is a discussion of how the results from this 

study may be translated to other locations, so that wastewater agencies interested in 

hyporheic discharge may be able to easily perform preliminary feasibility studies.   

The overall objective of this study was to effectively characterize the pilot-scale infiltration 

wetland, and use the results to predict how a full-size system would perform.  It is hoped 

that the results of this study will be found useful by planners and regulators as they look at 

options for meeting temperature limits.   
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2.1  Abstract 

Groundwater level, temperature and chemistry were monitored in an attempt to quantify 

the rate, direction and spatial extent of infiltration from a 0.15 hectare pilot-scale infiltration 

wetland.  Pump tests and inverse numerical solutions were performed to estimate the soil 

hydraulic properties; these parameters were then used to calibrate numerical models within 

HYDRUS 2D/3D.  The numerical simulations and observational data all suggest that 

infiltration from the pilot-scale wetland occurs primarily in the lateral direction, and little or 

no infiltrated water reaches the deep aquifer.  However, the large lateral component to the 

infiltration means that it is unlikely the fluxes observed in the pilot-scale infiltration wetland 

will translate linearly to a full-scale infiltration wetland.  To test this theory, the numerical 

groundwater model was set up to simulate a 5.5 hectare infiltration wetland.  The 

infiltration rates predicted by the model were then compared with the infiltration rates 

found by performing a water budget on a low-lying, inundated section of the floodplain, 

which due to its topography was considered to be a better predictor than the pilot wetland 

of the infiltration rates possible from a full-scale system.  The sump water budget found an 

infiltration rate of 3.5 cm/day, which corresponded well to the predicted full-scale 

infiltration wetland flux of 2.5 cm/day.   

2.2  Introduction 

As part of the Clean Water Act, regulatory agencies in recent years have begun to 

implement thermal loading restrictions on point source discharges such as those occurring 

from municipal wastewater treatment plants (US EPA 2006).  The Oregon Department of 

Environmental Quality has begun to place Total Daily Maximum Load (TMDL) limits on 

thermal loading for National Pollutant Discharge Elimination System (NPDES) permit-

holders.  This in turn has caused municipalities to examine different options for meeting 

their discharge temperature limits.   
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One method for wastewater temperature mitigation currently undergoing research is to 

place treated wastewater into shallow unlined wetlands.  This allows the water to infiltrate 

into the soil and then enter the nearby stream or river through the vadose zone, in a process 

called hyporheic discharge.  By infiltrating the warm effluent into the soil column, the heat 

will be delayed compared to a direct outfall in reaching the river.  The amount of delay, as 

well as the resulting temperature pattern caused by the infiltrated heat, depends on the 

residence time of the heat within the subsurface and the amount of mixing with upwelling 

groundwater (Evans and Petts 1997; Arrigoni et al. 2007; Collier 2008; Poole et al. 2008), as 

discussed in Chapter 3.  Residence time of infiltrated water, and the heat carried within it, is 

primarily dependent on infiltration rate of the percolated water and the flowpath cross-

section and length.  Thus, when designing or evaluating the suitability of a location for a 

hyporheic discharge system, it is important to quantify the site’s permeability and potential 

infiltration rates.  This can be done by creating a small-scale infiltration basin to test the 

suitability of a location for a large-scale infiltration system (Bouwer et al. 1999).  In 2005, the 

City of Woodburn, located in Woodburn, Oregon, constructed a 0.15 hectare pilot-scale 

infiltration wetland (PSIW) at the site of its Publically-Owned Treatment Works (POTW), as a 

way to explore the possibility of using a hyporheic discharge system to meet upcoming 

effluent temperature limits.  To establish the site’s suitability for such a system, the 

infiltration rates must first be quantified from the pilot-scale system, and then those results 

must be scaled to predict the performance of a full-scale system.    

Numerous methods have been suggested for characterizing infiltration rates from wetlands 

and recharge basins, including: using Darcy’s law and assuming one-dimensional infiltration 

(Hunt et al. 1996); using natural tracers including heat (Hunt et al. 1996; Conant 2004; Cox 

2007), stable isotopes (Hunt et al. 1996) and chloride (Hayashi et. al 1998; Williams et al. 

2000; Cox 2007; Knust and Warwick 2009); using injected tracers such as bromide 

(Constantz 2003); using groundwater and/or sediment temperature profiles either to fit 

type curves (Taniguchi 1993) or to fit a mathematical formulation (Silliman et al. 1995); 

using an array of cylindrical infiltrometers (Bouwer et al. 1999); and creating numerical or 
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empirical models (Ravi and Williams 1998).  It often is necessary to combine two or more of 

these methods in order to obtain robust results (Constantz et. al 2003).  Further, techniques 

which do not rely on estimations of hydraulic conductivity, such as isotope mass balance 

and temperature profiles, have been found to contain less uncertainty (Hunt et al. 1996).  

Finally, care must be taken when using heat as a tracer, as it is generally considered to be 

non-conservative, due to gains and losses to the surrounding environment (Constantz et al. 

2003).  

There are three widely employed approaches to modeling infiltration rates (Ravi and 

Williams 1998).  The first method is to use empirical models, which include Kostiakov’s 

equation, Horton’s equation, Mezencev’s equation, and the USDA Soil Conservation Service 

equation (Ravi and Williams 1998).  Empirical models have the advantage of being fitted to 

observed data; however, many of them do not have any means of accounting for the 

physical processes which drive infiltration.  The second method is to use a model based on 

the Green and Ampt method.  Developed by Green and Ampt in 1911, their model was the 

first to be based on physical processes, and has since been refined by a number of other 

scientists to make it more applicable to non-ideal situations.  The Green and Ampt model 

has the implicit assumption that infiltration occurs with a sharp-wetting front, which means 

that it is impossible to solve for varying soil moisture content with depth.  Further, it is best 

suited to shallow processes, such as rainfall or irrigation-driven wetting.  However, due to its 

simplicity and easy-to-identify parameters for various soil types, the Green and Ampt model 

is often still used today.  The final method is to use a model based on the Richards equation, 

which uses a differential equation to specify the soil water content in one order of time and 

two orders of space.  The Richards equation allows for solving of the wetting front as a 

function of time, which can be an important result to consider when examining infiltration 

rates.  However, the Richards equation requires initial conditions and two sets of boundary 

conditions, as well as soil hydraulic parameters, which can be difficult to estimate.  Most 

applications of the Richards Equation either simplify the model to examine flow in only one 
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direction (usually vertical) or else use a program such as HYDRUS 2D/3D to perform a 

numerical estimation.   

A number of analytical solutions have been proposed for the infiltration rates from recharge 

basins and the corresponding groundwater response to the basin operation.  In general, 

most solutions assume that flow beneath an infiltration basin passes through some distance 

of unsaturated soil before reaching a permanent water table (Bouwer et al. 1999; Sumner et 

al. 1999; Miracapillo 2007).  The distance (Bouwer et al. 1999; Guo 2001) and properties of 

the unsaturated soil (Guo 2001; Sumner et al. 2001) between the infiltration basin and 

water table is an important consideration in the performance of the basin.  Thus, it is 

important to determine the hydraulic properties of the entire soil column, not just the 

surface infiltration capacity.  Depending on the soil properties, as the infiltration basin is 

operated a mound of saturated soil will begin to form beneath the basin.  Mounding can 

occur either through a rise of the aquifer beneath the basin or through the rise of a local 

area of perched groundwater.  Perched groundwater mounds exist whenever there is a 

restrictive layer within the soil profile and the infiltration rate is greater than the 

conductivity of that layer.  Either type of mound can reduce infiltration rate as they rise 

(Bouwer et al. 1999), and both will continue to rise until the recharge rate is equaled by the 

rate of groundwater flowing out of the mounded region (Rastogi and Pandey 1998).  The 

geometry of the mound depends on the shape of the infiltration basin, with basins in the 

form of long strips creating a mound which can be approximated as linear Dupuit-

Forchheimer flow (Miracapillo 2007), while the mound beneath a circular basin will have a 

radial geometry (Glover 1964), which can be approximated by the Boussinesq equation for 

radial flow (Hantush 1967; Morel-Seytoux et al. 1988).  Sumner et al. (2001) described 

several limitations of these mathematical approximations, most notably that they ignore or 

underestimate the influence of the vadose zone on the recharge process, and miss such 

effects as perched mounding.  Instead, they propose using numerical simulations of the 

modified Richards equation for unsaturated/saturated flow.   Finally, Bouwer (2002) states 
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that in certain conditions the water table will rise to the water level within the basin, and 

most of the flow from the basin will then move laterally along the water table gradient. 

2.3  Methods 

 2.3.1 Site Description 

The city of Woodburn, Oregon, is a historically agricultural town, situated approximately 

fifteen miles northeast of Salem.  The city’s wastewater operations are handled by the 

Woodburn Publically Owned Treatment Works (POTW), which is located to the east of the 

town.  The main infrastructure of the treatment plant is located on a terrace above the 

historic floodplain of the Pudding River, into which the POTW discharges treated municipal 

wastewater.   

The Pudding River is a tributary of the Molalla River in the middle-Willamette River Basin.  

As described by Iverson (2002), the lower Pudding River is confined from the deeper 

Willamette Aquifer material by a restrictive layer of Missoula Flood material known as 

Willamette Silt.  Throughout the region, Willamette Silt ranges between 6 and 30m in 

thickness, while the Willamette Aquifer layer ranges between 12 and 60m in thickness 

(Gannett and Caldwell 1998).  The Willamette Silt layer in the floodplain adjacent to the 

POTW is primarily composed of Wapato- and McBee-series silty clay loams.   

In 2004, the City of Woodburn, in anticipation of new TMDL standards, began the process of 

formulating a new Master Facility Plan.  As part of the Master Facility Planning effort, the 

City of Woodburn POTW hired CH2MHill and Oregon State University to help conduct the 

five pilot-scale investigations of natural treatment systems that may help the city meet 

anticipated TMDLs.  One of the possible scenarios resulting from the Master Facility Plan is 

the construction of a large-scale wetland without an impermeable liner (deemed for this 

study an infiltration wetland), which could be used to discharge treated wastewater into the 

hyporheic zone of the Pudding River.  In 2005, a 0.15 hectare (0.36-acre) pilot-scale 
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infiltration wetland (PSIW) was constructed in the floodplain adjacent to the POTW 

approximately 400 meters from the Pudding River.  The wetland receives gravity-fed 

tertiary-treated wastewater from a storage lagoon located alongside the POTW, on the river 

valley’s upper terrace.  The PSIW is constructed with alternating deep and shallow zones 

built perpendicular to the path of water flow.  The shallow zones are vegetated primarily 

with cattails (Typha) and bulrush (Scirpus), while the deep zones support floating duckweed 

(Lemnaoideae). 

The wetland was excavated directly into the native soil without installing an impermeable 

bed liner, which then allows water to percolate into the soil and enter the Pudding River 

through hyporheic discharge.  Further, two lateral subdrains were placed at a depth of 1.8 

meters beneath the wetland, which allow for monitoring of infiltration water chemistry and 

quantity.  The inlet, outlet, and two subdrains all pass through separate Agri Drain inline 

water level control structures, which have removable 4 and 6” steel plates to allow for 

control of the water level within each box.  For the study period, the two subdrains were 

maintained with the Agri Drain control plates fully installed, which effectively eliminated any 

flow from leaving via the subdrains.  This allowed for the maintenance of a 25-cm water 

level within the wetland, and ensured that all outflow from the wetland passed through the 

wetland surface outlet pipe.   

 2.3.2 Groundwater Monitoring  

In March of 2008, four monitoring wells were installed by Cascade Drilling of Clackamas, 

Oregon, under the direction of CH2MHill staff.  The complete well log is shown in Appendix 

A; an installation summary is shown in Table 2.1. 
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Table 2.1 Summary of the monitoring well installations, including well depth, screen 

length, sand thickness and installation date. 

Well 
Well Depth 

(m) 
Screen Length 

(m) 
Sand thickness 

(m) 
Installation 

Date 

MW5 9.8 3.0 3.7 3/27/2008 

MW6 11.3 3.0 3.7 3/28/2008 

MW7 10.1 3.0 3.4 3/28/2008 

MW8 22.9 3.0 4.0 3/26/2008 

Seven shallow geotechnical holes were installed in the floodplain surrounding the PSIW.  

The geotechnical holes were dug using a 3” hand augur, and then were outfit with 2” (I.D.) 

Schedule 40 PVC. The depths and screen intervals are summarized in Table 2.2.  

Table 2.2 Summary of the geotechnical hole installations, including well depth, screen 

length, sand thickness and installation date. 

Observation 
Hole Depth (m) 

Screen Length 
(m) 

Sand thickness 
(m) 

Installation 
Date 

1 1.7 1.2 1.1 7/31/2008 

2 4.1 1.5 1.8 7/31/2008 

3 3.6 1.5 1.8 7/31/2008 

4 3.2 2.4 2.4 7/30/2008 

5 3.8 1.5 2.0 7/30/2008 

6 4.3 1.5 2.2 7/29/2008 

7 4.3 3.0 3.4 7/29/2008 

All monitoring wells and geotechnical holes were developed through repeated pumping 

until the pH and conductivity levels stabilized, and the pumped water was observed to be 

clear of any major sediment or cloudiness.   

Each geotechnical hole and monitoring well was outfitted with an Onset Corporation Hobo 

U20 Pressure Transducer Data Logger, with the model number dependent on the depth of 

the respective hole; a twelfth pressure transducer was placed in one of the pre-existing 

monitoring wells, labeled MW-2.  Monitoring well/geotechnical hole locations are shown in 

Figure 2.1.   
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Figure 2.1 Site map. (Modified from CH2MHill internal document). This map shows the 

location of monitoring wells, geotechnical holes, pilot wetland, and geoprobe locations 

used for soil survey.  The Pudding River is seen in blue along the bottom edge.  The 

storage lagoon which feeds the PSIW is the polygon partially-enclosed by MW-2, MW-3, 

and MW-4, along the upper left of the map.   
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Each pressure transducer was suspended with a 1/16” uncoated steel cable to a depth just 

above the well bottom; cable lengths and corresponding Hobo logger elevations are 

summarized in Table 2.3.   

Table 2.3 Summary of monitoring well and geotechnical hole elevations, cable lengths, 

and hobo logger elevations.  

Well 
Casing 

Elevation 
PVC 

Elevation 
Ground 

Elevation 
Cable 

Length 
Hobo 

Elevation 

 
(meters) (meters) (meters) (meters) (meters) 

MW2 52.0 51.8 51.3 8.0 44.0 

MW3 51.4 51.2 50.8 
  MW4 51.9 51.8 51.4 
  MW5 34.8 34.7 33.8 10.7 24.1 

MW6 35.7 35.3 34.6 12.0 23.6 

MW7 35.4 35.3 34.5 10.8 24.6 

MW8 35.3 35.3 34.4 23.3 12.0 

P1 
 

32.3 31.8 1.5 30.7 

P2 
 

34.2 33.9 4.2 29.9 

P3 
 

33.9 33.6 3.3 30.6 

P4 
 

33.5 33.1 3.6 29.9 

P5 
 

34.2 33.8 3.9 30.2 

P6 
 

34.4 34.1 4.4 29.9 

P7 
 

34.2 33.8 4.6 29.6 

The Hobo loggers were set to record temperature and pressure at fifteen minute intervals. 

To get the groundwater level from the pressure data, the recorded logger pressure needed 

to be corrected for atmospheric pressure.  This was accomplished using calibrated 

barometric pressure from the NCDC weather station data at the Aurora Airport UAO, 

located approximately 11 km from the site.  To verify the suitability of this data, a two-

month data set from the UAO station was compared to readings taken from a U20 Hobo 

logger which had recorded atmospheric pressure at the site.  The UAO data corresponded to 

the Hobo Logger with an average difference of 0.04 ± 0.01 in Hg, and after applying a 

correction factor to the UAO data of +0.0465 in Hg, the average difference dropped to 0.01 

± 0.03 in Hg, which equals a difference in water table level of 0.003 m.  As the gradients 
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observed were far larger than this value, it was determined that the UAO data would suffice 

for correcting the pressure transducer data, and the atmospheric data logger was 

subsequently deployed for a separate experiment.   

 2.3.3  Peak Temperature Velocity 

During normal operation the wetland temperature has a well-defined peak during mid-

summer, and that peak can then be observed propagating through the surrounding wells in 

the following days and weeks.  By dividing the distance between the wetland and the 

individual geotechnical holes by the time it takes the temperature peak to arrive at those 

holes, a peak heat velocity can be estimated.  Then, to translate this peak heat velocity to a 

water velocity, a retardation factor should be used (as modified from Shook 2001):   

  Equation 2.1 

Where ρ is the density, c is the specific heat capacity, n is the soil porosity, and the 

subscripts s and f equal soil and fluid, respectively.   

Using silty clay loam values of ρs = 1.3 g/cm3 (from NRCS Soil Survey), cs = 0.89 kJ/kg-K (from 

Ochsner et al. 2001), n = 0.40 (assumed), ρf = 1.0 g/cm3 and cf = 4.19 kJ/kg-K (from Incropera 

and DeWitt 1996), the retardation factor is calculated as R = 1.41, and Equation 2.2 can be 

applied to estimate the water velocity. 

  Equation 2.2 

However, because heat moves through the subsurface by both conduction and advection, 

the Peclet number for porous media (as modified from van der Kamp and Bachu 1989) 

should be calculated to determine the relative influence of conduction compared to 

advection in the heat transport.  Peclet numbers far greater than 1 signify that the heat 

transport is advection-dominated, and equation 2.2 may be a valid approximation. 
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    Equation 2.3 

  Equation 2.4 

  Equation 2.5 

  Equation 2.6 

  Equation 2.7 

Where Pe is the thermal Peclet number for flow through porous media, L is the 

characteristic length, v is the water velocity, ρ is density, c is volumetric heat capacity, k is 

the thermal conductivity, and the subscripts s, f and m refer to soil, fluid and saturated 

media, respectively.  While thermal conductivity values will vary with density, moisture, air-

filled porosity, and salt and organic material concentration, the range of observed values for 

silty clay loam soils were found to fall between 0.3 and 0.7 W/m-K (Abu-Hamdeh and 

Reeder 2000) and between approximately 0.3 and 1.4 W/m-K (Ochsner et al. 2001); Al-

Karaghouli and Al-Kayssi (2000) found good model agreement using a silty clay loam value of 

1.27 W/m-K.  Therefore, by using silty clay loam soil values of ρs = 1.3 g/cm3 (from NRCS Soil 

Survey), cs = 0.89 kJ/kg-K (from Ochsner et al. 2001), λs = 1.27 W/m-K; water values (from 

Incropera and DeWitt 1996) of ρf = 1.0 g/cm3, cf = 4.19 kJ/kg-K, λf = 0.59 W/m-K; and a 

velocity of v = 2.32 x 10-5 m/s, the Peclet number for this system simplifies to: 

  Equation 2.8 

or that the Peclet number is 38 times greater than the characteristic length of the system (in 

meters).  While van der Kamp and Bachu (1989) caution that the characteristic length is 

often misapplied and leads to an overestimation of advection, in this study it can be 

assumed that the characteristic length will be greater than 10 cm, which means the Peclet 

number will be greater than 1 and the heat transport for the shallow groundwater will be 
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advection-dominant.  Thus, using the peak temperature transport rate could give a useful 

estimation of the water velocity. 

However, as a final check on the validity on this assumption, the calculated water velocity 

from the heat peak velocity can be compared to the flux predicted by Darcy’s Law for one-

dimension:  

  Equation 2.9 

where qhorizontal is the horizontal flux, khorizontal is the saturated hydraulic conductivity in the 

horizontal direction as determined by the pump tests in Section 2.3.5, n is the porosity of 

the medium, and h is the gradient between the two points where the flux is measured.  

  
–

 Equation 2.10 

It should be noted that because equations 2.9 and 2.10 are for one-dimension only, they 

only account for the flow components which in this situation are oriented with the water 

table gradient.  Thus, equations 2.9 and 2.10 should be used primarily to verify if the rate 

found using equation 2.2 appears to be reasonable.    

 2.3.4 Water Ion/Chemistry Monitoring 

All monitoring wells and geotechnical holes were sampled monthly for a period of one year, 

between October 2008 and October 2009.  Sampling was performed in accordance with EPA 

(1996): LOW STRESS (low flow) PURGING AND SAMPLING PROCEDURE FOR THE COLLECTION 

OF GROUND WATER SAMPLES FROM MONITORING WELLS.  To briefly summarize, the wells 

were pumped using either a Scout Geosquirt or a Grundfos BMI/MP-1 pump for at least one 

complete bore volume.  The pumped water was monitored for pH and conductivity, until 

those values stabilized, at which time a grab sample was captured.  
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All samples from the five monitoring wells were analyzed at the Corvallis CH2MHill 

laboratory, with the exception of the samples from 8/5/2009 and 9/2/2009, which were 

analyzed at the OSU Collaboratory.  The CH2MHill lab tested for the following analytes: 

Ammonia-N; Conductivity; Chloride; Phosphate (Ortho as P); Nitrate-N; TKN as N; Iron; 

Manganese; BOD5; and Total Phosphate.  In addition, the samples from 7/1/2009 and 

10/1/2009 were analyzed for Carbonate, Bicarbonate, Calcium, Potassium, Magnesium, 

Sodium and Sulfate.   

The samples from the seven shallow geotechnical holes were analyzed for ionic composition 

at the OSU Collaboratory.  Chloride, Fluoride, Sulfate, and Nitrate were analyzed on an Ion 

Chromatograph (IC) for all samples.  In addition quarterly samples (from sample dates 

10/7/2009, 1/24/2009, 4/6/2009, 7/1/2009 and 10/1/2009) were analyzed for Calcium, 

Potassium, Sodium and Magnesium through use of a Flame Atomic Absorption 

Spectrometer (FAAS).  The quarterly samples were also titrated to pH 4.5 to analyze for 

alkalinity.  All OSU Collaboratory analyses were performed to relevant EPA specifications.   

There are many options for presenting and analyzing water data in order to trace flow.  

These options range from time-series plots of the individual analytes to cation-anion 

balance diagrams to multi-linear plots which allow for inferences of chemical processes 

(Hounslow 1995); this study will focus on Stiff and Chadha Diagrams.  Stiff diagrams (Stiff 

1951) use the meq/L of three (or sometimes four) sets of cation/anion pairs to form 

polygons, which allow for visualization of water types and trends.  Each sample is 

represented by a polygon.  The typical ion pairs used are Na+ (+ K+) & Cl-, Ca2+ & HCO3
- (& 

CO3
2-), and Mg2+ & SO4

2-.  Chadha Diagrams (Chadha 1999) represent a way to graphically 

present more than one sample on a single graph, as each sample becomes a single point on 

the plot.  The x-axis plots the meq difference between alkaline earths and alkali metals (Ca2+ 

& Mg2+ vs. Na+ & K+), while the y-axis plots the meq difference between weak acidic anions 

and strong acidic anions (CO3
2- & HCO3

- vs. Cl- & SO4
2-).  The resulting plot area can thus be 

divided into eight regions, each with distinguishing characteristics.   
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 2.3.5  Soil Hydraulic Parameters  

To quantify the soil hydraulic parameters, results were compiled from monitoring well pump 

tests, USDA NRCS soil data, and HYDRUS-1D inverse solution results.   

 Monitoring Well Pump Tests 

Pump tests were performed on 3/6/2009, 4/6/2009, 4/24/2009, 8/5/2009 and 9/2/2009, 

such that all monitoring wells and geotechnical holes received at least three pump tests, as 

summarized by Table 2.4.  The Onset HOBO pressure transducers were configured to record 

pressure values every 5 seconds for a period of 1500 readings.  With the pressure 

transducers in their normal position near the bottom of the wells, the wells were pumped 

using either a Scout Geosquirt or a Grundfos BMI/MP-1 pump, for a period ranging between 

5 and 20 minutes, or until the well ran dry.  Flow rates were monitored by using a stopwatch 

and collecting the water in a 5-gallon bucket, marked in 1-gallon increments.  The pressure 

head data were then normalized into a drawdown curve, which were analyzed using 

Hydrosolve, Inc.’s AQTESOLV for Windows, using Moench’s (1997) solution for unconfined 

aquifers.  Moench’s solution gives aquifer properties in terms of transmissivities (m2/day), 

which were then converted to the Ks values shown in Table 2.4 using an assumed aquifer 

thickness of 18 meters for the monitoring wells and 6 meters for the geotechnical holes.   
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Table 2.4 Pump test results.  The five columns with Ks values correspond to individual tests 

performed on either 3/6/2009, 4/6/2009, 4/24/2009, 8/5/2009 or 9/2/2009.  The final 

column is a mean for each individual monitoring well or geotechnical hole, and the two 

cells labeled overall show the mean for all tests.   

 
Wells 

Ks 
(m/day) 

Ks 
(m/day) 

Ks 

 (m/day) 
Ks 

(m/day) 
Ks 

(m/day) 
Mean 

(m/day) 
  3/6/2009 4/6/2009 4/17/2009 8/5/2009 9/2/2009 

MW5   0.45 1.05 1.10 1.00 0.90 ± 0.30 

MW6 1.52 2.43   1.49 1.87 1.83 ± 0.44 

MW7 1.20     0.55 1.43 1.06 ± 0.46 

     
Mean 1.28 ± 0.56 

                

Geotech 
Holes 

Ks 
(m/day) 

Ks 
(m/day) 

Ks 

 (m/day) 
Ks 

(m/day) 
Ks 

(m/day) 
Mean 

(m/day) 
3/6/2009 4/6/2009 4/17/2009 8/5/2009 9/2/2009 

P2 0.51   0.45 0.34 0.48 0.36 ± 0.21 

P3 0.48   8.82 5.71 7.30 4.46 ± 4.01 

P4 6.98 7.93   5.26 4.69 4.97 ± 3.07 

P5 0.99 0.70   0.82 1.13 0.73 ± 0.44 

P6 1.67 1.33   0.45 0.82 0.85 ± 0.67 

P7 0.73 0.85   0.21 0.12 0.38 ± 0.38 

     
Mean 1.96 ± 2.76 

Because the pump tests were performed for periods of one hour or less, the results are 

assumed to reflect the horizontal saturated conductivity (Ksat-x) of the soil material.  It should 

be noted that the average Ksat of the shallow geotechnical holes is greater than that of the 

deeper monitoring wells, which seems to contradict the geology of the area.  However, by 

considering the geotechnical holes P3 and P4 as highly conductive outliers and removing 

them from the average, the Ksat-x becomes 0.58 ± 0.47 m/day, which corresponds very 

closely to the results observed by Iverson (2002) at a nearby field site along the Pudding 

River.  Iverson found a horizontal hydraulic conductivity value of 0.78 m/day (9x10-6 m/s) for 

the uppermost soil material, through use of a slug test analysis.  Likewise, the Iverson study 

found large variability within the area.    
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 HYDRUS-1D Inverse Solution Model 

By inputting pressure transducer data for the individual monitoring wells and geotechnical 

holes into HYDRUS-1D, an inverse solution could be obtained when the error between 

observed and modeled water table levels and/or temperatures is minimized.  The 

geotechnical holes were modeled as a soil column with a base at elevation 0 meters (AMSL) 

and three layers whose thicknesses were determined by a combination of transect data and 

observations from the geotechnical hole installation (See Figure 2.2). 

 

Figure 2.2 Screen Image from HYDRUS-1D program, showing three layers used for inverse 

parameterization.  The configuration shown is for Geotechnical hole P6. 
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 The top edge of the column represented the soil surface, and was subjected to the daily 

evaporative and precipitation fluxes, as specified by the ARAO Agrimet weather station.  To 

create the atmospheric boundary conditions, HYDRUS 1D requires precipitation, 

evaporation, and temperatures of the top and bottom boundary, as well as the temperature 

amplitude.  The bottom edge of the column was represented as a constant head boundary 

condition, so as to allow water to drain from the profile.  The inverse solution attempted to 

match the daily average observed pressure heads (from the pressure transducers) by 

varying the saturated hydraulic conductivity (Ksat) values for the three layers, as well as the 

Van Genuchten shape parameter (α) for the top layer, which HYDRUS uses as an empirical 

coefficient to describe the soil’s hydraulic behavior (Šimůnek et al. 2006).  The period of 

1/26/2009 – 2/24/2009 was chosen to calculate the inverse solutions, because the wetland 

was not in operation and the site did not experience any major flooding events during that 

time.  Additionally, inverse solutions were attempted for P5, P6 and P7 for both the period 

of 9/24/2008 – 12/20/2008 and the entire period of available pressure transducer data 

(9/23/2008 – 9/30/2009).  While the one-dimensional model was limited in predicting the 

response to major flooding events, it did accurately capture different processes of the 

annual water table movement.  Individual HYDRUS-1D inverse solution results are presented 

in Appendix B; the averaged parameter values are shown in Table 2.5.   

  



 

 
 

22 
 

 

Table 2.5 HYDRUS-1D inverse results. The parameter values chosen as the basis for the 

HYDRUS 2D/3D models are listed in bold. 

1/24/09 – 
2/25/09 α1 (m

-1) 
Ksat1 

(m/day) 
Ksat2 

(m/day) 
Ksat3 

(m/day) 

Mass 
Balance 
Error % r2 

P2 0.26 0.003 0.08 2.6 0.62 0.91 

P3 0.50 0.07 0.22 4.1 2.12 0.91 

P4 2.0 0.16 0.19 1.3 1.50 0.96 

P5 0.39 0.02 0.04 2.4 1.65 0.89 

P6 0.38 0.008 0.09 2.4 3.80 0.77 

P7 0.31 0.005 0.11 2.0 1.13 0.76 

  
      Mean 0.64 0.04 0.12 2.5 1.80 0.87 

SD 0.67 0.06 0.07 0.9 1.10 0.08 
  

      

1/1/08 – 
9/16/09 α1 (m

-1) 
Ksat1 

(m/day) 
Ksat2 

(m/day) 
Ksat3 

(m/day) 

Mass 
Balance 
Error % r2 

P5 2.0 0.062 0.007 0.60 0.25 0.64 

P6 2.2 0.25 0.005 9.0 2.15 0.81 

P7 2.6 0.13 0.001 2.3 0.47 0.61 

  
      Mean 2.3 0.15 0.004 4.0 0.958 0.69 

SD 0.29 0.094 0.003 4.4 1.042 0.10 
  

      

9/24/08 – 
12/20/08 α1 (m

-1) 
Ksat1 

(m/day) 
Ksat2 

(m/day) 
Ksat3 

(m/day) 

Mass 
Balance 
Error % r2 

P5 2.6 2.2 0.011 4.7 2.04 0.55 

P6 3.1 1.2 0.009 3.9 0.57 0.61 

P7 0.030 1.2 0.006 33.5 3.57 0.81 

  
      Mean 1.9 1.5 0.009 14.0 2.06 0.66 

SD 1.6 0.6 0.003 16.9 1.50 0.13 

While the inverse solutions for each period gave different Ksat values, particularly for the 

upper soil layers, the results all agree that the top two layers of soil are far more restrictive 

than the aquifer material, which is several orders of magnitude more permeable.  The 
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variation of Ksat values for the different periods suggests that the soil parameters are likely 

changing throughout the year.  For example, the period of 9/24/08 – 12/20/08 includes the 

period where the soil is at its driest, with visible cracks in the soil surface, and 

correspondingly the solution for that time shows high conductivity in the uppermost layer.  

The period of 1/24/09 – 2/25/09, on the other hand, is a period where the soil is at near-

saturation and visible macropores have closed.  Thus, assigning a single value to each layer 

will fail to capture the seasonal variation.  Nonetheless, it was decided, during calibration 

and validation of the two- and three-dimensional models (see Section 2.3.6) to use the long-

term (450 day) inverse solution parameters, as those values represented the best fit to the 

observed data and gave a good measure of the shallow groundwater’s response to the 

wetland’s operation.  Further, the 450 day inverse solution results likely give the best 

estimation of the average annual parameters.    

For comparison, Iverson (2002) found a vertical hydraulic conductivity value of 0.02 m/day 

(2.3x10-7 m/s), which is significantly lower than the values determined through this study.  

Through calibration of a three-dimensional groundwater flow model, Iverson then used a 

vertical Ksat value of 1.3 x 10-4 m/day (1.5 x 10-9 m/s), which is many orders of magnitude 

smaller than the values found during the current study, though Iverson’s values were biased 

towards deeper flowpaths.  More important than the actual values, however, was the 

agreement of the two studies in that the horizontal hydraulic conductivity was much greater 

than that of the vertical direction, and that the vertical hydraulic conductivity decreased 

throughout the uppermost WS material.  Because the Iverson study indicated much lower 

vertical Ksat values than used in this study, it can be assumed that the numerical simulation 

results which show infiltration to primarily occur in the lateral direction may be considered 

as conservative in nature.  Also, it should be noted that in general it is difficult to make 

estimations of Kvertical that are independent of Khorizontal (Hunt et al. 1996).   
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 2.3.6 Numerical Simulations 

A series of numerical models in both two- and three-dimensions were created using 

HYDRUS 2D/3D (Šimůnek et al. 2008).  The models were used to simulate infiltration rates 

from the wetland, as well as the thermal response of the subsurface to the warm 

wastewater effluent.    

HYDRUS-2D Model 

A two-dimensional transect model of the floodplain was created using HYDRUS 2D/3D 

(Šimůnek et al. 2008).  HYDRUS 2D/3D allows two-dimensional models either to be 

horizontal (x-y plane) or vertical (x-z plane) transects or to be axisymmetric around the 

vertical axis.  The decision was made to use a vertical (x-z) transect for the model.  This 

simulates the wetland as an infinitely-long linear strip, which will therefore have a different 

groundwater mound geometry than the actual wetland (Glover 1964).  This geometric 

configuration will also likely underestimate the effects of percolation through the wetland 

perimeter.  However, a vertical transect allows the model to capture the water table 

gradient on both sides of the wetland, as well as depict the topography of the site more 

accurately.   

Conceptually and topographically, the model follows the hydrogeologic transect shown in 

Figure 2.3, with four layers of different soil.   
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Figure 2.3 Hydrogeologic Transect of Woodburn site.  This shows the conceptual model 

used in creation of the HYDRUS 2D/3D models.  Layers are based on those identified by 

well installation logs and the results of geoprobe analyses performed by CH2MHill staff; 

those logs are shown in Appendix A.  Note that the model shows a 10:1 vertical 

exaggeration, and that units are in meters. 

The model had a length of 657 meters, and used a true elevation of 0 meters as its lower 

boundary/datum, with the site’s topography used to model the upper boundary. The model 

has 4244 nodes, ranging in spacing from approximately every 2 meters for the upper layers 

to up to every 80 meters for the lower layers.  Figure 2.4 shows the HYDRUS-2D model; the 

final parameters, resulting from the calibration and validation effort, are summarized in 

Table 2.6.   
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Figure 2.4 Screenshot from HYDRUS 2D/3D, which shows the material distribution and 

geometry for the two-dimensional model.  Note that the model is shown with a 5:1 

vertical exaggeration. 

The uppermost layer, 1-2 m in thickness, represents the topsoil and uses physical values 

given by the NRCS soil survey.  The second layer represents the deposited Willamette Silt 

material and uses parameters determined through the pump tests and HYDRUS-1D inverse 

solution.  The third layer represents the silty sand which occurs at the transition between 

Willamette Aquifer and Willamette Silt materials, and uses the average Ksat value from the 

monitoring well pump tests results, while the lowest layer represents the Willamette 

Aquifer material with a Ksat value determined through the HYDRUS-1D inverse solution 

model.   

The base of the model was set as a no-flux boundary, and the upper layer was set to 

atmospheric conditions.  The left-hand side (LHS) boundary condition, which represents the 

influence of the groundwater coming down from the terrace and the POTW, was modeled 

as a constant head boundary from the no-flux base to the point of average water table 
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height (32.5 meters above the datum).  All LHS nodes above the top of the water table were 

modeled as seepage points, allowing water to drain as the water table rises.  The right-hand 

side (RHS) boundary condition mirrored those of the LHS, with the exception that the water 

table height was set at 31 meters above the datum.  Atmospheric conditions were compiled 

using daily ARAO data, including evaporation, precipitation, and daily maximum and 

minimum temperatures.  HYDRUS then uses sinusoidal functions to break these daily data 

points into finer time steps, which can lead to some error, particularly in precipitation and 

temperature, but these errors were deemed small in comparison to the influence of the 

wetland.   

Initial conditions were set so that the water table was located approximately 2 meters 

below the upper surface; the water table had an initial gradient of 0.3%.   

Two different sizes of infiltration wetlands were modeled: the 0.15 hectare pilot-scale 

infiltration wetland (PSIW), and a 5.5 hectare full-scale wetland (FSIW), located according to 

the City of Woodburn’s preliminary planning documents.  For periods of wetland operation 

(typically assumed to be May 1st – September 30th), a segment of upper boundary nodes 

corresponding to the wetland (either pilot-scale or full-scale, depending on the simulation 

being performed) was set as a constant head boundary of 0.25 m. These nodes were also set 

to a Cauchy Third-type boundary condition (constant heat) of 22°C temperature 

(approximately the average observed effluent temperature).  For any period where the 

wetland was not in operation (generally assumed to be October 1st – April 30th), the wetland 

nodes were set to atmospheric conditions and allowed to behave as all other surface nodes.   

HYDRUS-3D Model 

Following calibration and validation of the of the two-dimensional model, a similar 

conceptual framework was applied to a three-dimensional model, which was modeled as a 

polygon with a length of 1500 meters, a width of 750 meters, and thickness which ranged 

from 30 to 40 meters.  The model was constructed with 37,000 nodes, ranging in horizontal 
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spacing from 1.5 meters in the areas around the wetland to 35 meters for the nodes far 

from the wetland, and with approximately 2 meter vertical spacing.  The model again used 

four distinct soil layers, with the calibrated parameters from the two-dimensional model.  

The three-dimensional model was then validated against the water table elevation data 

between 5/15/2009 – 9/30/2009, so as to account for the wetland operation’s influence on 

the local groundwater.   

 

Figure 2.5 Screenshot from HYDRUS 2D/3D showing three-dimensional model.  The blue 

section of the upper boundary has a boundary condition of 0.25 m pressure head, and 

simulates the location and size of the FSIW.  A version which simulated the PSIW was also 

created, and used for the validation of the model parameters. 

 Calibration – 2D Model 

The results from the pump test and HYDRUS-1D parameterization efforts were used as a 

starting point for the model calibration.  The two-dimensional model was used to simulate 

the period between 5/15/2009 and 9/30/2009, with the wetland modeled as having a 
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constant 0.25 meters of head and 22°C temperature.  According to Bravo et al. (2002), using 

pressure head data alone does not guarantee model uniqueness; thus, it is recommended to 

include another data set, such as water temperature. Therefore, the water table elevation 

and temperature results from observation nodes corresponding to geotechnical holes P2, P3 

and P5, were compared to the actual data from those locations. The parameters were then 

adjusted until a best-fit was determined by minimizing the sum of the squared errors.  The 

result of that effort is shown in Figures 2.6 and 2.7. 

 

Figure 2.6 Simulated vs. observed pressure head results – 2D model.  This result shows the 

observed vs. modeled pressure head for P2 and P3, which are the two closest geotechnical 

holes to the wetland. 
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Figure 2.7 Simulated vs. observed temperature results – 2D model.  This result shows the 

observed vs. modeled temperature for P2 and P3, which are the two closest geotechnical 

holes to the wetland.  The model underestimates the rise of temperature in P2, but this 

may be a result of the implicit geometric assumptions of the 2D model, as the 3D model 

does a better estimation using the same parameters.   

 Validation – 2D Model 

The period between 9/23/2008 and 12/23/2008 was used for validation of the two-

dimensional model.  This period was chosen for validation because it represented a period 

where the wetland was rarely operated and the Pudding River was still low enough to not 

change the local groundwater gradients.  These results are compiled in Appendix C, but are 

not included here. 
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 Validation – 3D Model 

The period between 5/15/2009 and 9/30/2009, including the wetland operation, were used 

to validate the three-dimensional model.  These validation results are shown in Figures 2.8 

and 2.9.  It should be noted that the temperature results were given more weight than the 

pressure head results for the validation, because the results of Chapter 3 were dependent 

on the heat transport capabilities of the model. 

 

Figure 2.8 Simulated vs. observed pressure head results – 3D model.  This result shows the 

observed v. modeled pressure head for P2, which is the closest geotechnical hole to the 

wetland, and P5, which is considered to be a geotechnical hole unaffected by the wetland 

operations. 

 

 



 

 
 

32 
 

 

 

Figure 2.9 Simulated vs. observed temperature results.  These graphs show the validation 

run of the HYDRUS-3D model for P2, P3, and P5.   
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Table 2.6 Calibrated model parameters.  The parameters listed below result from of the 

calibration and validation of both the two-dimensional and three-dimensional HYDRUS 

models.   

Layer  Parameter Description Value Units Source 

1 

α Shape Term 2.264 m-1 HYDRUS-1D 

Ksat-y Vertical Ksat 0.778 m/day NRCS Soil Survey 

Ksat-x Horizontal Ksat 7.78 m/day Anisotropy Ratio 

Anisotropy Ratio 10 Dimensionless   
      

Layer  Parameter Description Value Units Source 

2 

α Shape Term 0.75 m-1 HYDRUS-1D 

Ksat-y Vertical Ksat 0.147 m/day HYDRUS-1D 

Ksat-x Horizontal Ksat 1.47 m/day Anisotropy Ratio 

Anisotropy Ratio 10 Dimensionless   
      

Layer  Parameter Description Value Units Source 

3 

α Shape Term 1.9 m-1 HYDRUS-2D Default 

Ksat-y Vertical Ksat 1.583 m/day Anisotropy Ratio 

Ksat-x Horizontal Ksat 1.583 m/day Pump Test 

Anisotropy Ratio 1 Dimensionless   
      

Layer  Parameter Description Value Units Source 

4 

α Shape Term 1.9 m-1 HYDRUS-2D Default 

Ksat-y Vertical Ksat 3.987 m/day HYDRUS-1D 

Ksat-x Horizontal Ksat 3.987 m/day Anisotropy Ratio 

Anisotropy Ratio 1 Dimensionless   

Sensitivity Analysis 

A sensitivity analysis was performed using the two-dimensional floodplain model.  The 

following values were adjusted -50%, +25% and +50%: Ksat for all four layers; α (the Van 

Genuchten shape parameter) for the upper two layers; anisotropy ratio for the upper two 

layers and then for the lower two layers; n (an empirical water retention curve coefficient) 

for the upper layer; qs (saturated moisture content) for the upper layer; and βt (thermal 

dispersivity) for all layers.  The relative sensitivity of the model to each parameter is given by 

Equation 2.11. 
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 Equation 2.11 

Where Sr is relative sensitivity, Rn is the nominal model response, Ra is the altered model 

response, Pa is the altered input parameter, and Pn is the nominal input parameter.  The 

relative sensitivities are compiled in Tables 2.7 and 2.8.  “n/a” refers to results where the 

model did not converge.  A Sr value of 1 would indicate that a change in input parameter 

would cause a change of equal magnitude in the output parameter; i.e. increasing the input 

parameter by 50% would cause the output parameter to increase by 50% as well.  Negative 

values indicate negative correlations.  Because relative sensitivity values are normalized to 

percentage change, they can be compared for all output parameters.  

Table 2.7 Sensitivity results – pressure heads.  The pressure head shows greatest relative 

sensitivity to the empirical water retention curve coefficient, n.  The water table response 

also shows high relative sensitivity to the Ksat values for the upper two layers, and the 

anisotropy ratio for all layers. 

Relative Sensitivity - Pressure Head   

  Pn - 50% Pn +25% Pn+50% 

Ksat (m/day)       

Layer 1 0.099 n/a 0.045 

Layer 2 0.101 n/a 0.063 

Layer 3 -0.011 -0.008 -0.008 

Layer 4 n/a -0.055 -0.053 
        

α (m-1)       

Layer 1 0.053 0.038 0.033 

Layer 2 -0.003 n/a 0.000 
        

Anisotropy       

Layers 1&2 -0.053 -0.046 -0.045 

Layers 3&4 0.113 0.090 0.081 
        

n*       

Layer 1 n/a 0.345 0.317 
        

θs*       

Layer 1 n/a 0.000 n/a 

* Analysis was performed using older iteration of model 
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Table 2.8 Sensitivity results – temperature.  The temperature response of the model has 

the greatest relative sensitivity to the anisotropy ratio of the upper two layers and the Ksat 

value of the upper layer.   

Relative Sensitivity - Temperature   

  Pn - 50% Pn +25% Pn+50% 

Ksat (m/day)       

Layer 1 0.244 n/a 0.119 

Layer 2 0.086 n/a 0.035 

Layer 3 0.017 0.012 0.012 

Layer 4 n/a 0.075 0.070 
        

α (m-1)       

Layer 1 0.053 0.020 0.008 

Layer 2 0.004 n/a 0.003 
        

Anisotropy       

Layers 1&2 0.404 0.278 0.242 

Layers 3&4 0.074 0.055 0.052 
        

n*       

Layer 1 n/a 0.060 0.042 
        

θs*       

Layer 1 n/a 0.000 n/a 

* Analysis was performed using older iteration of model 

In general, most parameters had a relative sensitivity of less than 0.1, which means those 

parameters will be less important to the overall model performance.  Those parameters 

which have relative sensitivities of greater than 0.1 – the empirical water retention curve 

coefficient, n, the Ksat values for the upper two layers, and all of the anisotropy ratios – are 

the parameters which are the most important to quantify accurately.  However, all of these 

parameters have relative sensitivities of less than 0.5, and were estimated through a variety 

of methods (inverse solutions, physical tests, and calibration of the HYDRUS models), so the 

models should give dependable results.  

 Kazezyelmaz-Alhana and Medina (2008), found that the lateral conductivity of the soil in a 

wetland can have a significant effect on surface/groundwater interactions, whereas the 

effect of vertical conductivity is negligible.  However, the horizontal Ksat values in HYDRUS 
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2D/3D can only be modified by adjusting the vertical Ksat values and the anisotropy ratios.  

Therefore, it is unsurprising that the model showed the higher relative sensitivity to those 

two sets of parameters. 

2.3.7 Water Budget 

The project site was outfitted with four GF Signet 2552 Magmeters: one at the pilot wetland 

inlet (called the “Inlet” flowmeter); one at the pilot wetland outlet (called the “Outlet” 

flowmeter); one just downstream of the location where the wetland outlet recombines with 

the subdrains installed beneath the wetland (called the “Combined” flowmeter); and one in 

the sump area, at the outlet of the drainage tile network (called the “Sump” flowmeter).  

The magmeters were installed in 2” sections of Schedule 40 PVC using a threaded saddle 

joint.  The magmeter probes were inserted to the manufacturer’s recommended depth, and 

then the calibration was checked by opening the pipes approximately 2 meters downstream 

of the probe and measuring actual flow (using a five-gallon bucket and stopwatch) against 

the magmeters’ observed flow.  The magmeters were connected to Campbell Scientific 

CR200x data loggers, which were programmed to record the average flow (gpm) for five 

minute intervals.   

In addition, two Onset Corporation Hobo U20 Pressure Transducer Data Loggers were 

placed at the inlet and outlet sides of the pilot wetland.  These data, combined with the 

water level data from geotechnical hole P1, were used to perform two water budgets.  The 

first water budget, as detailed by Gregory (2010), was used to calculate the infiltration from 

the pilot wetland.  The second water budget was performed on the sump area.  The sump 

water budget, because it occurred at the lowest-lying part of the floodplain (approximately 

2.5 meters lower in elevation than the surrounding land), has the advantage that lateral 

infiltration would not likely have been a large factor, as it may have been for the pilot-scale 

wetland (Gregory 2010).   
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The water budget equation used for the sump water budget is shown in Equation 2.12, 

followed by an explanation of the method to quantify each term.   

Flow In + Precipitation = Flow Out + Infiltration + Evapotranspiration + Δ Storage  

 Equation 2.12 

Flow In 

During periods of pilot wetland operation, surface flow enters the sump area through two 

points.  The first point is the pipe which carries the surface outfall of the pilot wetland to the 

point where it discharged into the north side of the sump.  The five-minute averaged flow 

through this pipe was recorded by the “Combined” magmeter flowmeter.  The second point 

is a shallow concrete manhole, which connects two separate drainage tile networks which 

underlay the floodplain with the culvert which connects the floodplain to the Pudding River.  

During periods of pilot wetland operation, a 36” pressurized rubber plug is used to seal the 

culvert side of the manhole, and a second 6” plug is used to plug the inlet pipe which 

corresponds to the unused, eastern drainage tile network.  Thus, the only operational pipe 

feeding into the concrete manhole during the period of study was the pipe which emptied 

the western drainage tile network; the “Sump” flowmeter was then placed near the outlet 

of this pipe, and was set to  record the five-minute averaged flow of the water which 

entered the manhole.  For the time period of the sump water budget, the manhole was 

submerged, and it was assumed that all of the flow recorded by the “sump” flowmeter 

entered the sump area (Figure 2.10). 



 

 
 

38 
 

 

 

Figure 2.10 Flowmeter locations.  This map shows the locations of the wetland, 

surrounding pipes and the flowmeters.  It also delineates the rough extent of the “sump” 

area.   

CH2MHill staff performed a detailed GPS survey of the sump area on 8/7/2008, and 

subsequently produced a rating curve which related elevation to storage area (shown in 

Appendix D).  The daily average sump water level, calculated from the 15-minute water level 

data recorded by the pressure transducer located in geotechnical hole P1, was used to 

determine the inundated area of the sump throughout the study period by matching water 

level to the sump rating curve.  Because the survey recorded only half-foot elevation 

intervals, water levels which fell between the half-foot intervals were rounded to the 

nearest 0.1 foot, and a linear interpolation was made to the rating curve.  The inlet flows, as 

measured by the “Sump” and “Combined” flowmeters, were aggregated to a single value 

which was divided by the corresponding area of inundation to give Flow In as a flux 

(cm/day).   
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 Precipitation 

Daily precipitation records were used from the NCDC Aurora Airport weather station (UAO) 

and presented as a flux (cm/day). 

Flow Out 

Because the connection between the sump area and the Pudding River was severed by the 

culvert plug during the period of study, the Flow Out term is assumed to be zero. 

Evapotranspiration 

Evaporation and transpiration were combined into one term, which came from daily pan 

evaporation values collected at the Bureau of Reclamation Aurora Agrimet Station (ARAO).  

These ARAO data are presented as alfalfa reference crop (ETr) values, which were multiplied 

by 0.8 to convert to a grass reference value (ETo).  Finally, the ETo values were multiplied 

1.20, which corresponds to the midseason crop coefficient (Kc) value for cattails and 

bulrushes up to 2m tall, as found in the FAO 56 chart (Allen et al. 1998).  Evapotranspiration 

values were represented by fluxes (cm/day).  It should be noted that some studies on 

evapotranspiration determined that using a crop coefficient estimate can give as good or 

better results than those determined though the Penman-Monteith equation, particularly in 

small systems where edge effects can be more prominent (Allen 1995).   

Δ Storage 

The same daily average water level values (recorded by geotechnical hole P1) used to 

determine the submerged area of the sump was also used to calculate the change in storage 

between consecutive days.  The corresponding daily change in water level was presented as 

cm/day.   
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Infiltration 

As the remaining term of the water budget, equation 2.12 can be rearranged to solve for the 

infiltration from the system, in terms of a flux (cm/day). 

Infiltration = Flow In + Precipitation – Flow Out – Evapotranspiration – Δ Storage 

  

 Equation 2.13 

2.4 Results 

 2.4.1 Groundwater Pressure Head 

Several observations can be made when examining the corrected water table elevations 

from the array of pressure transducers, as shown in Figures 2.11 and 2.12.  First, the 

deepest well, MW8, shows a consistently higher pressure head than its shallow neighbor, 

MW7. This implies that there is a possible restrictive layer between the 10 meters- and 23 

meters-deep wells, and that the groundwater has an upward gradient between them.  The 

strength of the gradient varies seasonally, and is strongest in the winter.   
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Figure 2.11 Monitoring well pressure heads 9/24/2008 – 1/1/2010. The large spike on 

1/2/2009 shows when the Pudding River was at its maximum, and had inundated the 

entire floodplain. 

Second, the three 10-m wells (MW5, MW6 and MW7) show a seasonally-variant gradient 

between them.  In the spring, the gradient moves from the north/northeast to the 

south/southeast, while in the fall the gradient moves from northwest to southeast.  Taking 

the difference in pressure water table divided by the distance between the wells, the 

average groundwater gradient is approximately 0.3% in both the spring and fall, albeit with 

different vectors.   

Third, the shallow geotechnical holes show much more variability than the monitoring wells, 

as might be expected.  There is likely a restrictive layer between the geotechnical holes and 

the monitoring wells.  Figure 2.12 illustrates the influence of the wetland on the nearest 

geotechnical holes, P2 and P3.   
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Figure 2.12 Geotechnical hole water levels.  P2 and P3 show high connectivity to the 

wetland, whereas P7 is assumed to be unaffected by the wetland.  The wetland appears to 

reverse the local groundwater gradient.   

The wetland was filled with water in mid-April, and after approximately three weeks of 

being turned on and off was then maintained with a water level that varied between 15 and 

40 cm throughout the summer, with an average of approximately 25 cm.  The pressure head 

response of the nearest geotechnical holes suggests that the wetland is well-connected with 

the surrounding soil, and that the water infiltrated from the wetland is quickly mounding, 

due to the restrictive layer which is hypothesized to exist beneath the level of the 

geotechnical holes.  Also, the floodplain’s regional water table declined throughout the 

summer, which suggests that the hydraulic gradient from the wetland increased over the 

course of summer. 
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 2.4.2  Infiltration Estimation Using Groundwater Temperature 

The wetland temperature shows a clear maximum occurring between 7/27/09 and 7/30/09 

(Figure 2.13).   

 

Figure 2.13 Shallow groundwater and wetland water temperatures 4/15/2009 – 

9/30/2009. The wetland reaches its peak temperature around 7/31/2009, and that peak is 

then seen in P2 around 8/15/2009 and in P3 around 9/20/2009. P7 is considered to be 

unaffected by the wetland.   

Geotechnical hole P2, located 18 meters from the wetland, reaches its maximum 

temperature between 8/12/09 and 8/15/09, while geotechnical hole P3, located 60 meters 

from the wetland, reaches its maximum temperature between 9/12/09 and 9/14/09.  This 

translates to the peak water temperature propagating through the system at a rate between 
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0.91 and 0.96 m/day.  When combined with the retardation factor, R = 1.41, as shown by 

Equations 2.1 and 2.2, the horizontal water velocity will be between 1.28 and 1.35 m/day.   

This value can this be compared to the water velocity predicted by Darcy’s Law (Equations 

2.9 and 2.10).  Using a khorizontal value of 1.47 m/day, n = 0.4, and h = 0.1, qhorizontal is found 

to be 0.36 m/day.   

Therefore, the peak temperature method gives a significantly higher estimate of the lateral 

water velocity compared to Darcy’s Law.  Similarly, Hunt et al. (1996) found in their 

comparison of infiltration estimation techniques that the flux predicted by Darcy’s Law was 

much lower than the flux observed through other methods, which they attributed in part to 

the scale of observation they used for determining the hydraulic conductivity values.  For 

example, the calibrated model uses a khorizontal value of 7.78 m/day for the upper 1-2 meters 

of soil, which would give a water velocity of 1.9 m/day.  Likewise, using a lower porosity 

value in Equation 2.10 would lead to a higher estimated water velocity.   

Overall, temperature measurements collected from points around the infiltration wetland 

represent an inexpensive and efficient way to collect information which can be used to 

determine the wetland’s infiltration rates.  Even though care must be taken when 

attempting to use observed peak temperatures when quantifying water velocities, the 

results from such an analysis may give a useful estimation of water velocities, assuming that 

the heat transfer process is advection-dominant.  Further, temperature data are very useful 

in calibrating and validating of numerical models, which in turn can be used to estimate 

infiltration rates.  Finally, though beyond the scope of this thesis, temperature data can 

potentially be combined with pressure head data to formulate an inverse solution for 

infiltration, as first proposed by Stallman (1963).   
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2.4.3  Infiltration Estimation Using Water Chemistry 

Figure 2.14 shows that the nearest geotechnical hole, P2, has a year-round elevated chloride 

concentration, roughly equivalent to that of the wetland water.  The next closest 

geotechnical hole, P3, shows a seasonal variation, with concentrations near that of the 

wetland water during the months of operation and then a decline to near-ambient during 

the winter.  The other geotechnical holes show a nearly constant level of low chloride, which 

can be considered the ambient level.   

 

Figure 2.14 Chloride concentrations.  P2 maintains high chloride levels year round, 

whereas P3 returns to near-ambient levels during the winter/spring. 

Varying chloride concentrations, such as the diel signal observed by Knust and Warwick 

(2009), can allow for characterization of such parameters as average velocity and hyporheic 

residence time.  In this study, however, the PSIW did not vary greatly in concentration 

during the period of operation, so it was not possible to determine a flux rate from the 

chloride results.   
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However, as demonstrated by Cox (2007), chloride concentrations from a slowly-varying 

source signal can be useful to qualitatively differentiate between areas of short and long 

residence times.  Also, chloride results from such sources can be combined with best-fit 

simulation modeling to find quantitative parameters and transit times, though these results 

are best obtained through intensive water-quality monitoring of both the source and the 

wells (Cox 2007).   

Examining the full set of cation and anions can provide even better demarcation of the 

extent to which the wetland water is mixing with the natural groundwater.  Figure 2.15 

shows the water cations and anions from the quarterly sampling events, plotted on a 

Chadha diagram.   The sample results can be viewed as falling on a continuum, ranging from 

the natural groundwater in the upper-right corner, represented by P5 and P7, to the 

wetland water on the left-center side of the chart.  The intermediate distance geotechnical 

holes, P3, P4 and P6, show seasonal variation as the wetland water mixes with and then is 

flushed out of the nearby groundwater.  P3 has a different trend than the other wells, 

possibly due to sorption and delay of the Na+ cations in the wastewater.   
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Figure 2.15 Chadha diagram – quarterly geotechnical hole sample results.  The results can 

be viewed as a continuum, from the undisturbed natural groundwater chemistry, as 

shown by P5 and P7, to the wetland water itself.  The geotechnical holes of an 

intermediate distance from the wetland (P3, P4 and P6) show a seasonal variation, 

indicating the arrival of wetland water after the summer operational period and then a 

flush out from the winter rains.   

As shown in Figures 2.15 and 2.17, the chloride concentrations within P3 vary greatly 

between winter and summer, yet the sodium concentration does not have the same 

fluctuation.  P2, on the other hand, does have its chloride and sodium concentrations vary in 

a similar manner (Figure 2.16).   
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 Figure 2.16 Stiff plot representation of the quarterly P2 water chemistry sampling.  The 

bottom polygon represents the signal of the wetland water.  This figure shows how the 

water within P2 changes from being a mixture of wetland and natural water in the spring 

to completely resembling the wetland water in the fall, at the conclusion of the wetland’s 

operation.   
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Figure 2.17 Stiff plot representation of the quarterly P3 water chemistry sampling.  The 

lowest polygon represents the signal of the wetland water, whereas the polygon 

corresponding to 4/6/2009 has a nearly identical shape to that formed by the natural 

groundwater, as seen in P5 and P7.  This figure shows the seasonal variation of the water 

within P3, as wetland water mixes after the summer operational period and then is 

flushed out after the winter rains.   
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The chemistry results for the 10-m and 23-m monitoring wells do not show a discernible 

change in water chemistry during the period of study (additional water chemistry results are 

presented in Appendix G).  This suggests that the wetland water is not reaching those 

depths, which further indicates that the flow from the wetland is primarily lateral.  This 

corresponds well to the results found by Hayashi et al. (1998), in which it was estimated that 

only 1% of annual precipitation reaches the aquifer beneath a wetland.   

2.4.4  Infiltration Estimation Using Numerical Models 

Velocity profiles for the PSIW model at depths of 0 and 4.5 meters are shown in Figures 2.18 

and 2.19, respectively.  At the wetland surface, the interior infiltration rate is 5.7 ± 0.3 

cm/day; at a depth of 4.5 meters, the interior infiltration rate is 4.2 ± 0.4 cm/day.  The rates 

seen at the wetland perimeter reach a maximum of 35 – 45 cm/day at the surface, and 6 – 9 

cm/day at the 4.5 meter depth.  Thus, the perimeter fluxes are up to ten times larger than 

the rates of the wetland interior, primarily due to a difference in flux direction, as 

demonstrated by Figure 2.20.   

It should be noted that HYDRUS 2D/3D gives its results as volumetric flux.  These volumetric 

fluxes must then be divided by the media porosity, n, to be converted to their equivalent 

water displacement velocities, such as the estimated water velocity found from the peak 

temperature velocity in Section 2.4.2.  Therefore, the simulated volumetric flux through the 

PSIW perimeter of approximately 0.45 m/day translates to a water displacement velocity of 

1.12 m/day, assuming a porosity of 0.40.  This is within the same range as the rate estimated 

from the peak temperature velocity (1.28 – 1.36 m/day). 
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Figure 2.18 Velocity profile at PSIW surface.  This figure shows the velocity magnitude 

along a transect through the wetland, passing through its center.  The natural 

groundwater gradient moves from left to right.  For the later times, the down-gradient 

edge of the wetland shows larger velocity magnitudes than the up-gradient side, though 

this result was not observed in all model runs.  It should be noted that Day 100 had the 

same profile as Day 50, and Day 150 had the same profile as Day 2, for unknown reasons. 
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Figure 2.19 Velocity profile at 4.5 meter depth beneath PSIW.  This figure shows the 

velocity magnitude along a transect through the wetland, passing through its center.  Day 

150 had a very similar profile to Day 100, and thus was not included.  The natural 

groundwater gradient moves from left to right.   

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

0 50 100 150 200

V
e

lo
ci

ty
 (

m
/d

ay
)

Meter along Transect

Day 2

Day 50

Day 100



 

 
 

53 
 

 

 

Figure 2.20 Screenshot from HYDRUS 2D/3D PSIW model at the PSIW surface.  This figure 

shows the velocity vectors of the infiltration from the wetland, and corresponds to the 

velocity magnitudes shown in Figure 2.19.  The wetland perimeter is marked by the multi-

colored arrows, which show near-lateral infiltration at high rates, while the interior is 

marked by lower rates in a near-vertical direction. 

The model simulates the water table rising to the level of the wetland, and that the majority 

of the flow then moves laterally along the water table gradient.  While Bouwer (2002) states 

that this can occur within recharge basin that are free of clogging, most analytical models 

for recharge basins assume an unsaturated zone between the basin and the water table 

(Bouwer et al. 1999; Sumner et al. 1999; Miracapillo 2007).  However, it can be argued that 

the finely-textured soils of the site and the relatively high water table (only 1-2 meters 

below the soil surface) indicate that the wetland is likely to become hydraulically connected 

to the water table.  Further, the pressure head results appear to indicate a direct hydraulic 

connection between the wetland and the nearest geotechnical holes.   
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As a result, it is hypothesized that the gradient formed by the connected wetland and water 

table will become superimposed on the natural groundwater gradient, which in the 

summertime is approximately 0.3% moving from northwest to southeast, as discussed in 

Section 2.4.1.  This theoretical superposition of gradients is shown in Figure 2.21.  

 

Figure 2.21 Superposition of the wetland’s lateral infiltration flowlines on the existing 

groundwater flowlines, as seen from above.  This signifies that the wetland water will only 

spread a certain distance up-gradient before being redirected by the natural groundwater 

flow.  This in turn will lead to concentration of both wastewater solutes and heat on the 

down-gradient side of the wetland, as demarcated by the shaded area.   
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The superposition of gradients has several important implications.  First, the wetland water 

will not travel beyond a certain point up-gradient, which would mean the wastewater’s heat 

and solutes will be concentrated toward the down-gradient side of the wetland.  Second, 

the fluxes may not be equal on all sides of the wetland, due to different potentials which 

would result from the superimposed gradients.  Thus, infiltration estimations which do not 

account for the superposition of gradients may miscalculate the true infiltration rates.  

Third, most analytical solutions for mound geometry beneath a circular or rectangular 

infiltration basin assume an axisymmetric geometry and an initially horizontal water table 

(Bouwer et al. 1999; Guo 2001; Miracapillo 2007); additional study could be useful in 

determining how a pre-existing groundwater gradient and the resulting superposition of 

flow fields seen in this study would affect these solutions.   

The HYDRUS 2D/3D model results indicate that a superposition of gradients is indeed 

occurring and having an effect on the infiltration fluxes, as shown in Figure 2.22.   
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Figure 2.22 HYDRUS 2D/3D screen image from FSIW model.  This figure shows the water 

potential contours at a depth of 4.5 meters below the surface.  Water flow is assumed to 

move perpendicular to the contour lines. 

Figure 2.22 shows the water potential contours at a depth of 4.5 meters beneath the FSIW; 

it is assumed that the water will flow perpendicular to the contour lines.  Thus, the model 

results indicate that much of the flow will be concentrated on the down-gradient side of the 

wetland (the right-hand side in Figure 2.22).  This is consistent with the results found by 

Rastogi and Pandey (1998), in which they determined that the recharge process was 

dominated by the down-gradient side of the recharge basin.   

2.4.5  Infiltration Estimation Using a Water Budget 

The water budget can be divided into four distinct time segments (Figures 2.23 and 2.24). 

The first, between 6/15/2009 and 7/7/2009, represents the period where the pilot wetland 

reached a steady state and the sump area became filled with water.  On 7/8/2009, the 36” 

rubber plug lost its seal and allowed the sump water to escape and made it impossible to 

Wetland 
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close the water budget until the plug had been replaced and the water level reestablished.  

Between 7/24/2009 and 9/4/2009, the sump water level varied by less than 7 cm; that 

period is considered to be the most homogenous in operation.  Finally, the period between 

9/4/2009 and 9/30/2009 was characterized by a gradually increasing water level within the 

sump area.   

 

Figure 2.23 Sump water budget.  This chart shows the five terms of the water budget as 

daily fluxes.  Evaporation and precipitation are shown to be minor contributors to the 

overall budget, while loading rate is a key component. 

Assuming that the all of the unaccounted flux represents infiltration, the average infiltration 

for the period between 7/24/2009 and 9/4/2009 (considered to be the most representative 

period of the study) was 3.47 ± 1.19 cm/day (Figure 2.24). 
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Figure 2.24 Sump infiltration rate and water elevation.  The water elevation is presented 

as elevation AMSL.  The water elevation was held mostly constant between 7/24/2009 

and 9/4/2009, and thus is considered the period which gives the best infiltration estimate. 

In general, the sump area does not show a discernable decrease in infiltration rate, as 

observed in the pilot wetland (Gregory 2010) and other infiltration basins (Schuh 1990; 

Houston et al. 1999; Langergraber et al. 2003; Beach and McCray 2003).  This suggests that 

the process which caused the pilot wetland’s infiltration rate to sharply decline is not 

evident in the sump area.  There are a number of possibilities for the divergence in 

infiltration trends between the wetland and sump areas.  The most obvious explanation is 

that the sump area receives a lower loading rate than the wetland (4.0 ± 1.6 cm/day for the 

sump, versus 27.3 ± 2.8 cm/day for the wetland) and thus did not have time to develop a 

clogging layer, as clogging processes are directly related to loading rates (Siegrist 1987; 

Langergraber et al. 2003; Bumgarner and McCray 2007).  If the loading rate is the reason for 
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the divergence in infiltration trends, then it may be the case that the sump will eventually 

experience a similar decrease in infiltration rates, as one study suggests that similar soils will 

eventually experience a similar biomat resistance, regardless of loading rate (Beach et al. 

2005). However, it has been shown that allowing for drying periods within a recharge basin 

can help restore some percentage of its original infiltration performance (Schuh 1990; 

Bouwer 2002).  Thus, the current operational practice, in which the wetland and sump areas 

are allowed to drain during the fall and spring time periods, may indicate that the sump area 

will always maintain a more constant infiltration rate than the PSIW.   

Another possible explanation is that the sump was much more vegetated than the wetland, 

and its few open areas did not appear to have any algae, such as was observed in the pilot 

wetland.  Several studies have identified algae as a key contributor to clogging layer 

development, both through the physical caking of algae (Bouwer and Rice 1989; Houston et 

al. 1999; Bouwer 2002) and the precipitation of calcium carbonate due to the presence of 

algae (Bouwer and Rice 1989; Schuh 1990). Also, the low velocities of water within the 

wetland gives an opportunity for most of the material which causes physical clogging to 

settle out before the water is applied to the sump.  In addition, the water level within the 

sump generally increases during the study period, which could mask a decrease in 

infiltration rate, depending on the relative influence of the increased hydraulic gradient 

versus the decreased conductivity (Bouwer and Rice 1989) and the variability of conductivity 

within the surface (Fox et al. 1998).  Finally, the divergence in infiltration trends can be 

simply an artifact of the flowmeter instruments drifting over time (Gregory 2010).   

Overall, with proper setup the water budget method may be the easiest method of 

quantifying infiltration rates from a pilot-scale system; however, it has several notable 

limitations.  Specifically, while the water budget results can give a good estimate of the 

macro-scale infiltration rate, it ignores the effects of preferential flow, heterogeneity and 

variability in both space and time.  Also, considerable uncertainty is inherent in the 

estimation of evapotranspiration, precipitation (when considering run-off) and shallow non-
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infiltration losses such as water mounding and transpiration of soil water.  Even installing a 

meteorological weather station on site can lead to errors when estimating evaporation 

rates, due to spatial and temporal variability of the transpiration of wetland plant 

communities (Lott and Hunt 2001).   

However, though it has its own uncertainty, the water budget method can provide a useful 

upper bound on percolation rates: it is unlikely that the actual infiltration rate will exceed 

the infiltration rate predicted by the water budget, so long as the inflow and precipitation 

terms are accurate.  Thus, even though it may be difficult to use the infiltration results of a 

pilot-scale study to predict exact full-scale infiltration rates, the water budget results may 

give a good constraint on the maximum possible infiltration for the full-scale, assuming 

comparable soils.  In that sense, water budgets can be used to identify locations where the 

soils will not allow satisfactory hyporheic discharge without modification (such as removing 

restrictive material, installing an embedded drainage system, or modifying the basin 

geometry).   

2.4.6  Effect of Scaling on Infiltration Rates 

The main infiltration from the PSIW occurs laterally, as discussed in Section 2.4.4; thus, it 

stands to reason that up-scaling the PSIW to a FSIW will change the perimeter-to-area ratio, 

assuming the same general geometry between the two scales.  The smaller perimeter-to-

area ratio of the FSIW will mean that the relative infiltration rates will be smaller than those 

observed in the PSIW.  Figures 2.25 and 2.26 show the velocity profiles of the FSIW, again at 

depths of 0 and 4.5 meters.   
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Figure 2.25 Velocity profile at FSIW surface.  This figure shows the velocity magnitude 

along a transect through the wetland, passing through its center.  The natural 

groundwater gradient moves from left to right.  The down-gradient edge of the wetland 

shows larger velocity magnitudes than the up-gradient side, though it should be noted 

that this result was not evident in all model runs and may be due to model node geometry 

at the transect point.  It should also be noted that Day 150 had the same profile as Day 2, 

for reasons unknown. 
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Figure 2.26 Velocity profile at 4.5 meter depth beneath FSIW.  This figure shows the 

velocity magnitude along a transect through the wetland, passing through its center.  The 

natural groundwater gradient moves from left to right.   

Similar to the PSIW, the FSIW model proposes that the water velocities at the wetland 

perimeter are up to five times larger than the velocities in the wetland interior.  As seen in 

Figure 2.26, the velocity vectors around the perimeter have a horizontal orientation, 

whereas those of the interior have a mostly vertical alignment.  The FSIW model shows a 

surface infiltration rate of 2.5 ± 0.1 cm/day from the interior of the FSIW wetland, and an 

infiltration rate of 0.8 ± 0.2 cm/day at a depth of 4.5 meters.  This is significantly smaller 

than the rates predicted by the PSIW model. 
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Figure 2.27 Screenshot from HYDRUS-3D FSIW model, showing velocity vectors at a depth 

of 4.5 meters.  The purple arrows show the lateral flux from the perimeter of the wetland, 

while infiltration from the wetland interior has a more vertical direction.  The upward-

pointing arrows at a distance from the wetland are likely representative of water being 

drawn into the capillary fringe of the above layer.   

The infiltration rates suggested by the FSIW model correspond very closely to those 

observed within the sump water budget.  It was surmised that due to the sump’s being 

significantly lower than the rest of the floodplain, water was constrained to infiltrate in a 

primarily vertical direction.  If that is indeed the case, the sump water budget results may be 

a useful prediction of the overall vertical infiltration rate attainable at the site, and water 

budgets for similar projects should be performed at the lowest point of elevation, so as to 

constrain the direction of infiltration.   

It should also be noted that the wetland model predicts a nearly-constant infiltration rate 

throughout the time of wetland operation, and ignores the potential buildup of any clogging 

layers. Further study could be useful to determine if adjusting the models to include a 
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restrictive clogging layer would alter the infiltration patterns.  Houston et al. (1999) cautions 

that any modeling efforts should include a clogging layer component if it is thought that 

algae may be a concern.   

Consistent with the high wetland perimeter flow observed during this study, other research 

has found that recharge basins configured as long linear strips will have better per area 

performance than circular or square basins (Morel-Seytoux et al. 1989; Rastogi and Pandey 

1989; Bouwer et al. 1999).  Rastogi and Pandey (1989), studying a series of recharge basins 

with different geometries, also determined that the basins with the largest perimeters had 

the least amount of mound buildup, but that the relationship between perimeter and 

mound height did not appear to be linear.  Therefore, further study could be useful in seeing 

how different infiltration wetland geometries scale between pilot- and large-scale sizes.   

2.5 Conclusion 

The results from natural heat and ionic tracers were compared with theoretical volumetric 

fluxes and numerical simulations to quantify the magnitude and direction of infiltration from 

a pilot-scale infiltration wetland (PSIW).  The HYDRUS 2D/3D program was used to create a 

series of numerical simulations, which, combined with observed water levels and 

temperatures, gave an estimate of the infiltration rates from the PSIW.  These results were 

then compared with a water budget from an inundated portion of the surrounding 

floodplain (the “sump” area), to see how its observed infiltration rates compared to those of 

the PSIW.  Finally, the numerical model was adjusted to simulate a full-scale infiltration 

wetland (FSIW), to see how the change in size would affect infiltration rates.   

Distinctive temperature peaks within the wetland and the surrounding geotechnical holes, 

combined with a heat transfer system dominated by mechanical advection, meant that a 

water velocity could be calculated from the travel time of the peak temperature.  The 

resulting water velocity was estimated to be as high as 1.35 m/day, which is significantly 

larger than predicted by Darcy’s Law.  The peak temperature estimate was deemed to be 
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more accurate than the Darcy estimation, due to the close agreement of the peak 

temperature method velocity to the numerical simulation results, and the dependence of 

Darcy’s law on quantifying hydraulic conductivity.  Further, the temperature data were also 

useful in delineating the spatial extent of the infiltrated wetland water and in calibrating the 

numerical models.   

The water chemistry parameters did not vary significantly within the wetland or in the 

closest geotechnical hole, which made it difficult to specify an infiltration rate; however, the 

water chemistry results did provide a second means of determining the general direction 

and extent of wetland infiltration.   

Of all the methods discussed in this paper for calculating infiltration rates, the water budget 

method is the least time- and equipment-intensive method.  On the other hand, the water 

budget method does not provide a way to account for variability within the system; further, 

the results are constrained by uncertainty in the estimation of evapotranspiration, 

precipitation, and other non-infiltration losses.  Thus, while the water budget method is 

easy to implement, its results may contain significant error when the calculated infiltration 

rates are not independently verified through another method.  Nonetheless, a water budget 

performed on a pilot-scale system can be useful as a constraint on the maximum infiltration 

rate possible from a full-scale system, and can be utilized as a way to identify locations 

where the soils will not allow hyporheic discharge without modification.   

The heat, chloride and numerical simulation results all suggest that much of the infiltration 

from the wetland moves laterally from its perimeter.  In addition, the results indicate the 

water table is becoming directly connected to the wetland, in contrast to the assumptions 

made for most analytical solutions to recharge basin mounding.  This leads the infiltration to 

move in a predominantly lateral direction along the water table gradient, which causes a 

superposition of the wetland gradient on the natural groundwater gradient.  The large 

lateral flow signifies that moving from a PSIW to a FSIW will likely lead to lower infiltration 

fluxes, as lateral flow is dependent on having a large wetted perimeter relative to the area.  
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The models predict that moving from a 0.15 hectare PSIW to a 5.5 hectare FSIW will lead to 

a 250% reduction in interior infiltration rate (from 5 cm/day for the PSIW down to 2 cm/day 

for the FSIW).  These results are based on rectangular infiltration wetlands; other geometric 

configurations, such as the long linear strips suggested by other studies, might lead to more 

consistent infiltration rates between pilot- and full-scale systems.   
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3.1  Abstract 

A combination of observed and simulated temperature data were used to assess the 

feasibility of using hyporheic discharge, where unlined wetlands are used to infiltrate 

treated wastewater, as a strategy to meet effluent temperature limits.   Observational data, 

collected before, during, and after operation of a 0.15 hectare pilot-scale infiltration 

wetland, showed a clear increase in the nearby groundwater temperature due to the 

wastewater’s heat.  Next, numerical simulations were used to examine the long-term 

groundwater response to operation of a 5.5 hectare large-scale infiltration wetland system.  

Nine years of simulated water column temperatures were compiled at three locations 

around the wetland.  The results suggest that as the wastewater moves laterally through the 

subsurface, it transitions from having diel to seasonal temperature fluctuations, before 

reaching a steady-state temperature.  Two sets of non-dimensional numbers were then 

formulated to evaluate the performance of hyporheic discharge systems.  The first set of 

non-dimensional numbers describes the potential for the infiltrated wastewater to become 

cooled through conductive losses to the atmosphere, and may be useful to determine 

situations where the wastewater will become partially or fully-cooled within the subsurface.  

The second set of non-dimensional numbers compares hydraulic retention time to 

infiltration capacity, and can be used to determine a site’s potential for hyporheic discharge.  

Altogether, the results of this study show that hyporheic discharge is a viable method by 

which certain wastewater facilities can meet their discharge temperature limits.  

3.2  Introduction 

As part of the Clean Water Act, regulatory agencies in recent years have begun to 

implement thermal loading restrictions on point source discharges such as those occurring 

from municipal wastewater treatment plants (US EPA 2006).  The Oregon Department of 

Environmental Quality (ODEQ) has begun to place Total Daily Maximum Load (TMDL) limits 
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on thermal loading for National Pollutant Discharge Elimination System (NPDES) permit-

holders.  

One method for wastewater temperature mitigation undergoing current research is to place 

treated wastewater into shallow unlined wetlands, and allow the water to infiltrate into the 

soil and then enter the nearby stream or river through the hyporheic zone.  Lancaster and 

Haggerty (2005) performed a study which investigated using subsurface effluent discharge 

as a means of limiting temperature increases within a large river system.  Using numerical 

simulations, the authors were able to predict the amount temperature rise within the river 

by adjusting a number of variables.  The temperature profiles were most affected by 

hydraulic conductivity and the distance between the injection point and river.   

Overall, Lancaster and Haggerty predicted that subsurface effluent discharge systems have 

the potential to reduce the wastewater-induced temperature increases within the river, 

possibly by several orders of magnitude.  However, this study focused on a large river 

system, where the wastewater discharge represents less than 1% of the total river flow.  

Many wastewater treatment plants, such as the Publicly Owned Treatment Works (POTW), 

located in Woodburn, Oregon, discharge their effluent into much smaller streams or rivers.  

For example, the Pudding River, the river into which the POTW has its discharge, has an 

average August flow of 0.9 m3/s (20.6 Mgal/d) (USGS streamgage 14201340).  The City of 

Woodburn is currently planning for an average plant loading rate of 0.21 m3/s (4.7 Mgal/d) 

in the year 2030 (CH2M Hill Planning Document 2009).  Thus, the plant’s 2030 discharge 

would represent a significant proportion (as much as 25%) of the river’s flow, and it is 

possible that the results predicted by Lancaster and Haggerty may not apply in such a 

system.   

In 2005 the POTW constructed a 0.15 hectare pilot-scale infiltration wetland (PSIW) in the 

river’s floodplain.  The PSIW was then filled with tertiary-treated wastewater for the 

summertime period between May and September of each year.  In 2009, the PSIW and 



 

 
 

75 
 

 
surrounding floodplain were extensively monitored in order to evaluate the potential of 

hyporheic discharge for meeting effluent temperature limits.   

This study makes a distinction between hyporheic exchange, where the hyporheic water 

originates in the stream or river channel, and hyporheic discharge, where the water 

originates from a source external to the river, such as an infiltration wetland.   Though most 

published studies have focused on hyporheic exchange, many of the observed results are 

useful or analogous when discussing hyporheic discharge.  For one, the residence time of 

the hyporheic water will greatly influence the temperature the water.  Hyporheic water with 

short flow paths (typically less than 100m in length and having a retention time ranging 

from minutes to several days) will have mean temperatures close to that of the main 

channel water and maintain a diel temperature fluctuation, with varying degrees of 

buffering and lagging compared to the main channel (Evans and Petts 1997; Arrigoni et al. 

2007; Bryenton 2007; Poole et al. 2008; Collier 2008).  Hyporheic water with longer 

residence times will have a damped diel temperature signal compared to the main channel, 

and the mean temperature will deviate from the mean temperature of the channel 

(Bryenton 2007; Poole et. al 2008).  In general, the long residence time causes the hyporheic 

water temperature to lag behind the channel’s temperature, so it is expected that hyporheic 

water with long residence times will be cooler than the main channel in the summer and 

warmer in the winter (Bryenton 2007; Poole et al. 2008).   

However, it should be noted that unlike hyporheic exchange water, which normally occurs 

year round within a channel and thus receives both the warm summer waters and the cold 

winter waters, the hyporheic discharge water in this study comes from wastewater and thus 

will range in temperature from 18 - 24°C (City of Woodburn 2009).  Therefore, any cold 

temperature signal will only come in the form of precipitation and groundwater from 

beyond the system boundaries.  On the other hand, infiltration rates are typically much 

lower in the winter than the summer, due primarily to the temperature dependence of 
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kinematic viscosity (Bouwer 2002; Braga et al. 2007), so the difference may not be 

significant.   

While several studies describe an observed cooling effect on the main channel due to 

hyporheic water (Story et al. 2003; Fernald et. al 2006), Arrigoni’s (2007) study would 

suggest that the observed cooling effect is likely due to the return flow of lagged 

intermediate-flowpath hyporheic water, and does not represent a reduction in total system 

energy.  Likewise, Lancaster and Haggerty (2005) hypothesized that even though their 

simulations showed that using a hyporheic discharge system would cause only a portion of 

the wastewater’s heat to reach the river, that heat would likely eventually find its way into 

the river at some other point and/or time.   

Depth of infiltration is another variable which influences the temperature characteristics of 

hyporheic water.  Hyporheic water is typically shown to have an attenuated temperature 

signal with increasing depth from the source (Silliman and Booth 1993; Evans and Pett 

1997), and larger vertical hydraulic gradients were found to lead to dampened diel 

fluctuations  (Malard et al. 2001).  In general, water at depths of more than 1.5 meters the 

water will vary less than 1°C diurnally (Silliman and Booth 1993).  However, a study in New 

Mexico showed little temperature gradient with depth, down to a depth of 300 cm, likely 

due to the high conductivity of the subsurface (Constantz and Thomas 1997). Water below a 

depth of approximately 20 meters will begin to warm due to the geothermal gradient, which 

studies have shown ranges from 9 – 36°C/km (Domenico and Schwartz 1990).   

Lastly, the direction of infiltration can play an important role in temperature patterns.  

Evans and Petts (1997) found distinct thermal characteristics between up- and down-welling 

hyporheic water.  The same holds true for groundwater.  Taniguchi (1993) examined 

temperature profiles in a series of observational wells, and found that those located in an 

area of downward recharge had expanded temperature profiles, while other wells located in 

an area of upward discharge had a compressed temperature profile.   Therefore, when 

predicting the thermal response of hyporheic/groundwater, it is important to determine 
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both the horizontal and vertical components of infiltration, as was done in Chapter 2 of this 

study. 

3.3  Methods 

 3.3.1 Site Description 

The site’s geography and geology are described in detail in Chapter 2; in brief, the study was 

conducted on a 0.15 hectare pilot-scale infiltration wetland (PSIW), constructed by the City 

of Woodburn’s Publically-Owned Treatment Works (POTW) in an attempt to evaluate 

several natural methods of cooling wastewater effluent in order to meet discharge 

temperature limits.  In contrast to most constructed wetlands for temperature treatment, 

this wetland was built without an impermeable liner, and was operated in an attempt to 

allow water to infiltrate into the subsurface and enter the nearby Pudding River as 

hyporheic discharge.  The PSIW was constructed at a distance of approximately 250 meters 

from the nearest point of the Pudding River.   

3.3.2 Groundwater Monitoring  

As detailed in Chapter 2, the site was equipped with one monitoring well at 23-meter depth, 

three wells at 10-meter depth, six geotechnical holes at 4-meter depth, and one 

geotechnical hole at 1.5-meter depth.  Geotechnical hole and monitoring well locations are 

shown in Figure 3.1.  Each monitoring well had an Onset Corporation Hobo U20 Pressure 

Transducer Data Logger, with the model number dependent on the depth of the respective 

well/hole.  Each pressure transducer was set to record pressure and temperature readings 

at fifteen minute intervals.  The temperature calibrations of the loggers were confirmed by 

placing them for approximately 30 minutes within an ice-bath, with the loggers set to record 

every five seconds.  To get water table elevations, the pressure data were corrected using 

hourly barometric pressure from the NCDC weather station data at the Aurora Airport UAO, 

located approximately 11 km from the site.   
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Figure 3.1 Site map. (Modified from CH2MHill internal document).  This map shows the 

locations of pilot wetland, geotechnical holes, monitoring well, and geoprobe analyses for 

soil properties.  The Pudding River is designated in blue, on the bottom half of the map.   
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 3.3.3 Numerical Simulations 

A complete description, including calibration, validation, and sensitivity of the HYDRUS 

2D/3D models are presented in Chapter 2.  For the purpose of this study, two separate 

models were used.  The first was a two-dimensional model which simulated a 55-meter 

wide infiltration wetland over a ten-year period, with the boundary conditions changed on a 

monthly basis.  The second was a three-dimensional model which simulated a 5.5 hectare 

(315 x 175 meters) full-scale infiltration wetland (FSIW) in a series of bi-annual runs, which 

altogether covered a period of nine years.  In general, the three-dimensional model is 

considered to be more accurate, due to the geometric assumptions implicit in the two-

dimensional model (described in Chapter 2); however, the three-dimensional model was 

much more computationally intensive, and demonstrated greater instability during large 

precipitation events.  Thus, the two models were operated with different boundary 

conditions, as described below.  In addition, to ensure stability of the three-dimensional 

model, some of the largest precipitation events were clipped, whereas the two-dimensional 

model was able to infiltrate all of the precipitation.   

Two-dimensional Model 

A two-dimensional transect of the floodplain, stretching from a point approximately 200 

meters up-gradient of the wetland to the far side of the Pudding River, was used to simulate 

the long-term groundwater temperature trend caused by hyporheic discharge.  The wetland 

was modeled as being 55 meters wide, with a constant head boundary condition for the 

portion of the year when the wetland is in operation (May – September) and with an 

atmospheric boundary for the portion of the year when the wetland is not operation 

(October – April).  The nodes corresponding to the Pudding River were set as a constant 

head boundary condition, with a year-round temperature of 12°C.  The remaining upper 

boundary nodes were set to atmospheric boundary conditions for all months.  Atmospheric 

boundary condition were compiled from historical meteorological data from the NCDC 

Aurora Airport weather station (UAO) pertaining to the period 5/1/1999 – 12/31/2009.  The 
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summertime wastewater temperatures were set to the monthly average effluent 

temperature, as compiled from the City of Woodburn’s 2009 Discharge Monitoring Report 

(City of Woodburn 2009). 

Table 3.1 Wetland boundary conditions for the 10-year 2D temperature simulation.  The 

summertime water temperatures were compiled from monthly observed averages of the 

Woodburn POTW effluent, as reported in the 2009 Daily Monitoring Report.   

Month h-wetland (m) T-wetland (°C) 

January Atmospheric Atmospheric 

February Atmospheric Atmospheric 

March Atmospheric Atmospheric 

April Atmospheric Atmospheric 

May 0.25 18.1 

June 0.25 20.6 

July 0.25 22.4 

August 0.25 23.5 

September 0.25 23.1 

October Atmospheric Atmospheric 

November Atmospheric Atmospheric 

December Atmospheric Atmospheric 

The model was run for a period of ten years.  At the conclusion of one month’s run, its final 

pressure head and temperature results were then input as initial conditions for the 

following month.  Temperature and pressure head results were then collected from two 

observation nodes, one located 20 meters down-gradient from the wetland, at a depth of 

3.5 meters beneath the surface, and the other located near the simulated location of the 

Pudding River, 300 meters from the wetland, at a depth of approximately 2.8 meters 

beneath the surface (Figure 3.2). 
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Figure 3.2 Two-dimensional model setup and location of observation nodes.  The 

infiltration wetland is simulated as a 55-meter wide constant head boundary condition.  

The model was simulated with two observation nodes, one at a distance of 20 meters 

from the wetland and 3.5 meter depth, the second at a distance of 300 meters, close to 

the location of the Pudding River.  Note that the model is shown with a 5:1 vertical 

exaggeration. 

Three-dimensional Model 

A three-dimensional model of the floodplain was used to simulate the long-term 

groundwater temperature resulting from operation of a 5.5 hectare FSIW.  For the months 

of wetland operation, the portion of upper boundary which represented the FSIW was set 

with a constant head of 0.25 meters and a Cauchy (third-type) temperature of 22°C.  For the 

winter months, the entire upper boundary was modeled using atmospheric boundary 

conditions.  The UAO meteorological data from 1/1/1999 – 4/30/2008 were used to create 

the atmospheric boundary conditions.  Due to model instability when the water table rose 

to the model surface, large precipitation events which caused the model to crash were 

20 m 300 m 

Wetland 

Pudding 
River 
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clipped until the model became stable.  The clipped precipitation was then assumed to be 

runoff.   

Table 3.2 Wetland boundary conditions for 9-year 3D temperature simulation.  The 

summertime water temperature is representative of the average summertime 

wastewater temperature. 

Date - Date h-wetland (m) T-wetland (°C) 

5/1/1999 - 9/30/1999 0.25 22 

10/1/1999 - 4/30/2000 atmospheric atmospheric 

5/1/2000 - 9/30/2000 0.25 22 

10/1/2000 - 4/30/2001 atmospheric atmospheric 

5/1/2001 - 9/30/2001 0.25 22 

10/1/2001 - 4/30/2002 atmospheric atmospheric 

5/1/2002 - 9/30/2002 0.25 22 

10/1/2002 - 4/30/2003 atmospheric atmospheric 

5/1/2003 - 9/30/2003 0.25 22 

10/1/2003 - 4/30/2004 atmospheric atmospheric 

5/1/2004 - 9/30/2004 0.25 22 

10/1/2004 - 4/30/2005 atmospheric atmospheric 

5/1/2004 - 9/30/2005 0.25 22 

To access the long-term impact of the FSIW operation, temperature results were compiled 

from arrays of observation nodes which corresponded to three locations around the 

floodplain: 1) 100 meters down-gradient from the FSIW, corresponding to the closest point 

of the Pudding River; 2) 200 meters down-gradient from the FSIW; and 3) 400 meters from 

the FSIW in a location which is approximately equipotential to the wetland (Figure 3.3).  

Temperature measurements were taken from four depths at each location (24m, 26m, 28m, 

and 30m above the datum). 
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Figure 3.3 3D model setup and location of observation nodes.  The 5.5 hectare full-scale 

infiltration wetland (FSIW) is demarked by the white rectangle.  The observation nodes 

were located at distances of 100, 200, and 400 meters from the FSIW, at four depths per 

location.  The natural groundwater gradient moves from the left-hand to the right-hand 

side of the model.   

3.4 Results 

 3.4.1 Observed Groundwater Temperature 

The monitoring wells show no diel and very little seasonal fluctuation in temperature.  The 

mean annual water temperatures (taken from 1/24/2009 – 1/6/2010) are summarized in 

Table 3.3.   

  

FSIW 
200 m 

400 m 

100 m 
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Table 3.3 Annual mean groundwater temperature from monitoring wells.   

Well Depth (m) Tmean (°C) 

MW5 9.8 11.34 ± 0.18 

MW6 11.3 11.17 ± 0.09 

MW7 10.1 12.92 ± 0.05 

MW8 22.9 12.69 ± 0.19 

The clustered MW7 and MW8 show an approximately 1.5°C increase over the other two 

wells.  The average annual air temperature at the Salem Airport (WSO), located 

approximately 30 km from the site, was 11.44°C for the years 1971–2000 (Taylor 2010). 

Typically, groundwater from a depth of between 10 and 20 meters will be 1 – 2°C above the 

mean annual temperature (Domenico and Schwartz 1990). Therefore, it is possible that the 

MW7/MW8 cluster is located in a position where warmer, deeper groundwater is upwelling, 

and MW5 and MW6 are located in locations where the shallow groundwater is moving 

downward.  Another possibility is that elevated temperatures in MW7 and MW8 are caused 

by heat from the PSIW being operated the previous three summers; the simulation results 

of Section 3.4.2 indicate that groundwater at a distance of 100 – 200 meters and a depth of 

8.5 meters would see elevated temperatures due to infiltration wetland operation.  MW7 

and MW8 are located approximately 125 meters away from the PSIW, whereas MW5 and 

MW6 are both roughly 225 meters away.  By collecting another 1 – 2 years of temperature 

data, it may be possible to see if the temperature patterns are changing over time, which 

could indicate if the elevated temperatures are due to the wetland.    

Figure 3.4 shows the shallow geotechnical hole temperatures for a 1.5 year period.  It is 

unclear why P4 shows significantly greater temperature variability than the other 

geotechnical holes, though as discussed in Chapter 2, the pump test results suggest that P4 

is located in much more permeable material than the other geotechnical holes.  The 

wetland was first filled with wastewater on approximately 4/15/2009, and after being filled 

and drained a number of times for maintenance began regular operation on approximately 

5/15/2009.  P2 and P3, the two geotechnical holes closest to the wetland, began to increase 

in temperature within a month of the wetland beginning regular operation (Figure 3.4). The 
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temperatures within those two geotechnical holes also peaked at an earlier time than the 

further geotechnical holes.  As discussed in Chapter 2, this propagation of peak temperature 

was used to estimate the wetland water velocity.  After reaching their peak temperature, 

the subsequent temperature decline appeared to occur more gradually than the initial 

temperature rise. This may be due to the wetland water becoming gradually cooler over the 

second half of the summer, as shown in Table 3.1.  Also, the natural groundwater is warmer 

by the end of summer, which means that the thermal gradients will be reduced.   

 

Figure 3.4 Geotechnical hole temperatures.  The wetland was operated sporadically in fall 

2008, as can be seen by the rise and fall of temperatures in P2 and P3.  The wetland was 

then operated full-time from early May 2009 until mid-October 2009. P2, the closest 

geotechnical hole to the wetland, shows a fast increase in temperature, and then a 

gradual decline. As of January 2010, the groundwater temperature surrounding the 

wetland remained elevated over the distant geotechnical hole groundwater temperature. 
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 3.4.2 Modeled Long-term Groundwater Temperature 

Both the two- and three-dimensional models show that the shallow groundwater entering 

the river will have an elevated temperature profile as a result of the wetland operation, 

though the two models differ on the exact extent of the variation.  The HYDRUS-2D model 

reaches steady-state conditions within the first four years of simulation; these steady-state 

conditions indicate that the groundwater at a distance of 20 meters from the wetland will 

reach a peak temperature of 21°C, which is consistent with the peak temperatures observed 

in geotechnical hole P2.  The groundwater temperature at a distance of 300 meters (which 

corresponds to the Pudding River location of the HYDRUS-2D model) will reach a maximum 

of 17.7°C (Figure 3.5). 
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Figure 3.5 Long-term (10-year) groundwater temperature, as simulated by HYDRUS-2D, at 

distances of 20 and 300 meters from the wetland.  The 300-meter distance corresponds to 

the location of the Pudding River in the two-dimensional model.   

The HYDRUS-3D model, on the other hand, does not appear to have reached a steady-state 

condition after nine years of operation (Table 3.4 and Figure 3.6).  Because the HYDRUS-3D 

model has not yet reached steady-state conditions, it is impossible to predict the exact 

maximum groundwater temperature without extending the simulation period for an 

additional number of years.  However, even without reaching steady-state, the HYDRUS-3D 

results indicate a number of important trends by which the impact of a hyporheic discharge 

system may be assessed.   



 

 
 

88 
 

 

Table 3.4 Simulated mean annual temperature for the 100m and 400m locations from the 

nine-year HYDRUS-3D simulation.  The mean temperature is still increasing, except for the 

4.5 and 2.5m depths at the 400m distance.   

Tmean (°C) Depth 

100m 
Distance 8.5m 6.5m 4.5m 2.5m 

Y
e

ar
 

1999 12.27 12.45 12.82 13.40 

2000 12.54 12.74 13.05 13.36 

2001 12.86 13.11 13.49 13.81 

2002 13.16 13.35 13.62 13.86 

2003 13.57 13.82 14.23 14.64 

2004 14.15 14.38 14.76 15.18 

2005 14.84 14.99 15.14 15.15 

2006 15.48 15.59 15.72 15.77 

2007 16.08 16.11 16.11 16.00 

  

Tmean (°C) Depth 

400m 
Distance 8.5m 6.5m 4.5m 2.5m 

Y
e

ar
 

1999 12.28 12.49 12.87 13.05 

2000 12.51 12.72 13.04 14.17 

2001 12.68 12.96 13.35 13.69 

2002 12.83 13.05 13.35 13.65 

2003 13.03 13.34 13.82 14.32 

2004 13.22 13.54 14.04 14.60 

2005 13.45 13.74 14.09 14.32 

2006 13.52 13.80 14.22 14.56 

2007 13.58 13.84 14.20 14.47 
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Figure 3.6 Nine-year simulated temperature from 100m, 200m, and 400m distances from 

wetland, at 4.5m depth using HYDRUS-3D.  The 100m location has not yet reached steady-

state conditions, so it is impossible to predict the maximum groundwater temperature as 

a result of wastewater infiltration.   

First, the HYDRUS-3D results can be compared against the observed temperature data, to 

evaluate the ability of the model to capture the general temperature patterns of the site.  

Figure 3.7 shows the modeled versus observed groundwater temperature pattern.  The 

modeled groundwater is compiled from the 4.5m deep observation nodes, while the 

observed data come from geotechnical holes P6 and P7, which were installed to a depth of 

4.3m.  It should be noted that P6 and P7 were chosen because of their distance from the 

wetland (114 and 137m, respectively) and because their depths were the closest to the 

4.5m model layer.  Table 3.5 shows the average temperature and variability of 1.5 years of 

observed and modeled temperature.  It should be noted that both Figure 3.7 and Table 3.5 
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show geotechnical hole data from 1/25/09 – 1/6/10 and model data from 1/25/07 – 1/8/08.  

These results suggest that the model captures both the timing and amplitude of the 

groundwater temperature, but at an approximately 1 – 2.5°C warmer mean temperature.  

The model data comes after multiple years of simulated wetland operation, which has 

caused an increase of baseline temperature. Also, the model does not capture events such 

as the Pudding River entering the floodplain, which may also contribute to the temperature 

offset.  Nonetheless, because it appears that the HYDRUS-3D model is capturing the general 

groundwater temperature patterns, it is possible to use the model to analyze the effects the 

wetland system will have on those patterns.   

 

Figure 3.7 Comparison of the modeled groundwater temperature at 4.5-m depth using 

HYDRUS-3D and the observed groundwater temperature from 4.3-m deep geotechnical 

holes.  The model captures the timing and amplitude of the natural groundwater 

temperature, but is warmer by approximately 1 – 2.5°C.   
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Table 3.5 Mean temperatures for the period of 9/24/08 – 1/6/10 for the geotechnical 

holes and for the period of 9/24/06 – 1/8/08 for the model.  Proximity to wetland is 

correlated with higher mean temperatures and greater temperature variability.   

Location  Tmean (°C) Distance from Wetland (m) 

P2 15.01 ± 2.79 18 

P3 13.20 ± 1.37 50 

P4 13.17 ± 1.27 96 

P5 11.20 ± 0.52 155 

P6 12.11 ± 0.78 114 

P7 11.77 ± 0.63 137 

Model - 2.5m Depth 16.18 ± 0.91 100 

Model - 4.5m Depth 16.15 ± 0.48 100 

Model - 2.5m Depth 15.06 ± 0.95 200 

Model - 4.5m Depth 14.65 ± 0.46 200 

Model - 2.5m Depth 14.68 ± 0.80 400 

Model - 4.5m Depth 14.29 ± 0.37 400 

By plotting the seasonal temperature-depth profiles for the 100m and 400m locations 

(Figure 3.8), it appears that the groundwater near to the wetland has a more uniform 

temperature profile in October (at the conclusion of wetland operation) and less uniform 

temperature profile in May (at the start of wetland operation), as compared to the distant 

groundwater.  Overall, the water at the 100m distance shows greater temperature 

variability than the water at the 400m distance. This may be due to the seasonal higher 

temperatures causing increased thermal gradients, and therefore greater conduction.  This 

result is consistent with the temperature patterns observed in the geotechnical holes, 

where P2 and P3 show greater variability than the more distant geotechnical holes (Figures 

3.4, 3.8, 3.10 and Table 3.5).  
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Figure 3.8 Modeled temperature profile, with depth, for the 100m and 400m distances 

from wetland.  The temperatures were taken from the ninth year of simulation, which had 

meteorological conditions pertaining to 2007.  Compared to the 400m distance, the 100m 

distance shows a more uniform temperature profile in October, at the end of the wetland 

operation, and a more diverse temperature profile in May, just before the beginning of 

wetland operation.   

Further, by plotting the mean temperature-distance profiles for the 100m, 200m, and 400m 

locations at all depths (Figure 3.9), it appears that the mean temperature declines rapidly 

near the wetland, and more gradually at greater distances.  It may be possible to fit an 

analytical solution to the temperature-distance profiles, but such an analysis is beyond the 

scope of this study.  Also, the average temperature throughout the water column becomes 

more uniform near the wetland, but as shown in Figures 3.4, 3.8, 3.10 and Table 3.5, the 

variability is also greater near the wetland.   
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Figure 3.9 Distance-temperature profile at 100m, 200m, and 400m distances from 

wetland, showing the mean annual temperature plotted as a function of distance from the 

wetland.  Averages were compiled from the sixth-ninth years of simulations, which 

pertained to meteorological conditions from 2004 – 2007.  Though not shown, the 

maximum temperatures had very similar temperature-distance profiles.   

Figure 3.10 plots the annual temperature peak amplitude (taken as one-half the difference 

between the minimum and maximum annual temperatures) against distance for both the 

observed and modeled points.  As seen in Table 3.5, proximity to the wetland can be 

correlated with greater temperature variability.  This is not a surprising result, considering 

that the wetland water itself has large diel and seasonal temperature amplitudes.  However, 

it is interesting to note that temperature amplitudes become half as great within the first 50 

meters of lateral distance, which signifies the heat pulse quickly becomes buffered.     
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Figure 3.10 Temperature amplitude plotted at various distances from the wetland.  Note 

that this model shows both observed data from the six geotechnical holes which surround 

the pilot wetland (depths between 3.2 – 4.3m) and modeled data from the full-scale 

wetland simulations.  The model results are averaged from the annual temperature 

amplitude at both the 2.5 and 4.5m depths, so as to have consistency with the 

geotechnical hole depths.   

3.4.3  Temperature Dispersion 

Based on both the observational and model results, it is hypothesized that the heat from the 

wastewater enters the subsurface as plug flow, and after 20 to 50 meters of travel away 

from the wetland begins to spread out (Figure 3.11).  Between 100 and 200 meters from the 

wetland, the heat is no longer seen as a pulse but rather as an increased annual mean 

temperature, with similar seasonal variation as natural groundwater.  This appears to be 

consistent with most studies for hyporheic exchange, which have found that hyporheic 

water with long retention times had diminished amplitude compared to the main channel 
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(Bryenton 2007; Poole et al. 2008).  In Chapter 2, the wetland’s peak temperature was 

found to move at a velocity of approximately 0.90 m/day.  Thus, it would take approximately 

55 days for the heat to travel 50 meters; that rate will likely slow at greater distances from 

the wetland, due to lower water velocities caused by the diminished water table gradient 

(as discussed in Chapter 2).  For example, the HYDRUS-3D simulation shows that the distant 

groundwater moves laterally at a volumetric flux of approximately 1 cm/day; assuming a 

porosity of 0.40, the groundwater will therefore move laterally approximately 9 m/year.   

 

Figure 3.11 Representation of the heat moving from the wetland.  It is hypothesized that 

the heat leaves the wetland as plug flow, but spreads out and becomes more averaged the 

longer it remains in the subsurface.  For the study site, it is hypothesized that the 

transition zone occurs between 20 and 200m down-gradient from the wetland.   

 Overall, there are two main phenomena which affect the groundwater temperature profile 

surrounding a hyporheic discharge point.  For one, as the hydraulic retention time increases, 

the hyporheic water temperature will transition from fluctuating daily to seasonally, until 

eventually reaching a climate-equilibrium steady-state, similar to the river alcove thermal 

model proposed by Bryenton (2007).  It should be noted that Bryenton’s proposed 
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temperature dispersal model is based on water originating in a large river, so that seasonal 

fluctuations were centered on the mean annual channel temperature.  The hyporheic 

discharge water in this study has a more narrow input temperature range (approximately 

18°C to 24°C), and the wetland will only be operated for five months out of the year.  As 

seen in Figure 3.9 and 3.10, the mean temperature and temperature amplitude decline as a 

function of distance from the wetland; that result is used to create the proposed theoretical 

temperature dispersion model for a hyporheic discharge system shown in Figure 3.12. 

 

Figure 3.12 Conceptual model of temperature dispersion with temporal scale.  As the 

hydraulic retention time of the water increases, its temperature fluctuations will 

transition from a diel frequency to a seasonal frequency to finally reaching a steady-state 

temperature reflecting the long term annual average temperature of the site. 

At the same time, as the wastewater moves laterally through the subsurface, it will be 

slowly cooled by conductive losses to the atmosphere, at a rate inversely proportional to the 

depth of the water squared.  This second-power relationship arises from the joint influence 

of two linear relationships with depth:  thermal energy from deeper water will both have a 
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longer distance to travel, and the thermal gradient (e.g., degrees per meter) driving heat 

flow will be lower.  The non-dimensional number W, shown in Equation 3.1, relates the 

water’s travel time to the thermal diffusion rate of the porous media.  W values much 

greater than 1 would indicate sufficient retention time to allow for near-complete cooling of 

the wastewater.   

 Equation 3.1 

Where K is the horizontal saturated conductivity (m/day), ne is the effective porosity, Δh is 

the difference in elevation between the discharge point and the receiving water body (m), L 

is the longitudinal distance between the discharge point and the receiving water body (m), 

αt is the thermal diffusivity of the porous media (m2/s), and d is the depth of the flowpath 

(m).   

A second non-dimensional number, J, can then be created to relate the infiltrated water 

temperature to the initial and steady-state temperatures, as shown by Equation 3.2. 

 Equation 3.2 

Where Ti is the initial water temperature, Thd is the hyporheic water temperature (at a point 

along its flowpath), and Tss is the steady-state water temperature, when the hyporheic 

water has come to equilibrium with the local environment.   

Figure 3.13 shows W and J values based on the HYDRUS-3D simulations, using the following 

parameters: Ti = 22°C; Tss = 14.3°C at the 2.5 m depth, 14°C at the 4.5 m depth, 13.7°C at the 

6.5 m depth, and 13.3°C at the 8.5 m depth; ne = 0.40; αt = 4.4x10-7 m2/s; Khorizontal = 7.8 m/d; 

and Δh which varied from 1.5 to 3.6 m, depending on the flowpath length, L.   The mean 
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temperature (Thd) was based on the simulated period of 1/1/2006 – 1/1/2008 (years 8 and 9 

of the simulation).   

 

Figure 3.13 Plot of non-dimensional numbers W and J.  W is the ratio of travel time of the 

water to the time it takes the heat to conduct from the water to the surface.  J is the 

percentage of temperature reduction, with 0 representing no cooling from the inlet 

temperature and 1 representing equilibrium with the atmosphere.  Data points come from 

the mean temperatures observed for Years 8 & 9 of the HYDRUS-3D simulation.    

Figure 3.13 shows that for W values greater than 1 thermal loss to the surface is assured and 

the water will be cooled, whereas for W values much smaller than 1 the data is more 

scattered, as other mechanisms besides conduction to the land surface are dominant.  For 

example, the amount of wintertime precipitation appears to influence the wintertime 

temperature decline for W values of less than 1.  Table 3.6 shows the total precipitation and 

average daily mean air temperature for three successive winters (2004-2005, 2005-2006, 
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2006-2007), as well as the minimum groundwater temperature as simulated by the 

HYDRUS-2D model. 

Table 3.6 Total precipitation, average daily mean air temperature and minimum 

groundwater temperature.  Groundwater temperatures come from the HYDRUS-2D 

model, at a distance of 300 meters from the wetland and a depth of 2.8 meters below the 

surface. The second year had the minimum groundwater temperature, possibly due to the 

increased precipitation of that winter. 

Winter 
Total Precipitation 

(m) 
Average Daily Mean 
Air Temperature (°C) 

Minimum 
Groundwater 

Temperature (°C) 

2004-2005 0.56 8.18 16.91 

2005-2006 1.11 7.66 15.89 

2006-2007 0.97 7.63 16.34 

The winters of 2005-06 and of 2006-07 had nearly identical average daily mean air 

temperatures, yet the former had a lower simulated minimum groundwater temperature, 

likely due to the larger amount of precipitation.  Similarly, Lancaster and Haggerty (2005) 

found that the amount of precipitation affected the rate at which the groundwater 

temperature declined from its peak.   

Figure 3.14 examines the simulated change in minimum groundwater temperature, on an 

annual basis.  The winter of 2005-06 had 0.56 meters more total precipitation than did the 

winter of 2004-05; for small W values, the simulation shows that the groundwater during 

the winter of 2005-06 reached lower temperatures than did the groundwater during the 

winter of 2004-05.  The winter of 2006-07 had 0.15 meters less total precipitation than did 

the winter of 2005-06; for small W values, the winter of 2006-07 had warmer minimum 

groundwater temperatures than the previous winter.  Based on this result, it can be 

assumed that for smaller W values (less than 5 in this case) the amount of precipitation is 

inversely correlated with the amount of wintertime temperature decline.  At the same time, 

the effect is not observed for larger W values (above 5 in this case), as the water is likely to 

have reached equilibrium with the atmosphere.  Thus it may be assumed that 
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meteorological conditions are among the factors which affect the temperature for systems 

with small or intermediary W values. 

 

Figure 3.14 Simulated change in minimum groundwater temperature between the winters 

of 2004-05 and 2005-06, and between the winters of 2005-06 and 2006-07, plotted against 

W value.  The blue diamonds correspond to the difference in minimum groundwater 

temperature between the winter of 2004-05 and the winter of 2005-06, when total 

precipitation increased 0.56m; the red squares correspond to the difference in minimum 

groundwater temperature between the winter of 2005-06 and the winter of 2006-07, 

when total precipitation decreased 0.15m.  Data were taken from the 200m and 400m 

locations, as the 100m location had not yet reached steady state.  For small W values, the 

annual change in minimum temperature is inversely correlated to the change in 

precipitation; for W values greater than 5, the effect is no longer observed, likely due to 

temperature equilibrium between the water and atmosphere.   
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Even though the results indicate that meteorological conditions such as precipitation have a 

varying effect on the groundwater thermal response, it may still be possible to develop a 

useful correlation between W and J.  For example, the W-J parameters could be used to give 

a conservative estimation of the minimum amount of cooling expected by a hyporheic 

discharge system, based on flowpath depth and retention time.   

3.4.4 Design Considerations for Hyporheic Discharge Systems 

The simulated and observational data suggest that hyporheic discharge systems could be 

designed with sufficient hydraulic retention time to buffer out the peak wastewater 

temperatures, and even to allow the wastewater to come to equilibrium with the 

atmosphere.  Thus, systems which either have soils with low permeability or have large 

distances between the infiltration wetland and the river may have sufficient hydraulic 

retention time to allow the water to become fully cooled.  On the other hand, soils with low 

permeability may severely limit the amount of water that can be discharged, making a 

hyporheic discharge system an impractical solution.  Likewise, physical, legal and financial 

constraints will often limit the practical distance between the injection wetland and the 

river.  Therefore, the feasibility of a hyporheic discharge system will depend on many 

variables, including hydraulic retention time, soil permeability, and the location and size of 

the infiltration wetland. 

In an attempt to simplify the initial feasibility determination process, the results from this 

study were used to formulate a set of non-dimensional numbers based on easily-quantified 

site and design parameters.  The first non-dimensional number, S, is a relationship of the 

hydraulic retention time of a system compared the minimum recommended retention time.  

While the minimum recommended retention time will vary based on design and permit 

requirements, in general it will be sufficient so as to allow the water to transition from the 

diel into the seasonal or steady-state temperature regimes (as shown in Figure 3.12).  The 

discussion below uses a minimum retention time of 200 days.    
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   Equation 3.3 

Where τ is the minimum recommended hydraulic retention time, Khorizontal is the horizontal 

saturated conductivity (m/day), ne is the effective porosity, Δh is the difference in elevation 

between the discharge point and the receiving water body (meters), and L is the longitudinal 

distance between the discharge point and the receiving water body (meters). 

The second non-dimensional number, I, is a parameter that relates the desired volumetric 

infiltration rate to the infiltration capacity of the site.  As discussed in Chapter 2, during 

operation of a recharge basin/infiltration wetland, the water table will either rise and 

become hydraulic connected to the surface (Case 1) or remain separated from the basin by 

an unsaturated zone (Case 2).  Case 1 is represented by Equation 3.4; Case 2 is represented 

by Equation 3.5.   

 Equation 3.4 

 Equation 3.5 

Where Qdesired is the desired volumetric infiltration flux (m3/day), A is the area of the 

infiltration system (m2), Khorizontal is the horizontal saturated conductivity (m/day), Krestrictive is 

the saturated conductivity through the most restrictive layer between the wetland and 

water table (m/day), Δh is the difference in elevation between the discharge point and the 

river (meters), and L is the longitudinal distance between the discharge point and the river 

(meters). 

Figure 3.15 shows S and I plotted against each other; this sample space has then been 

divided into four regions to allow for easy interpretation of the chart.  Region 1 signifies that 

location/design is completely feasible.  Regions 2 and 3 signify the design is likely feasible, 
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but should be evaluated to ensure it has either sufficient hydraulic retention time (Region 2) 

or infiltration capacity (Region 3).  Region 4 indicates that hyporheic discharge would be 

infeasible based on the proposed site and/or design.  While the isolines presented in Figure 

3.15 will shift depending on the design parameters, in general it can be assumed that 

moderate hydraulic conductivity (K) values may allow for feasible hyporheic discharge 

systems, whereas K values on either extreme will cause those systems to be infeasible.   

  



 

 
 

104 
 

 

 

Figure 3.15 Plot of non-dimensional numbers S vs. I, which can be used to assess site 

feasibility for hyporheic discharge.  The number S refers to the retention time constraint, 

while I refers to the infiltration rate constraint.  The chart can be divided into four regions: 

1) completely feasible; 2) feasible with possible retention-time constraints; 3) feasible 

with possible infiltration constraints; and 4) infeasible.  For this chart, the data points 

come from values of Qdesired = 7570 m3/d, A = 55000 m2, τ = 200 d, ne = 0.4, and Δh/L which 

ranged from 0.15 to 0.001.  K values are in m/d.  L = 1000, 500, 200, 100, 50, and 10 m, 

from left to right of each data series.  The two points labeled “Woodburn” show that a 5.5 

ha FSIW located 200 meters from the river would likely be capable of infiltrating 2.0 

Mgal/d of wastewater effluent, and that 4.7 Mgal/d may be possible depending on the 

safety factors used.   

The City of Woodburn has proposed constructing a full-scale infiltration wetland system to 

infiltrate up to 4.7 Mgal/d.  The city has 5.5 hectares of available land by which to create the 
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infiltration wetlands, located a distance of approximately 200 meters from the Pudding 

River.  Thus, by using the floodplain’s soil parameters and observed gradient (as determined 

in Chapter 2), the proposed system can be plotted as a single point.  As shown in Figure 

3.15, the City of Woodburn may be able to infiltrate 4.7 Mgal/d of wastewater, depending 

on the desired safety factor; 2.0 Mgal/d would be a more conservative design, to ensure 

system feasibility.   

In general, Equations 3.3 – 3.5 and Figure 3.15 were designed to be conservative estimates 

of hyporheic system performance.  Nonetheless, it would be useful to gain additional 

observational and modeling data by which to refine these parameters.  For example, it may 

prove informative to run the HYDRUS-3D model with a variety of different conditions, such 

as changing the wetland shape and size, using different wastewater temperature profiles 

and operational regimes, altering the soil parameters, adding system heterogeneity, 

increasing the number of observation nodes, and controlling the meteorological conditions.  

Further, even though Figure 3.15 has been presented as a way to reduce the amount of field 

data and modeling efforts needed to assess a site’s feasibility for hyporheic discharge, sites 

which fall into Regions 2 or 3 of the chart may warrant additional levels of in-situ analysis.   

3.5 Conclusion 

Temperature data were collected from an array of geotechnical holes which surrounded a 

0.15 hectare pilot scale infiltration wetland (PSIW).  Between the months of May and 

October 2009, the PSIW was filled with tertiary-treated wastewater, which was allowed to 

infiltrate into the shallow subsurface.  The temperatures in the nearest geotechnical holes 

show a clear rise in temperature due to the heat from the wastewater; the subsequent late 

summer decline in temperature is more gradual, possibly due to the gradual decline of 

water temperature within the infiltration wetland. 

These temperature data were next used to calibrate both HYDRUS-2D and HYDRUS-3D 

models.  Once calibrated, the models were adjusted to simulate a 5.5 hectare full-scale 
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infiltration wetland (FSIW) system in order to predict the surrounding groundwater’s long-

term thermal response.  The models were set up so that the FSIW was simulated as being 

operational between May 1st and September 30th of each year, for a period of nine years.  

The model does not reach steady-state conditions after nine years of simulation, likely due 

to the large model area (1500m x 750m x 40m) and low average groundwater velocity 

(approximately 9m/year).   

Overall, the simulations indicate that the wastewater heat will enter the subsurface as plug 

flow, which after some lateral distance will spread out and take on a near-constant annual 

mean temperature.  Based on hydraulic retention time, the wastewater temperature will 

transition from a diel-fluctuation regime to a seasonal-fluctuation regime, before finally 

reaching steady state.  At the same time, heat will be conducted from the water to the 

atmosphere, at a rate inversely proportional to the flowpath depth squared.  To estimate 

the relationship between retention time and conductive cooling, a non-dimensional 

number, W, was proposed.  This number W was then plotted against a second parameter, J, 

which describes the temperature reduction of the water.  While the temperature reduction 

parameter is affected by additional factors, such as the amount of wintertime precipitation, 

it may be possible to use W and J to identify hyporheic discharge infiltration sites that will 

allow for partial or complete cooling of the wastewater.   

Finally, in order to translate the results of this study to other sites, a second set of non-

dimensional numbers were proposed.  This set of numbers combine basic site properties 

with engineering design constraints to assess hydraulic retention time (S) against infiltration 

capacity (I).  The S and I parameters were used to create a hyporheic discharge design chart, 

by which other wastewater agencies can determine hyporheic discharge system feasibility.  

This may allow these agencies to forgo time- and cost-intensive modeling and pilot-scale 

assessment efforts.     

Altogether, the study found that wastewater treatment facilities faced with discharge 

temperature limits may be able to construct hyporheic discharge systems with sufficient 



 

 
 

107 
 

 
hydraulic retention time to spread out and possibly cool the wastewater heat.  Depending 

on the specifics of each facility’s permit, this can be used to ensure compliance with 

temperature TMDLs.  However, more study is needed to assess the effect of soil properties, 

wetland size and shape, wastewater temperature, and climatic conditions on the 

temperature patterns found during this analysis.   
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4 CONCLUSIONS 

This study examined the feasibility of infiltrating tertiary-treated wastewater into shallow 

groundwater (in a process called hyporheic discharge) so as to help municipalities come into 

compliance with Total Maximum Daily Load (TMDL) limits on effluent temperature.  To 

evaluate the potential of hyporheic discharge, the City of Woodburn, Oregon constructed a 

0.15 hectare pilot-scale infiltration wetland (PSIW) system.  This study attempted to 

characterize the water and heat transport of the PSIW through a variety of field 

measurements, including pressure head, water chemistry and temperature of the 

groundwater surrounding the PSIW.  This data was also used to calibrate a series of 

numerical simulations, created with the program HYDRUS 2D/3D.  Finally, the numerical 

models were used to predict the performance of a 5.5 hectare full-scale infiltration wetland 

(FSIW) system.   

The results of this study were divided into two chapters, one of which focused on the 

infiltration characterization of the system, while the second looked at the temperature 

patterns which result from hyporheic discharge systems.  Both of these components are 

crucial to determining the potential of a hyporheic discharge system: infiltration rates 

determine both the surface area required by a FSIW system and the temperature profiles 

which result from the system’s operation, while the temperature profiles will determine 

whether such a system could help municipalities comply with regulated temperature 

discharge limits.   

The infiltration analysis compared a series of methods which are often used to estimate 

infiltration rates.  This included groundwater chloride levels, peak temperature velocity, 

Darcy’s law, and numerical simulations.  It was determined that the while the water 

chemistry and temperature measurements could give rough estimates of the direction and 

rate of infiltration, they had even greater utility in calibrating the numerical models which 

were then used to examine the infiltration profile in greater detail.  The overall results 

suggest that the PSIW was characterized by a strong lateral velocity, which is speculated to 
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occur along the water table gradient, while the wetland interior has much lower velocities 

which occur in the vertical direction.  Specifically, the models indicate that the interior of the 

PSIW had a volumetric infiltration flux of 4 – 6 cm/day, while the perimeter volumetric 

fluxes ranged from 7 – 45 cm/day.   

It was hypothesized that because much of the infiltration occurred laterally, the total 

infiltration rate would become smaller as the wetland system was scaled up in size, due to 

the non-linear relation of perimeter-to-area ratio.  The numerical simulations of the FSIW 

support this hypothesis, predicting an interior infiltration rate of 0.8 – 2.5 cm/day, 

compared to perimeter fluxes of 3 – 16 cm/day.  These predicted vertical fluxes correspond 

well to the infiltration rate found through a water budget performed on-site.  The water 

budget compared inflows and outflows of a sunken depression in the floodplain and found 

an average infiltration rate of 3.5 cm/day.  It was assumed that, due to its low-lying 

topography, infiltration from this location occurred primarily in the vertical direction.  While 

water budgets have the potential for large error, they may be useful in predicting the 

maximum attainable infiltration rates on-site, and indicate locations where the permeability 

may permit a functional hyporheic discharge system.   

Once infiltration rates were characterized, the numerical simulations were used to examine 

the groundwater temperatures which result from the use of a hyporheic discharge system.  

Due to different constraints inherent in each model, both a HYDRUS-2D and a HYDRUS-3D 

site model were used for the temperature analysis.  Both models predicted that over a 

period of nine years, the groundwater around the wetland would increase in temperature 

relative to the ambient groundwater.  Further, the HYDRUS-2D model quickly reached 

steady-state conditions, which showed that the maximum groundwater temperature will be 

approximately 21°C at a distance of 20m from the wetland, and a maximum temperature of 

17.7°C at a distance of 300m from the wetland.  It should be noted that these results were 

at depths of 3.5 and 2.8m, respectively.  The HYDRUS-3D model, on the other hand, had not 

reached steady-state conditions after nine years of simulations.  This made it impossible to 
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predict an exact maximum temperature from this model.  Nonetheless, the HYDRUS-3D 

model was very useful in determining the groundwater temperature trends which may 

result from FSIW operation.   

The observed and simulated groundwater temperatures indicated that the wastewater heat 

enters the subsurface at plug flow, but then as it moves away from the wetland the heat 

begins to spread out and the temperature will become decoupled from the input 

temperature signal.   Based on hydraulic retention time, the infiltrated wastewater will 

transition from having diel-scale temperature fluctuations to seasonal-scale temperature 

fluctuations, before eventually reaching a steady-state temperature.   

In an attempt to translate the results of this study to other locations, two sets of non-

dimensional numbers were formulated.  The first set describes the cooling caused by 

conductive losses to the atmosphere, and can be used to identify locations where hydraulic 

retention time is sufficient to partially or fully cool the wastewater.  The second set uses 

basic soil properties and design variables to compare hydraulic retention time of a 

hyporheic discharge system with infiltration capacity of that system.  It is hoped that these 

non-dimensional numbers will be useful for wastewater agencies to easily evaluate the 

potential of a site and design for hyporheic discharge.  However, these numbers are best 

used for preliminary assessment purposes; each potential site should still be assessed 

independently with respect to the soils, topography, and climate, as each of these factors 

may affect the efficacy of a hyporheic discharge system.   

Finally, it should be noted that many of the results presented in this study are based on 

numerical models, and while every effort was made to calibrate and fine-tune the models to 

reflect the characteristics of the site as accurately as possible, all models contain some 

degree of assumptions and errors.  Further observational study of the pilot-scale infiltration 

system could offer a larger data set by which to better calibrate and validate the numerical 

models.  Likewise, observational study of a full-scale system would likely offer many 

valuable insights into the uses and limitations of numerical models for such applications.   
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Appendix A – Monitoring Well Installation Logs 
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Appendix B – HYDRUS-1D Inverse Solutions – P5, P6 and P7 

 

Figure B.1 Long-term inverse solution for geotechnical hole P5.  Observed data is from 

9/23/2008 – 9/30/2009. 
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Figure B.2 Long-term inverse solution for geotechnical hole P6.  Observed data is from 

9/23/2008 – 9/30/2009. 
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Figure B.3 Long-term inverse solution for geotechnical hole P7.  Observed data is from 

9/23/2008 – 9/30/2009. 
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Appendix C – HYDRUS 2D/3D Model Calibration/Validation 

 

Figure C.1 Simulated vs. observed pressure head results – 2D model.  This figure shows the 

observed vs. modeled pressure head for P2 and P3, which are the two closest geotechnical 

holes to the wetland, during the validation period of 9/23/2008 – 12/23/2008. 
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Figure C.2 Simulated vs. observed temperature results – 2D model.  This figure shows the 

observed vs. modeled temperature for P2 and P3, which are the two closest geotechnical 

holes to the wetland, during the validation period of 9/23/2008 – 12/23/2008. 
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Figure C.3 Simulated v. observed pressure head levels in the Pudding River floodplain.  

Line represents 1:1 relationship between observed and modeled values.  These points 

come from the HYDRUS-2D model, during the calibration period of 5/15/2009 – 

10/1/2009. 
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Figure C.4 Simulated v. observed temperature in the Pudding River floodplain.  Line 

represents 1:1 relationship between observed and modeled values.  These points come 

from the HYDRUS-2D model, during the calibration period of 5/15/2009 – 10/1/2009. 
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Figure C.5 Simulated v. observed pressure head levels in the Pudding River floodplain.  

Line represents 1:1 relationship between observed and modeled values.  These points 

come from the HYDRUS-2D model, during the validation period of 9/23/2008 – 

12/23/2008. 
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Figure C.6 Simulated v. observed temperature in the Pudding River floodplain.  Line 

represents 1:1 relationship between observed and modeled values.  These points come 

from the HYDRUS-2D model, during the validation period of 9/23/2008 – 12/23/2008. 
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Figure C.7 Simulated v. observed pressure head levels in the Pudding River floodplain.  

Line represents 1:1 relationship between observed and modeled values.  These points 

come from the HYDRUS-3D model, during the calibration period of 5/15/2009 – 

10/1/2009.
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Figure C.8 Simulated v. observed temperature in the Pudding River floodplain.  Line 

represents 1:1 relationship between observed and modeled values.  These points come 

from the HYDRUS-2D model, during the calibration period of 5/15/2009 – 10/1/2009. 
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Appendix D – Sump Rating Curve 

Table D.1 Survey information for sump area.  The survey was performed with GPS 

equipment by CH2M Hill staff on 8/7/2008. 

 Elevation Incremental Cumulative Cumulative Surface Surface 

 (ft) Vol (cu ft) Vol (cu ft) Vol (ac-ft) Area (ft
2
) Area (acres) 

102 0 0 0.00 0 0.00 

102.5 6 6 0.00 30 0.00 

103 25 31 0.00 61 0.00 

103.5 34 65 0.00 74 0.00 

104 40 105 0.00 87 0.00 

104.5 47 152 0.00 100 0.00 

105 21,201 21,353 0.49 34,962 0.80 

105.5 20,005 41,357 0.95 45,058 1.03 

106 25,050 66,407 1.52 55,106 1.27 

106.5 30,582 96,989 2.23 68,654 1.58 

107 38,366 135,355 3.11 87,370 2.01 

107.5 52,789 188,144 4.32 121,529 2.79 

108 65,001 253,145 5.81 137,901 3.17 

108.5 71,168 324,314 7.45 145,884 3.35 

109 74,835 399,148 9.16 153,416 3.52 

109.5 78,495 477,643 10.97 160,654 3.69 

110 82,229 559,872 12.85 168,264 3.86 
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Appendix E – Time-Series Graphs from HYDRUS-3D Simulations 

 

Figure E.1 Nine-year simulated temperature from 100m, 200m, and 400m distances from 

wetland, at 8.5m depth using HYDRUS-3D.  The 100m location has not yet reached steady-

state conditions, so it is impossible to predict the maximum groundwater temperature as 

a result of wastewater infiltration.   
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Figure E.2 Nine-year simulated temperature from 100m, 200m, and 400m distances from 

wetland, at 6.5m depth using HYDRUS-3D.  The 100m location has not yet reached steady-

state conditions, so it is impossible to predict the maximum groundwater temperature as 

a result of wastewater infiltration.   
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Figure E.3 Nine-year simulated temperature from 100m, 200m, and 400m distances from 

wetland, at 2.5m depth using HYDRUS-3D.  The 100m location has not yet reached steady-

state conditions, so it is impossible to predict the maximum groundwater temperature as 

a result of wastewater infiltration.   
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Appendix F – Pudding River Water Elevation (AMSL) 

 

Figure F.1 Pudding River water elevation AMSL, compiled from USGS 14201340.  Estimated 

datum at Woodburn POTW is 26.8 meters AMSL.  Pressure Head measurements from 

geotechnical holes P1 and P2 are shown for comparison; events where the Pudding River 

entered the floodplain can be identified by convergence of the three lines. 
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Appendix G – Water Chemistry Results 

Table G.1 Chloride concentrations (mg/L). Note: MW samples for 8/5/2009 and 9/2/2009 

were analyzed at OSU Collaboratory 

  9/9/08 9/30/08 10/7/08 11/13/08 1/2/09 1/24/09 3/6/09 

P1    27.04  25.00 41.72 

P2   80.86 83.74  57.30 60.99 

P3   41.93 51.24  17.95 8.18 

P4   4.05 4.76  7.11 4.60 

P5   3.60 3.51  3.60 3.82 

P6   2.82 2.46  2.74 3.04 

P7   2.35 2.27  2.40 2.51 

WETLAND   74.01     

MW2 57 60.3  66.2 76.2 74.2 77.1 

MW5 13.8 15.4  17.9  6.84 21.2 

MW6 3 2.79  2.58 3.07 3.2 2.98 

MW7 2.6 2.48  2.13 2.63 2.77 2.64 

MW8 4.8 4.21  3.86 4.13 4.11 4.08 

Wetland        
        

  4/6/09 5/1/09 6/3/09 7/1/09 8/5/09 9/2/09 10/1/09 

P1 52.41 45.79 47.74 63.83 77.33 79.47 74.65 

P2 64.18 62.35 60.54 65.42 75.20 76.53 75.96 

P3 7.39 8.47 27.06 56.31 71.32 75.67 77.20 

P4 4.06 4.06 4.63 4.93 5.49 5.65 6.23 

P5 3.92 4.07 4.01 3.78 3.66 3.72 3.73 

P6 3.41 3.62 4.06 3.35 3.11 3.08 2.94 

P7 2.61 2.57 2.78 2.58 2.48 2.39 2.43 

WETLAND   66.66     

MW2 86.4 75.9  66.6 64.94 72.28 59.3 

MW5 15.3 14  13 7.28 7.04 9.59 

MW6 3.05 3.06  3.06 2.99 3.25 2.87 

MW7 2.72 2.77  2.69 2.66 5.57 2.73 

MW8 4.07 4.31  4.39 4.26 7.69 4.22 

Wetland    69.8   69 
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Table G.2 Sulfate concentrations (mg/L). Note: MW samples for 8/5/2009 and 9/2/2009 

were analyzed at OSU Collaboratory 

  10/7/08 11/13/08 1/24/09 3/6/09 4/6/09 5/1/09 

P1  13.55 19.80 37.53 45.95 30.77 

P2 21.88 24.57 19.97 18.18 19.47 18.45 

P3 17.31 15.83 4.63 1.90 1.60 2.78 

P4 0.02 0.02 4.63 7.09 0.77 0.26 

P5 0.08 0.05 0.38 0.37 0.36 0.13 

P6 3.64 0.99 9.70 9.25 8.61 6.60 

P7 1.26 2.54 4.55 2.76 3.97 1.74 

WETLAND 21.38      

MW2       

MW5       

MW6       

MW7       

MW8       

Wetland       

       

  6/3/09 7/1/09 8/5/09 9/2/09 10/1/09  

P1 15.72 7.93 4.10 9.19 16.55  

P2 14.79 13.28 7.05 6.05 6.79  

P3 9.06 17.55 17.46 16.01 14.78  

P4 0.45 0.48 0.36 0.23 0.16  

P5 0.22 0.18 0.12 0.13 0.28  

P6 7.89 6.42 6.35 7.27 7.71  

P7 4.32 1.46 0.11 0.07 0.43  

WETLAND 15.03      

MW2  15.2 16.45 17.29 19.8  

MW5  0.35 0.17 0.07 0.12  

MW6  0.1 140.04 0.03 0.1  

MW7  0.19 0.59 0.16 0.19  

MW8  0.1 0.08 0.04 0.1  

Wetland  14.4   19.9  
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Table G.3 Nitrate concentrations (mg/L). Note: MW samples for 8/5/2009 and 9/2/2009 

were analyzed at OSU Collaboratory 

  9/9/08 9/30/08 10/7/08 11/13/08 1/2/09 1/24/09 3/6/09 

P1    6.25  0.60 0.03 

P2   40.39 40.62  8.40 0.48 

P3   2.66 6.57  0.90 0.03 

P4   n.a. 0.02  n.a. 0.20 

P5   n.a. 0.02  n.a. n.a. 

P6   0.29 0.04  1.46 1.35 

P7   0.39 0.37  3.38 1.25 

WETLAND   52.80     

MW2 n.a. n.a.  n.a. n.a. n.a. n.a. 

MW5 n.a. n.a.  n.a. n.a. n.a. n.a. 

MW6 n.a. n.a.  n.a. n.a. n.a. n.a. 

MW7 n.a. n.a.  n.a. n.a. n.a. n.a. 

MW8 n.a. n.a.  n.a. n.a. n.a. 0.11 

Wetland        

        

  4/6/09 5/1/09 6/3/09 7/1/09 8/5/09 9/2/09 10/1/09 

P1 n.a. n.a. 0.11 n.a. 0.22 n.a. 0.24 

P2 2.39 0.77 0.18 n.a. n.a. n.a. 0.91 

P3 0.05 0.02 3.50 0.38 n.a. n.a. 0.21 

P4 0.03 n.a. 0.02 n.a. 0.01 n.a. 0.04 

P5 n.a. 0.02 0.01 n.a. n.a. 0.03 0.02 

P6 1.18 0.75 0.27 0.03 0.03 0.35 0.35 

P7 1.82 0.08 0.23 0.02 0.02 0.04 0.17 

WETLAND   12.15     

MW2 n.a. n.a.  n.a. 0.28 n.a. n.a. 

MW5 n.a. n.a.  n.a. n.a. n.a. n.a. 

MW6 n.a. n.a.  n.a. n.a. n.a. n.a. 

MW7 n.a. n.a.  n.a. n.a. n.a. n.a. 

MW8 n.a. n.a.  n.a. n.a. n.a. n.a. 

Wetland    n.a.   0.12 
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Figure G.1 Sulfate concentrations. Note: P1 was sampled directly from surface water on 

8/05/09, 9/2/09 and 10/1/09.    
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Figure G.2 Nitrate concentrations. Note: P1 was sampled directly from surface water on 

8/05/09, 9/2/09 and 10/1/09 
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Figure G.3 Stiff plot – geotechnical holes – 10/7/2008 
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Figure G.4 Stiff plot – geotechnical holes – 1/24/2009 
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Figure G.5 Stiff plot – geotechnical holes – 4/6/2009 
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Figure G.6 Stiff plot – geotechnical holes – 7/1/2009 
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Figure G.7 Stiff plot – monitoring wells – 7/1/2009 
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Figure G.8 Stiff plot – geotechnical holes – 10/1/2009 
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Figure G.9 Stiff plot – monitoring wells – 10/1/2009 
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Figure G.10 Chadha diagram – geotechnical holes – 10/7/2008 
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Figure G.11 Chadha diagram – geotechnical holes – 1/24/2009 
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Figure G.12 Chadha diagram – geotechnical holes – 4/6/2009 
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Figure G.13 Chadha diagram – geotechnical holes and monitoring wells – 7/1/2009 
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Figure G.14 Chadha diagram – geotechnical holes and monitoring wells – 10/1/2009 
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