
s 
Water Solutions, Inc. 

June 10, 2011 

Ms. Lynne Kennedy 
City of Gresham Deparhnent of Environmental Services 
1333 NW Eashnan Parkway 
Gresham, Oregon 97030 

Dear Ms. Kennedy, 

Enclosed with this letter, please find a technical memorandum documenting pollutant fate and 
transport modeling that will be used to support the City of Gresham's application for an 
Underground Injection Control (UIC) Water Pollution Control Facility (WPCF) Permit from the 
Deparhnent of Environmental Quality (DEQ). The objectives of the modeling were to: 

• Develop proposed Effluent Discharge Limits (EDLs) for vertical separation distances of 
10 feet that are protective of groundwater quality in accordance with Oregon 
Administrative Rules (OAR) 340 - 040. We recommend that these proposed ED Ls 
replace the ED Ls currently in the DEQ UIC WPCF Municipal Permit template. 

• Determine the distance that pollutants would be transported in groundwater if pollutant 
breakthrough above background were to occur using the Environmental Protection 
Agency (EPA) BIOSCREEN saturated fate and transport model. 

The proposed EDLs are discussed in Section 3.0 of the technical memorandum, and are 
summarized in the table below. The proposed EDLs were developed using the average 
transport scenario, and are limited to a maximum of 10 times the current EDL in the permit 
template, or about 0.05% of the pollutant's solubility in groundwater (naphthalene only, which 
does not have an EDL in the UIC WPCF Permit Template). While the fate and transport model 

Alternate ED Ls (UICs ~ 10 feet vertical separation distance) 
CihJ. of_ Gresham, Oregon 

MRL DEQ Municipal UIC WPCF Permit 
Proposed EDL Output 

Pollutant 
(µg/L) 

Template EDL 
(µg/L) 

Concentration 
(µg/L) (µg/L) 

Naphthalene 0.0192 0.1400 10.0000 0.0000 

PCP 0.040 1.000 10.000 0.000 

DEHP 0.962 6.000 60.000 0.000 

2,4-D 0.100 70.000 4.140 0.100 

Toluene 0.50 1,000.0 9.6 0.50 
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results indicate that naphthalene concentrations as high as 20,000 micrograms per liter (ug/L) 
will not reach the groundwater table, the proposed EDL for naphthalene is 10 micrograms per 
liter (µg/L). This represents about 0.05% of the solubility, which is well below the 1 % solubility 
rule of thumb that suggests the presence of non-aqueous phase liquid. 

Modeling using the EPA' s BIOSCREEN groundwater fate and transport model is discussed in 
section 4.0 of the technical memorandum. BIOSCREEN modeling was performed for 
pentachlorophenol (PCP), naphthalene, 2,4-D, and toluene because these pollutants required 
over ten feet of transport to attenuate below background levels under certain overly­
conservative transport scenarios (i.e., to attenuate to below the method reporting limit under 
the reasonable maximum/worst case transport scenario). The BIOSCREEN model results 
indicate that if pollutant breakthrough occurs at the water table, pollutants will travel only a 
few feet from the UIC. 

If you have any questions, or need additional information, please do not hesitate to call me at 
(503) 239 - 8799 ext. 107. 

Attachments: 

Technical Memorandum: "Pollutant Fate and Transport Model Results in Support of the City of 
Gresham WPCF Permit" 
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Technical  Memorandum 

To: Lynne Kennedy/City of Gresham 
 Torrey Lindbo /City of Gresham 

From:   Heidi Blischke, RG/GSI Water Solutions, Inc. 
Matt Kohlbecker, RG/GSI Water Solutions, Inc. 
Rachael Peavler/GSI Water Solutions, Inc. 
 

Date: June 10, 2011 

Re:   Pollutant Fate and Transport Model Results in Support of the City of Gresham UIC 
WPCF Permit – Proposed EDLs 

 
Executive Summary 
GSI Water Solutions, Inc. (GSI) performed fate and transport modeling to support the City of 
Gresham’s (City) application for a an Underground Injection Control (UIC) Water Pollution 
Control Facilities (WPCF) Permit. The objectives of the model simulations were to 1) develop 
proposed Effluent Discharge Limits (EDLs) and 2) evaluate fate and transport of pollutants in 
groundwater. Two models [an existing unsaturated zone fate and transport model (i.e., Fate and 
Transport Tool) and Environmental Protection Agency’s (EPA) BIOSCREEN model] were used 
to achieve the objectives.  

The Fate and Transport tool uses a one-dimensional pollutant fate and transport equation 
[Advection Dispersion Equation (ADE)] to estimate the magnitude of pollutant attenuation 
during transport through the unsaturated zone. This constant source ADE incorporates 
sorption, degradation (biotic and abiotic), and dispersion to estimate pollutant concentration at 
the water table. Two scenarios were evaluated using the Fate and Transport Tool: 1) the average 
scenario, which is represented by the central tendency or expected mean value of the parameter 
and 2) the reasonable maximum scenario, which is represented by the upper bound or highest 
value that could potentially occur. 

Proposed EDLs were developed for pentachlorophenol (PCP); di(2-ethylhexyl)phthalate 
(DEHP); 2,4-D; and toluene; all of which have EDLs in the draft municipal permit template.  In 
addition, a proposed EDL was developed for naphthalene (which does not have an EDL in the 
draft UIC WPCF template) because naphthalene is detected in 74% of City of Gresham storm 
water samples collected during 2009 - 2010, and the reasonable maximum scenario indicated a 
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slight possibility that naphthalene could reach groundwater at detectable concentrations.    
Proposed EDLs were based on the average scenario of the Fate and Transport Tool, which DEQ 
considers the most reasonably likely scenario and the basis for regulatory decision-making, and 
a 10-foot separation distance between the bottom of the UIC and seasonal high groundwater. 
The proposed EDLs were developed based on the assumption that groundwater is protected 
when pollutant concentrations just above the water table are below the method reporting limit 
(MRL). Proposed EDLs were limited to a maximum of 10 times the EDL in the draft UIC WPCF 
permit template (PCP; DEHP; 2,4-D; toluene) or about 0.05% of the solubility of the pollutant in 
water (naphthalene, which does not have an EDL).  For naphthalene, fate and transport 
modeling shows that concentrations as high as the solubility (20 mg/L)  will attenuate prior to 
reaching the water table with a 10-foot separation distance; however, 1% of the solubility is 
suggestive of the presence of free phase hydrocarbons.  Therefore, to be conservative and 
protective, while proposing a concentration that is reasonably achievable in municipal 
stormwater, a value of about 0.05% of the solubility of naphthalene is proposed.   Results from 
the Fate and Transport Tool indicate that acceptable proposed EDLs for PCP and DEHP are 
greater than 10 times the EDL listed in the draft UIC WPCF template.  However, conservatively, 
10 times the EDL listed in the draft UIC WPCF template is proposed as the alternate EDL. The 
proposed EDLs for 2,4-D and toluene are less than the EDL in the draft UIC WPCF template 
(2,4-D and toluene proposed EDLs are 4.14 and 9.0 micrograms per liter, respectively) because 
these pollutants are more mobile.   

In addition, fate and transport modeling in the saturated zone was conducted using the EPA’s 
BIOSCREEN model to evaluate pollutant travel distances in groundwater. Under the reasonable 
maximum scenario of the Fate and Transport Tool, which is considered overly-conservative and 
to be used as a gage of model sensitivity, PCP, naphthalene, 2,4-D, and toluene require over 10 
feet of separation distance to attenuate below MRLs. As such, fate and transport of these 
pollutants in groundwater were evaluated using the EPA’s BIOSCREEN model, an analytical 
one-dimensional pollutant fate and transport model that simulates pollutant attenuation by 
dispersion, biodegradation, and retardation under saturated conditions. Two BIOSCREEN 
simulations were performed for each pollutant: one representing an average transport scenario 
and the other representing a reasonable maximum transport scenario. Results from the 
BIOSCREEN simulations indicate that pollutants travel less than 2.5 feet (average scenario) and 
8 feet (reasonable maximum scenario) from the UIC.  The estimated transport distances in 
groundwater are shown in Table 19.   

1.0  Introduction 
This technical memorandum (TM) presents the technical methodology used to evaluate the fate 
and transport of select stormwater pollutants in the saturated and unsaturated zone. GSI used 
the Fate and Transport Tool and the BIOSCREEN model, modified specifically for the geologic 
and stormwater pollutant conditions in Gresham, to determine proposed EDLs that are 
protective of groundwater and to determine transport distances in groundwater needed for 
pollutants to reach background concentrations (i.e., the MRL).   
 
The City has applied for a UIC WPCF permit from DEQ. DEQ has agreed that the Fate and 
Transport Tool is appropriate for use as a basis for recommending alternate EDLs as a part of 
the UIC WPCF permit application. In addition, DEQ suggested model simulations using the 
EPA’s BIOSCREEN model for saturated zone fate and transport are appropriate to determine 
the distance that pollutants would migrate in groundwater if pollutant breakthrough were to 
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occur. Both the Fate and Transport Tool and the BIOSCREEN simulation results are to be 
submitted by the City in support of its UIC WPCF permit application. 

 
1.1  Objectives 
The Fate and Transport Tool is useful for risk assessment purposes, and the average transport 
scenario is considered to represent likely conditions upon which regulatory decisions may be 
based. 
 
The objectives of this TM are:  

• Develop proposed EDLs for vertical separation distances of 10 feet that are protective of 
groundwater quality in accordance with Oregon Administrative Rules (OAR) 340-040. 

• Under the reasonable maximum scenario, determine the distance that pollutants would 
be transported in groundwater if pollutant breakthrough were to occur above 
background concentrations.  
 

1.2  UIC Conceptual Model 
UICs are used to manage stormwater by infiltrating precipitation (e.g., stormwater runoff) into 
the ground. For many areas in Gresham, UICs are the only form of stormwater disposal 
available. Infiltration of stormwater into the ground maintains aquifer recharge in an urbanized 
area. The conceptual site model for stormwater infiltration fate and transport calculations is 
shown schematically in Figure 1. 
 

 

 
 

 
Figure 1. Conceptual model. 
City of Gresham, Oregon 
 
A typical City-owned UIC system consists of a stormwater inlet (e.g., catch basin) and the UIC.  
Most City-owned UICs are generally 4 feet in diameter and range in depth from about 20 feet to 25 
feet.  In accordance with the draft UIC WPCF permit template, the compliance point for effluent 
discharge limits is the end-of-pipe (EOP), where stormwater is discharged into the UIC.  
 

UIC 

Unsaturated Soil (variable 
saturation and variable 
thickness) 

Saturated Zone 

Fate and Transport Equation Assumptions: 
- Constant Stormwater Input Concentration 
- Constant Stormwater Flow volume 
- Constant Water Level in UIC 
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Infiltration 
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As shown in Figure 1, stormwater discharges into the UIC, infiltrates through the unsaturated zone, 
and recharges groundwater. Infiltration through the unsaturated zone likely occurs under near-
saturated conditions because of the near-constant infiltration of water during the rainy season (for 
modeling purposes, the duration of the rainy season is estimated to be 7 months). Before entering 
the unsaturated zone, large-size particulate matter (which pollutants may be sorbed to) falls out of 
suspension into the bottom of the UIC. During transport through the unsaturated zone, pollutant 
concentrations attenuate because of degradation, dispersion, volatilization, and retardation. 
Therefore, pollutant concentrations in the vadose zone beneath the UIC are lower than pollutant 
concentrations measured at the stormwater inlet. 
 

1.3  Technical Memorandum Organization  
This TM is organized as follows: 

• Section 1: Introduction. Outlines the TM’s objectives, and discusses the conceptual model 
for stormwater infiltration fate and transport calculations.  

•  Section 2: Unsaturated Zone Fate and Transport Tool. Describes the Fate and Transport 
Tool, including fate and transport processes, rationale for choosing pollutants, governing 
equations, justification for the input parameters, and results from the average and 
reasonable maximum scenarios of the Fate and Transport Tool.   

• Section 3: Development of Proposed EDLs. Summarizes the results of the fate and 
transport modeling in the unsaturated zone with respect to developing proposed EDLs. 

• Section 4: BIOSCREEN Modeling in the Saturated Zone. Describes how BIOSCREEN was 
used to determine the distance that pollutants would migrate in groundwater if pollutant 
breakthrough were to occur; presents justification for the input parameters; and summarizes 
the results of the modeling.    

• References 

 
2  Unsaturated Zone Fate and Transport Tool  
This section describes the fate and transport processes, rationale for pollutant selection, 
equations, and input parameters used in the Fate and Transport Tool. 
 

2.1  Conceptual Site Model of UIC Stormwater Infiltration and Pollutant Fate and 
Transport in Unsaturated Soils 
The stormwater EDLs proposed in the draft UIC WPCF permit template are based on Oregon 
groundwater protection standards (measured in groundwater), federal drinking water 
standards (measured in drinking water), and other health-based limits. Compliance with EDLs 
is based on pollutant concentrations detected at the point stormwater enters the top of the UIC 
(i.e., EOP) and for most pollutants, with the exception of lead, does not account for the 
treatment/removal (i.e., attenuation) of pollutants by subsurface soils between the point of 
discharge and seasonal high groundwater. The Fate and Transport Tool approach was 
developed to estimate pollutant attenuation during transport through the unsaturated zone (i.e., 
soils above the water table and below the UIC) before reaching groundwater. 
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Stormwater discharge to a UIC infiltrates into the unsaturated zone and is transported 
downward by matric forces that hold the water close to mineral grain surfaces. The conceptual 
site model for stormwater infiltration is shown schematically in Figure 1. 
 
Pollutants are attenuated during transport through the unsaturated zone by:  
 

• Volatilization. Volatilization is pollutant attenuation by transfer from the dissolved 
phase to the vapor phase. Because soil pores are only partially filled with water, 
chemicals with a high vapor pressure volatilize into the vapor phase. The propensity of 
a pollutant to volatilize is described by the Henry’s constant. Because the Henry’s 
constant for PCP is low (i.e., 2.44 x 10-8 atm-m3/mol) and volatilization is not significant 
at depths below most UIC bottoms (i.e., 25 feet), volatilization is not included for any of 
the pollutants included in the Fate and Transport Tool (USEPA, 2001). 
 

• Adsorption. Adsorption is pollutant attenuation by partitioning of substances in the 
liquid phase onto the surface of a solid substrate. Physical adsorption is caused mainly 
by van der Waals forces and electrostatic forces between the pollutant molecule and the 
ions of the soil molecule’s surface. Adsorption is a function of foc (fraction organic 
compound) and Koc (organic carbon partitioning coefficient).  The model ignores 
adsorption to mineral soils and only considers sorption to organic carbon. 
 

• Degradation. Degradation is pollutant attenuation by biotic and abiotic processes. 
Abiotic degradation includes hydrolysis, oxidation-reduction, and photolysis. Biotic 
degradation involves microorganisms metabolizing pollutants through biochemical 
reactions. Degradation is described by a first-order decay constant.  
 

• Dispersion. Dispersion describes pollutant attenuation that results from pore water 
mixing. Dispersion is described by the dispersion coefficient, which is a function of pore 
water velocity and distance traveled by the contaminant. 

 

2.2  Gresham Geology  
Data about shallow geology in the Gresham vicinity were obtained from the Oregon 
Department of Geology and Mineral Industries (DOGAMI), Oregon Geologic Data Compilation 
(DOGAMI, 2010). Shallow geology in the Gresham vicinity consists of highly permeable 
catastrophic flood deposits (Qmf) underlain by cemented gravel of the Troutdale Formation 
(Madin, 1990), and is described below: 

• Missoula Flood Deposits (Qmf). Gravel with silt and coarse sand matrix. Gravel size 
ranges from pebbles to boulders. 

• Troutdale Gravel (QTg). Cemented gravel with sand and silt matrix. Gravel size ranges 
from pebbles to boulders. 

The Missoula Flood Deposits are equivalent to the Unconsolidated Gravel Aquifer (UGA) or 
Unconsolidated Sand Aquifer (USA), and the cemented gravels of the Troutdale Gravel are 
equivalent to the Troutdale Gravel Aquifer (TGA) (USGS 1996a; USGS 1996b; USGS, 1998). 
Figure 2, which is presented at the end of this TM, presents a Gresham geologic map showing 
UIC locations. 
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2.3  Pollutant Selection 
Stormwater pollutants for evaluation were developed based on chemical toxicity, frequency of 
detection, and mobility and persistence in the environment. This is the same process and 
resulted in selection of the similar chemicals as were modeled for the City of Portland. 
Chemicals were selected to represent each of the following broad chemical categories: volatile 
organic compounds (VOC), semivolatile organic compounds (SVOC), pesticides/herbicides, 
metals, and polycyclic aromatic hydrocarbons (PAH).   
 
The following process was used to rank chemicals according to toxicity, mobility, persistence, 
and frequency of detection: 
 

1. All chemicals were assigned a toxicity category based on maximum contaminant levels 
(MCL), where available. Where MCLs were not available, the EPA Preliminary 
Remediation Goal (PRG) was used. Lower values correspond to higher toxicity. 
Chemical toxicity was ranked as: 
 

• High (MCL<10) 
• Medium (MCL 10 to 100) 
• Low (MCL >100) 

 
2. All chemicals were assigned a mobility category based on their EPA groundwater 

mobility ranking value (for liquid, non-karst). Values were obtained from EPA’s 
Superfund Chemical Data Matrix Methodology, Appendix A (USEPA, 2004). In the 
absence of an EPA mobility ranking value, mobility categories were assumed on the 
basis of the chemicals’ solubility and partition coefficient using professional judgment. 
Chemical mobility was ranked as: 
 

• High (EPA mobility ranking of 1.0) 
• Medium (EPA mobility ranking of 0.01) 
• Low (EPA mobility ranking of <0.01) 

 
Solubility also was considered when assigning chemicals to mobility categories.  Use of 
EPA mobility ranking and solubility resulted in chemicals being assigned to the same 
mobility category. 
 

3. All chemicals were evaluated on the basis of their persistence in the environment. 
Persistence represents the residence time a chemical remains in the system. This is best 
evaluated through degradation rates because speciation and availability can be 
reversible. Persistence was ranked on the basis of the chemical half-lives. Chemical half-
lives were taken from Canadian Environmental Modeling Center Report No. 200104, as 
follows: 
 

• Low (0 to 49 days) 
• Medium (50 to 499 days) 
• High (500 days and greater) 
• Infinite (does not degrade) 
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4. All chemicals were evaluated with respect to frequency of detection, as determined by 
the frequency of detection during the Gresham winter 2009 – 2010 stormwater sampling 
event. Frequency of detection was ranked as: 
 

• High (75 to 100 percent) 
• Medium (21 to 74 percent) 
• Low (<20 percent) 

 
The information used to assign these categories for each chemical and their resulting ranking by 
characteristic are included in Table 1, which is presented at the end of this TM.   
 
As noted previously, chemicals were selected by the ranking criteria described above. However, 
chemicals were included in each of the five broad chemical categories: VOCs, SVOCs, metals, 
PAHs, and pesticides/herbicides. For each of the five chemical categories, the following 
characteristics were considered in the following order: 

1. Frequency of detection (Chemicals in the “low” category were not considered further, 
except in the case of VOCs, which all were in the “low” category.) 

2. Mobility (Chemicals in the “low” category were not considered further, with the 
exception of PAHs, which all have low mobility.) 

3. Persistence 

4. Toxicity  

In the event that multiple chemicals had similar scores, chemicals from the common pollutant 
list were selected instead of chemicals from the priority pollutant list.  

 
Based on the process described above, the following representative chemicals were selected for 
analysis in the Fate and Transport Tool: 
 

1. VOCs:   Toluene  

2. SVOCs:   Pentachlorophenol and di(2-ethylhexyl)phthalate 

3. PAHs:  Benzo(a)pyrene and naphthalene 

4. Metals: Copper and lead 

5. Pesticides/herbicides:   2,4-D  

 
Selection of representative chemicals for the five chemical categories was fairly straightforward, 
with the exception of the PAHs. Many PAHs have a high frequency of detection and toxicity, 
but low mobility. Benzo(a)pyrene was selected because it is the only PAH on the common 
pollutant list. Naphthalene, which is less toxic than benzo(a)pyrene, also was selected because it 
represents a low molecular weight PAH which is more mobile and therefore has a higher 
detection frequency than benzo(a)pyrene.   
 

2.4  Data Collection 
Based on the pollutants selected using the criteria in section 2.3, City of Gresham staff collected 
62 stormwater samples at 60 UICs during the 2009-10 wet season.  Sampling locations were 
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collected using the Generalized Random Tessellation Stratified (GRTS) survey design, which is 
a spatially balanced and random sampling approach that was stratified by traffic patterns 
(greater than and less than 1000 vehicle trips per day).  During sample collection, one sample 
was collected shortly after oil was illegally dumped into a catch basin.  The City notified DEQ 
and the UIC was cleaned.  Data collected at this site was considered to be atypical; the site was 
resampled and the oily sample was removed from the data utilized in the calculations for this 
report. 
 

2.5  Governing Equation 
A one-dimensional pollutant fate and transport equation was used to estimate the magnitude of 
pollutant attenuation during transport through the unsaturated zone. This constant source ADE 
incorporates sorption, degradation (biotic and abiotic), and dispersion to estimate pollutant 
concentration at the water table (e.g., Watts, 1998). This equation is provided below: 
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and: 
 y is distance in the vertical direction (L), 
 v is average linear velocity (L/T), 
 D is the dispersion coefficient (L2/T), 
 R is the retardation factor (dimensionless),  
 k is the first-order degradation constant (T -1), 
 t is average infiltration time (T),  
 C0 is initial pollutant concentration (M/L3),  
 C(y, t) is pollutant concentration at depth y and time t (M/L3), and 

erfc is complementary error function used in partial differential equations 
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Equation (1) is an exact solution to the one-dimensional ADE. The exact solution can be used for 
both short (i.e., less than 3.5 meters) and long transport distances (greater than 35 meters; 
Neville and Vlassopoulos, 2008). An approximate solution to the 1-dimensional ADE has also 
been developed, and can only be used for long transport distances. Because the separation 
distances that are being evaluated are both short and long, this TM uses the exact solution to the 
ADE for the Fate and Transport Tool.  
 
The key assumptions in applying this equation include: 

• Transport is one-dimensional vertically downward from the bottom of the UIC to the 
water table  (Note:  water typically exfiltrates from holes in the side of the UIC, as well 
as from the bottom). 

• The stormwater discharge rate into the UIC is constant and maintains a constant head 
within the UIC to drive the water into the unsaturated soil. (Note: stormwater flows are 
highly variable, short duration, and result in varying water levels within the UIC 
dependent on the infiltration capacity of the formation.) 

• Pollutant concentrations in water discharging into the UIC are uniform and constant 
throughout the period of infiltration (note that concentrations are variable seasonally 
and throughout storm events). 

• The pollutant undergoes equilibrium sorption (instantaneous and reversible) following a 
linear sorption isotherm. 

• The pollutant is assumed to undergo a first-order transformation reaction involving 
biotic degradation. 

• The pollutant does not undergo transformation reactions in the sorbed phase (i.e., no 
abiotic or biotic degradation). 

• There is no portioning of the pollutant to the gas phase in the unsaturated zone. 

• The soil is initially devoid of the pollutant. 

The above assumptions provide a conservative evaluation of pollutant fate and transport for the 
following reasons: 

• Modern UICs are constructed with a solid concrete bottom so stormwater is discharged 
horizontally through the sides of the UIC at up to 20 feet above the bottom of the UIC 
and then migrates vertically downward. Thus, the assumption that stormwater flows 
vertically downward from the base of the UIC underestimates the travel distance of 
stormwater in the unsaturated zone. 

• Stormwater flow from the UIC is assumed to be constant with a uniform flow through 
the unsaturated zone, while in reality stormwater flows are highly variable and short in 
duration resulting in varying water levels within the UIC depending on the infiltration 
capacity of the formation. Thus, the UIC periodically will fill with water and then drain. 
This will cause variable flow from the UIC. It is not feasible to simulate complex cycles 
of filling and drainage for each UIC. Thus, the simplified approach is implemented in 
which the analytical solution is used to predict concentrations at a time corresponding to 
the period over which the UIC likely contains water. This approach is conservative 
because it predicts the maximum infiltration that would be expected at the water table 
sustained for the period during which the UIC contains water. 
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• Pollutant concentrations are assumed to be constant, while in reality they are variable 
throughout storm events. This likely over-predicts the concentration throughout the 
duration of a storm event. In addition, the Fate and Transport Tool does not take into 
account pollutant attenuation that occurs while in the UIC (i.e. through adsorption to 
sediment or organic matter in the UIC) before entering the surrounding soil. 

The following sections discuss calculation of the retardation factor, dispersion coefficient, and 
average linear groundwater velocity. 
 
Retardation Factor 
The retardation factor, R, is estimated by the following equation (Freeze and Cherry, 1979): 
 

      
( )( )( )

η
ρ ococb fK

R +=1                    (2) 

 
where: 
 ρb is soil bulk density (M/L3), 
 Koc is the organic carbon partitioning coefficient (L3/M), 
 foc is fraction organic carbon (dimensionless), and 
 η is total porosity (dimensionless). 
 
Dispersion Coefficient 
Dispersion is the spreading of a pollutant plume caused by pore water mixing and differential 
advection. The dispersion coefficient, D, is defined as: 
 

vD Lα=       (3) 
where: 

v is average linear groundwater velocity (L/T), and 
αL is longitudinal dispersivity (L). 

 
The dispersivity (and therefore the dispersion coefficient) is a scale-dependent parameter. 
According to a review of tracer tests conducted under saturated conditions, dispersivity is 
estimated as (Gelhar et al., 1992): 
 

10
L

L≤α       (4) 

where: 
L is the length scale of transport (i.e., separation distance) (L). 

 
However, according to a review of tracer tests conducted in the unsaturated zone, dispersivity 
can be significantly less than would be estimated by Equation (4) (Gehlar et al., 1985): 
 

10010
LL

L≤≤α         (5) 
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Because the unsaturated zone under the UICs is at near-saturated conditions, this TM assumes 

that 
20
L

L=α , which is less than saturated dispersivity, but is on the high end of the reported 

range in unsaturated dispersivity. 
 
Vertical Groundwater Velocity 
Vertical groundwater velocity in the unsaturated zone is calculated by Darcy’s Law (Stephens, 
1996): 
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where: 
 qy is specific discharge (L/T), 
 Ku is unsaturated hydraulic conductivity (L/T), 
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these conditions, equation (6) reduces to (Stephens, 1996): 
 

uy Kq −=       (7) 
 
According to Stephens (1996), the velocity in Equation (7) (called the Darcy flux) should be used 
to calculate recharge in the unsaturated zone.   

 
2.6  Input Parameters 
The Fate and Transport Tool uses available local geology and hydrogeology information. 
Physical and chemical properties of unsaturated zone soils and pollutants are obtained from 
selected references and available regulatory guidance, as noted below. Parameter values were 
chosen to characterize the average and reasonable maximum scenarios. The average scenario 
parameter values represent the central tendency or expected mean value of the parameter and 
the reasonable maximum scenario parameter values represent the plausible upper bound or 
highest value reasonably expected to occur. 
 



  

12 
 

The magnitude of pollutant attenuation during transport through the unsaturated zone is 
controlled by physical and chemical properties of unsaturated zone soil and pollutant, 
including: 
 

1. Pore Water Velocity, v. Pore water velocity is the rate that water moves downward through 
the unsaturated zone, and is directly proportional to soil moisture content. 

2. Porosity, η. Porosity is the percent of pore space in soil. 
3. Soil Moisture Content, Θ. Soil moisture content is the percent of water in soil, and is equal 

to or less than porosity.  
4. Soil Bulk Density, ρb. Soil bulk density is the density of soil, including soil particles and 

pore space. 
5. Fraction Organic Carbon, foc. Fraction organic carbon is a dimensionless measure of the 

quantity of organic carbon in soil (i.e., gcarbon /gsoil), and is used to estimate the capacity of a 
soil to adsorb pollutants. 

6. Organic Carbon Partitioning Coefficient, Koc. The organic carbon partitioning coefficient is 
defined for the pollutant, and specifies the degree to which it will partition between the 
organic carbon and water phases. In the case of PCP, this parameter is also pH-specific. 

7. Distribution Coefficient, Kd.  The distribution of metals between solid (sorbed to solids or 
organic materials) and dissolved phases. 

8. Hydraulic Conductivity, K.  Hydraulic conductivity is a proportionality constant that, 
under unsaturated conditions, is equivalent to groundwater velocity  

9. Degradation Rate Constant, k (Biodegradation Rate).  Microbial process by which organic 
compounds are broken down into other substances.  Degradation rate is a chemical-specific, 
first-order rate constant, and depends on whether the unsaturated zone is aerobic or 
anaerobic. Metals (copper and lead) are elements and therefore do not undergo degradation. 

10. Infiltration Time.  Length of time during the year that rainfall occurs and causes runoff into 
a UIC. 
 

 
2.6.1  Pore Water Velocity 
Of the ten parameters listed above, the most important in fate and transport analysis is average 
linear groundwater velocity (pore water velocity) in the unsaturated zone. Because estimates of 
unsaturated zone groundwater velocity are not available for the unsaturated zone in Gresham, 
unsaturated zone groundwater velocity was estimated using the hydraulic conductivity from 
pump-in tests conducted on Gresham’s UICs. Input parameters are described in detail below. 
 
2.6.2  Total Porosity 
Total porosity (η) is the percent of pore space in a material. Porosities are correlated with material 
type; therefore, porosities of the Missoula Flood Deposits (Qmf) were estimated from references. A 
typical total porosity of the Qmf (i.e., gravels) is 0.325 (Freeze and Cherry, pg. 37, 1979). 
 
2.6.3  Soil Moisture Content 
Soil moisture content is the percent of water in soil, and is equal to or less than porosity. 
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 2.6.4  Soil Bulk Density 
Bulk density (ρb) is the density of a material, including material particles and pore space. According 
to Freeze and Cherry (1979), bulk density is calculated from porosity by the following formula: 

 
( )ηρ −= 1652.b

     (8) 
 
Bulk density was calculated using the porosity of a gravel from Freeze and Cherry (1979) discussed 
above. According to Equation (8), the bulk density for the Qmf is 1.79 g/cm3. 
 
2.6.5  Fraction Organic Carbon 
Fraction organic carbon (foc) is a dimensionless measure of organic carbon content in a material (i.e., 
gcarbon /gsoil). Pollutants sorb to organic carbon; therefore, pollutant retardation is directly 
proportional to fraction organic carbon.  
 
Carbon in unsaturated material beneath a UIC is derived from two sources: 
 

• Organic carbon incorporated into the sediments during deposition  
• Particulate matter (e.g., degraded leaves, pine needles, pollen, etc.) that is filtered out of 

stormwater and accumulates in soil adjacent to UICs as stormwater discharges from the UIC 
 
Organic carbon incorporated into the Portland Basin sediments (i.e., Missoula Flood Deposits) 
during deposition is approximately an order of magnitude less than organic carbon that 
accumulates in soil as a result of stormwater infiltration (GSI, 2008). Therefore, the fate and 
transport analysis only considers organic carbon that accumulates in the unsaturated zone materials 
because of stormwater infiltration. 
 
Accumulation of organic carbon in the unsaturated zone materials beneath a UIC is estimated from 
total organic carbon (TOC) in stormwater and the amount of stormwater that infiltrates at a typical 
UIC. The TOC concentration in stormwater was estimated using data from stormwater samples 
collected at 61 City-owned UICs in Gresham, 15 UICs in Clackamas (collected by Water 
Environmental Services), and 12 UICs in Portland (collected by Bureau of Environmental Services). 
TOC concentrations vary during the year, and are highest during leaf fall in October and November 
and lowest after leaf fall in December and January. To account for the variation in TOC loading that 
occurs throughout the year, a time-weighted TOC concentration was used to estimate TOC 
accumulation in vadose zone soil. Assumptions that were used in estimating TOC concentration 
include: 

• TOC loading occurs during the rainy season, which is estimated to be from October through 
April (i.e., seven months), 

• TOC data collected in Milwaukie, Gladstone, and Lake Oswego during the month of 
November represents TOC loading during “leaf fall”. Leaf fall is estimated to occur during 
October and November (i.e., two of the seven months that TOC loading occurs), 

• TOC data collected in Gresham during December and January represents TOC loading 
during “post leaf fall”. Post leaf fall is estimated to occur during December through March 
(i.e., four of the seven months that TOC loading occurs), and 
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• TOC data collected in Portland during April represents TOC loading during “leaf out.”  
Leaf out is estimated to occur during April (i.e., one of the seven months that TOC loading 
occurs). 

The weighted mean TOC concentration in stormwater from samples collected at UICs in Gresham, 
Clackamas, and Portland UICs was used for the average scenario. The weighted minimum TOC 
concentration in stormwater from samples collected at UICs in Gresham, Clackamas, and Portland 
UICs was used for the reasonable maximum scenario. Table 2 summarizes the TOC concentration 
analyses. 
 
Table 2. Total organic carbon in stormwater. 
City of Gresham, Oregon 
 

Region N Weighting 1 
Mean 

Concentration 
(mg/L) 

Weighted 
Mean 

Concentration 
(mg/L) 

Minimum 
Concentration 

(mg/L) 

Weighted 
Minimum 

Concentration 
(mg/L) 

Gresham 61 4/7 or 57% 2.5 10.0 0.3 1.0 
Milwaukie, 

Gladstone, & LO 15 2/7 or 29% 20.5 41.0 3.1 6.1 

Portland 12 1/7 or 14% 9.1 9.1 3.8 3.8 
All 88 7/7 or 100% 10.7 8.6 2 2.4 1.6 3 

Notes: 
Half of the detection limit was used for non detects in the Gresham TOC statistics. 
mg/L = milligrams per liter 
N = number of samples 
LO = Lake Oswego 
1 Weighting is based on the assumption that TOC loading occurs 7 months of the year. 
2 The weighted mean concentration was used for the Fate and Transport Tool average scenario. 
3 The weighted minimum concentration was used for the Fate and Transport Tool reasonable maximum scenario. 
 
As stormwater infiltrates into the unsaturated zone surrounding the UIC, the foc is expected to 
increase over time because of the ongoing addition of organic carbon. An estimate of foc based on 
the filtering of TOC was derived by calculating the grams of organic carbon added to unsaturated 
materials surrounding the UIC during a 10-year period. A 10-year accumulation period was 
selected to 1) be consistent with Portland, who selected 10 years based on the age of their newer 
UICs, and 2) because literature evaluating the longevity of organic material in bioretention cells 
indicates that it lasts about 20 years before it begins to degrade (Weiss et al, 2008).  The following 
equations were used in the analysis: 
 

( )( )( )epAI −= 1      (9) 

( )( )( ) 














=
milligrams  1,000
gram 1

cm 000,1
liter 1

3tCICL      (10) 

SV
CL

oc =ρ        (11) 

ocb

oc
ocf

ρρ
ρ
+

=       (12) 
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where: 
I    =   Average annual stormwater infiltration volume estimated using the average  

impervious area of a UIC catchment (A), precipitation (p), and losses to evaporation 
(e) [I=(A)(p)(1-e)] (cubic centimeters per year)  

A  = Area of a typical UIC catchment (square feet) 

 p =  Precipitation (feet per year) 
 
 e =  Evaporative loss fraction (dimensionless) 
 

CL = Organic carbon loaded into the unsaturated zone beneath a UIC during a 10-year 
period (grams) 

C =  TOC concentration in stormwater (milligrams per liter) 

t = Time of carbon loading (years)  

ρoc = Organic carbon weight per unit unsaturated zone material volume (grams per cubic 
centimeter) 

SV = Material volume into which the organic carbon would accumulate because of 
filtration and adsorption (assumed to be the volume of soil from 3 feet above the 
UIC bottom to 5 feet below the base of the UIC, extending 1 foot from the radius of 
the UIC) (cubic centimeters) 

foc = Fraction organic carbon (dimensionless) 

ρb = Bulk density (grams per cubic centimeter) 

 
Calculations of foc, based on the filtering of TOC as suspended solids for the average and reasonable 
maximum scenarios, are shown in Table 3. First, the volume of stormwater that infiltrates into a UIC 
during a typical year was calculated by Equation (9). Next, Equation (10) was used to calculate the 
grams of carbon added to the unsaturated zone surrounding the UIC during a 10-year period. 
Equation (11) was used to calculate the mass of organic carbon per unit volume of material 
surrounding the UIC (ρoc), and Equation (12) was used to convert ρoc to foc. 
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Table 3.  Estimated foc in soils beneath City of Gresham’s UICs. 
City of Gresham, Oregon 
 

 
I Calculation                                                                               

(Eq. 9) 
CL Calculation                                                                                            

(Eq. 10) 
ρoc Calculation                                                                                                                                      

(Eq. 11) 
foc calculation                                                 

(Eq. 12) 

     

 
A                    

(ft2) 
p                      

(ft/yr) 
e                    
(-) 

I                 
(cm3/yr) 

C                         
(mg/L) 

t                  
(years) 

CL                           
(g) 

UIC 
radius 
(cm) 

UIC 
radius 

+ 1 
foot                        
(cm) 

SV 3' 
Above 
base  
(cm3) 

SV 5' 
Below 
base  
(cm3) 

Total SV                   
(cm3) 

ρoc                     
(g TOC per 
cm3/soil) 

Bulk 
Density        
( g/cm3) 

foc 

Average 
Scenario 12,517 3.06 0.26 8.0E+08 8.6 10 69,023 60.96 91.44 1,333,723 4,001,170 5,334,894 0.0129 1.79 0.0072 

Reasonable 
Maximum 
Scenario 

12,517 3.06 0.26 8.0E+08 1.6 10 12,842 60.96 91.44 1,333,723 4,001,170 5,334,894 0.0024 1.79 0.0013 

Notes: 
A =Area of a typical UIC catchment (square feet) 
p= Precipitation (feet per year) 
e = Evaporative loss fraction (dimensionless) 
I = Average annual stormwater infiltration volume 
C = TOC concentration in stormwater (milligrams per liter) 
t = Time of carbon loading (years)  
CL = Organic carbon loaded into the unsaturated zone beneath a UIC during a 10-year period (grams) 
UIC = underground injection control device 
SV = Material volume into which the organic carbon would accumulate because of filtration and adsorption (assumed to be the volume of 
soil from 3 feet above the UIC bottom to 5 feet below the base of the UIC, extending 1 foot from the radius of the UIC) (cubic centimeters) 
ρb = Bulk density (grams per cubic centimeter) 
foc = Fraction organic carbon (dimensionless) 
ρoc = Organic carbon weight per unit unsaturated zone material volume (grams per cubic centimeter) 
ft = feet 
yr = year 
(-) = dimensionless 
mg = milligrams 
L = liter 
g = gram 
cm = centimeter 
TOC = total organic carbon 
 
The average scenario used the weighted mean TOC concentration in stormwater from the 
Clackamas, Gresham, and Portland UIC sampling events. The reasonable maximum scenario 
used the weighted minimum TOC concentration in stormwater from the Clackamas, Gresham, 
and Portland UIC sampling events. 

2.6.6  Organic Carbon Partitioning Coefficient 
The organic carbon partitioning coefficient (Koc) is pollutant specific, and governs the degree to 
which the pollutant will partition between the organic carbon and water phases. Higher Koc values 
indicate that the pollutant has a higher tendency to partition in the organic carbon phase, and lower 
Koc values indicate that the pollutant will have a higher tendency to partition in the water phase.  
 
Koc was assigned differently for PCP and other pollutants, according to the following criteria: 
 

• PCP. The Koc for PCP is pH dependent, so Kocs for the average and reasonable maximum 
scenarios were estimated on the basis of the range of groundwater pH of shallow 
groundwater at the Fujitsu Ponds Wetlands, Gresham, Multnomah County, Oregon. 
 

• All Organic Pollutants except PCP. For the average scenario, Koc was estimated from 
empirical regression equations relating Koc to the octanol water partitioning coefficient (Kow) 

I I 
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and/or pollutant solubility. For the reasonable maximum scenario, Koc was assumed to be 
either the lowest-reported literature value or the Koc calculated by empirical equations, 
which ever was lower (i.e., more conservative). 
  
 

Koc for each pollutant is listed in Table 4.   
 
Table 4. Koc for stormwater pollutants. 
City of Gresham, Oregon 

Pollutant Average Scenario                                 
(L/Kg) 

Reasonable Maximum 
Scenario                                                    
(L/Kg) 

Naphthalene 1,300 1 830 3 
PCP 822 4 822 4 

Bis-(2-ethylhexyl) phthalate 12,200 1 12,200 2 
2,4-D 201 5 20 6 

Toluene 162 7 37 8 
Notes: 
1  From Fetter (1994), Table 11.3, pages 467 – 469.  For the average scenario, Koc was calculated from two equations in Roy and 
Griffin (1985).  The first equation is an empirical-based equation relating Koc to Kow, and the second equation is an empirical-based 
equation relating Koc to solubility.  Koc results from both equations were averaged together to determine Koc for each constituent.  
The Roy and Griffin (1985) equation was used because it resulted in a lower (i.e., more conservative) Koc than the regression 
equations in EPA (1996b) (Equations 70 and 71, pages 140-141). 
2  For reasonable maximum scenarios, Koc was chosen based on the lowest (i.e., most conservative) literature values.  However, Koc 
for this compound was calculated using the empirical equations in Roy and Griffin (1985) because they resulted in lower Kocs (i.e., 
more conservative) than the lowest-reported literature value. 
3  The lowest Koc reported for naphthalene in the EPA (1996b) review of 20 naphthalene Kocs from field testing.  The range of Koc was 
830 L/Kg to 1,950 L/Kg 
4  The Koc for pentachlorophenol is pH-dependent.  Soil and groundwater pH are in equilibrium; therefore, soil pH can be estimated 
from groundwater pH.  pH has been measured at monitoring wells completed in first-encountered groundwater at the Fujitsu 
Ponds Wetlands, 201st Avenue and NE Glisan, Gresham, Multnomah County, Oregon. The average groundwater pH at monitoring 
wells MW3 (6.47), MW7 (6.48), and MW6 (6.41) was 6.45.  When pH = 6.45, the Koc for PCP is 822 L/Kg (EPA, 1996b).  That value 
was used for both the Average and Reasonable Maximum Scenarios. 
5  Typical Koc for 2,4-D acid in EPA (2010a), based on a range of 20.0 to 109.1 L/Kg.  The “typical” Koc for 2,4-D acid was used 
because EPA (1996) and Roy and Griffin (1985) did not provide a value of Koc for 2,4-D acid. 
6  The lowest Koc for 2,4-D acid in EPA (2010a), based on a range of 20.0 to 109.1 L/Kg 
7  Calculated from Equation (71) on page 141 of EPA (1996b), which is a regression equation relating Koc to Kow for VOCs, 
chlorobenzenes, and certain chlorinated pesticides.  The log Kow for toluene was taken from EPA (2010c).  Equation (70) of EPA 
(1996) was used because it resulted in a lower Koc than the Roy and Griffin (1985) equations. 
8  The lowest Koc reported for toluene in EPA (2010c).  The range of Koc was 37 – 178 L/Kg. 
 
 
2.6.7  Distribution Coefficient 
The distribution coefficient, Kd, was estimated from the following equation (e.g., Watts, 1998): 
 

ococd KfK =       (13) 
 
For metals, Kd was estimated from equations in Bricker (1998). The most important solid phases 
for sorption in environmental porous media are clays, organic matter, and iron/manganese 
oxyhydroxides (Langmuir et al., 2004). The distribution of a trace metal between dissolved and 
sorbed phases is described by the following equation: 
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s
d

w

CK
C

=       (14) 

where: 
 Cs is the concentration of the metal adsorbed on the solid phase (M/L3), and  

Cw is the dissolved concentration (M/L3).  
 
The value of Kd for metals can depend on a number of environmental factors, including the 
nature and abundance of the sorbing solid phases, dissolved metal concentration, pH, redox 
conditions, and water chemistry. Measured Kd values for a given metal range over several 
orders of magnitude depending on the environmental conditions (Allison and Allison, 2005). 
Therefore, site-specific Kd values are preferred over literature-reported Kds. Kd values can be 
determined empirically for a particular situation from Equation (14) (Bricker, 1998). 
 
The City of Gresham’s winter 2009 – 2010 preliminary stormwater monitoring was not designed 
for estimating site-specific Kds for metals (specifically dissolved metals were not analyzed). 
However, City of Portland stormwater data are sufficiently comprehensive to estimate site-
specific Kds, and were used to estimate site-specific Kds for the City of Gresham. The City of 
Portland data can be used only because City of Gresham data for total suspended solids (TSS) 
and metals are similar to the City of Portland’s (see Table 5). 
 
An empirical approach was used to derive site-specific Kds for lead and copper for the City of 
Portland. The partitioning coefficients were estimated from total and dissolved metals 
concentrations and TSS data for 150 stormwater samples collected from 30 different locations 
during City of Portland’s Year 1 and Year 2 stormwater discharge monitoring. The stormwater 
chemistry data are summarized in Table 5.  
 
For the City of Portland, sorbed concentrations were calculated by normalizing the particulate 
metals concentrations to the concentration of TSS. For each sample, an apparent Kd value was 
calculated for each metal from the following equation: 
 

( ) 6[ ] [ ]
10

[ ]
t d

d
d

Me Me
K

Me TSS
−

= ×
×

     (15) 

where:  
[Me]t is total metals concentration (M/L3), and  
[Me]d is dissolved metal concentration (M/L3)  
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Table 5. Stormwater quality data for Portland UICs (N=150) and Gresham (N=61).  
City of Gresham, Oregon 

Parameter Mean Minimum Maximum Median 

Portland Gresham Portland Gresham Portland Gresham Portland Gresham 

Total Copper (µg/L) 8.17 9.37 0.73 0.66 67.20 63.70 5.15 5.67 
Dissolved Copper (µg/L) 2.92 NA 0.20 NA 15.50 NA 2.11 NA 

Total Lead (µg/L) 7.34 6.13 0.28 0.01 85.70 68.40 2.93 2.38 
Dissolved Lead (µg/L) 0.29 NA 0.10 NA 3.40 NA 0.14 NA 

TSS (mg/L) 37 47.45 2 2 415 487 15 20 
Notes: 
NA = not analyzed 
 
Note that in Equation (15), metals concentrations are in micrograms per liter, and TSS are in 
units of milligrams per liter. The distribution of calculated Kd values for lead and copper is 
shown in Figure 3 and summarized in Table 6. The median Kd value for copper (76,000 liters per 
kilogram [L/Kg]) is substantially lower than for lead (1,000,000 L/Kg). The higher Kd values for 
lead are expected (Laxen and Harrison, 1977). 

 
Figure 3. Calculated Kd distributions for lead and copper in Portland stormwater runoff. 
City of Gresham, Oregon 

 
Table 6. Calculated Kd values for copper and lead based on Portland stormwater data. 
City of Gresham, Oregon 

Metal Minimum                        
(L/kg) 

Maximum                           
(L/kg) 

Median                      
(L/kg) 

10th Percentile                       
(L/kg) 

Lead 50,000 6,100,000 1,000,000 340,000 
Copper 1,100 7,800,000 76,000 17,000 
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The average scenario uses median Kd values for lead and copper, and the reasonable maximum 
scenario uses the 10th percentile Kd values. 
 
The distributions of calculated partition coefficients derived for copper and lead in City of 
Portland stormwater can be compared to other sources of information to assess the 
reasonableness of the derived values. A recent EPA compilation provides critically selected Kd 
value ranges for metals in soil and sediments (Allison and Allison, 2005). This compilation 
includes Kd values determined from batch and column leaching experiments with natural 
media, in a pH range of 4 to 10 and low total metal concentrations (Table 7). The ranges of Kd 
values for lead and copper in the EPA compilation overlap with the values calculated for the 
City of Portland although the median values are lower. The lower median values in the EPA 
compilation may reflect leaching under more acidic conditions than are observed in City of 
Portland stormwater (pH ranges from 5.1 to 8.4).  
 
Table 7. Compiled Kd values for lead and copper (Allison and Allison, 2005). 
City of Gresham, Oregon 
 

Metal Median 
(L/Kg) 

Minimum 
(L/Kg) 

Maximum 
(L/Kg) 

Lead 130,000 100 10,000,000 
Copper 13,000 5 1,600,000 

Notes: 
L/Kg = liter per kilogram 
 
The calculated Kd distributions also be can compared to similarly calculated Kds from 
stormwater quality data from other sources. These include data from the National Stormwater 
Quality Database (NSQD; Pitt et al., 2004), and stormwater runoff data from the City of Seattle, 
Washington, (Engstrom, 2004) and California (Kayhanian et al., 2007). The data and calculated 
Kd values are summarized in Table 8.  
  
Table 8. Stormwater quality from various sources and calculated Kd values. 
City of Gresham, Oregon 

Parameter 
NSQD California Seattle 
Median Min Max Median Min Max Median 

Total Lead  (µg/L) 17 1 2,600.00 12.7 3.9 38.7 11.6 
Dissolved Lead (µg/L) 3 1 480 1.2 0.28 14.2 0.96 
Total Copper (µg/L) 16 1.2 270 21.1 8.23 44.8 13.85 

Dissolved Copper  (µg/L) 8 1.1 130 10.2 1.8 28.1 7.1 
Total Suspended Solids 

(mg/L) 58 1 2,988.00 59.1 4 204 40 

pH 7.5 4.5 10.1 7 6.3 7.8 6.8 
Lead Kd (L/Kg) 80,000   160,000   550,000 

Copper Kd (L/Kg) 17,000   18,000   33,000 
Notes: 
(µg/L) = microgram per liter  L/Kg = liter per kilogram 
mg/L = milligram per liter  NSQD = National Stormwater Quality Database 
 



  

21 
 

Although the median Kd values for lead and copper derived from the NSQD and California 
data are lower than the corresponding median values calculated for the City of Portland 
stormwater, the median values for the City of Seattle are closer to the median City of Portland 
values. The calculated Kd distributions for lead and copper therefore appear to provide a 
reasonable representation of sorption of these metals from stormwater onto soil particles. 
 
Although the Kds are determined from systems containing lower concentrations of sorbing 
particle surfaces than is typical of stormwater infiltrating through a soil column, this is 
considered to be conservative because (1) the low levels of suspended solids in the stormwater 
may result in nonlinear sorption regime, in which case calculated Kd values may be significantly 
lower than would be expected in a higher surface area environment (i.e., the unsaturated zone), 
and (2) site-specific Kds calculated in the stormwater already account for the effect of dissolved 
organic carbon, which could lower apparent Kd values by complexing with trace metals, and 
thereby shifting the partitioning to the solution. 

2.6.8  Hydraulic Conductivity 
Hydraulic conductivity is a proportionality constant that, under unsaturated conditions, is 
equivalent to groundwater velocity (see Equation 7). In the unsaturated zone beneath UICs, 
groundwater velocity is equivalent to unsaturated hydraulic conductivity (Ku). However, the 
fate and transport analysis uses saturated hydraulic conductivity (Ks) in Equation (7) to 
calculate groundwater velocity. Because of the tortuosity of unsaturated flow paths, Ku is 
always smaller than Ks (usually by several orders of magnitude); therefore, using Ks in Equation 
(7) is conservative. Saturated hydraulic conductivity, Ks, in the Missoula Flood Deposits (Qmf) 
was estimated from pump-in tests conducted by the City of Gresham. Note that the pump-in 
tests are conducted in the unsaturated zone; however, because of the large volumes of water 
injected during the tests the hydraulic conductivity calculated from the test data is considered 
“saturated” and is a conservative estimate of unsaturated hydraulic conductivity. Pump-in tests 
are conducted to estimate UIC infiltration capacity and consist of injecting water into a UIC at a 
known rate until the water level in the UIC stabilizes. Figure 4 shows a conceptual diagram of a 
UIC during a pump-in test. 
 

 
Figure 4. Pump-in test conceptual model. 
City of Gresham, Oregon 
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According to USDI (1993), horizontal hydraulic conductivity in the unsaturated zone is 
calculated from a pump-in test by the following formulae:  
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where: 
Ks is saturated hydraulic conductivity (L/T), 
h is the height of the stable water level above the UIC bottom (L), 
D is the depth of the UIC from ground surface to bottom (L)  
Tu is the separation distance between the water table and stable water level in the UIC (L), 
Q is the rate water enters the UIC when the water level is stable (L3/T), and 
r is the radius of the UIC (L). 

 
Because water is transported vertically through the unsaturated zone, the horizontal hydraulic 
conductivity calculated by the pump-in test must be converted to a vertical hydraulic 
conductivity. According to USGS (1996a and 1996b), the ratio of horizontal to vertical hydraulic 
conductivity in the UGA hydrogeologic unit (which contains the Qmf geologic unit) aquifers is 
100: 1. Therefore, vertical hydraulic conductivity was calculated by dividing the horizontal 
hydraulic conductivity by 100. 
 
Hydraulic conductivities were calculated from 37 pump-in tests conducted in Gresham (Figure 
5, which is presented at the end of this TM). All 37 pump-in tests were conducted at UICs 
completed in the Qmf. None of the tests were from the QTg because relatively few UICs are 
completed in the QTg, which is in part because of the lower permeability of the QTg (USGS 
1996a and 1996b). Summary statistics from the pump-in test analyses are provided in Table 9.  
 
Table 9. Hydraulic conductivity in the Qmf geologic unit. 
City of Gresham, Oregon 

 Number of 
Tests 

Minimum Kv 
(m/day) 

Maximum 
Kv                   

(m/day) 

Median Kv  
(m/day) 

95 Percent  
UCL  Kv 1   
(m/day) 

Qmf 37 0.17 2.95 1.00 1.45 
Notes: 
Kv = vertical hydraulic conductivity  UCL = upper confidence limit 
1  Data appear lognormal at the 95 percent significant level (i.e., p>0.10) and 0.5<σ<1.0.  Therefore, 95 percent UCL calculated using 
the 95 percent H-UCL. 
 
The 95 percent upper confidence limit (UCL) on the mean vertical hydraulic conductivity was 
calculated with EPA’s ProUCL v. 4.00.02 software. The median vertical groundwater velocity 
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(which is used for the average scenario) was 1.00 m/day for the Qmf facies. The 95 percent UCL 
velocity (which is used for the reasonable maximum scenario) was 1.45 m/day for the Qmf 
facies. 
 
Vertical hydraulic conductivities calculated from pump-in testing were compared to the range 
of hydraulic conductivities in the UGA hydrogeologic unit (which is equivalent to the Qmf 
geologic unit) summarized in a Portland Basin hydrogeology report (USGS, pg. 18, 1996b). The 
USGS (1996b) hydraulic conductivities were calculated from multi-well aquifer tests and single-
well specific capacity tests. Because USGS (1996b) provides only horizontal hydraulic 
conductivities, a KH : KV anisotropy ratio of 100 : 1 was used to calculate vertical hydraulic 
conductivities (USGS, pg. 19, 1996b). The range in vertical hydraulic conductivities reported by 
USGS (1996b) for the UGA is therefore 9 x 10-5 (25th percentile) to 6.1 meters per day (75th 
percentile). Therefore, the range of vertical hydraulic conductivities calculated from pump-in 
testing is within the range of values previously reported in the scientific literature. 
 
2.6.9  Degradation Rate Constant (Biodegradation Rate) 
The organic pollutants evaluated in this TM are biodegradable under aerobic conditions 
(Aronson et al., 1999; MacKay, 2006); therefore, it is expected that these compounds will 
biodegrade to some extent within the unsaturated zone after discharging from the UIC. 
Degradation rate is a chemical-specific, first-order rate constant, and depends on whether the 
unsaturated zone is aerobic or anaerobic.  Metals do not undergo biodegradation so are not 
included in this section.  
 
Aerobic biodegradation rate constants were compiled from a review of the scientific literature, 
including general reference guides as well as compound-specific studies. The review included 
degradation in soils, surface water, groundwater, and sediment. However, soil aerobic 
degradation rates were considered to be most representative of UIC field conditions and these 
are summarized for each of the compounds of interest. First-order rate constants are generally 
appropriate for describing biodegradation under conditions where the substrate is limited and 
there is no growth of the microbial population (reaction rate is dependent on substrate 
concentration rather than microbial growth). Because of the low concentrations of the organic 
pollutants detected in stormwater, it is appropriate to consider biodegradation as a pseudo-
first-order rate process for the UIC unsaturated zone scenario.  
 
The ranges of biodegradation rates representative of conditions expected to be encountered in 
the unsaturated zone beneath UICs are summarized in Table 10. Summary statistics provided in 
Table 10 include minimum, maximum, number of measurements, average, 10th, 25th, and 50th 
percentile (median) values. For the average scenario, the median biodegradation rate was used. 
For the reasonable maximum, the 25th percentile biodegradation rate was used. 
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Table 10. Summary of first-order aerobic biodegradation rates. 
City of Gresham, Oregon 
 

Compound 
First-Order Biodegradation Rate (day-1) 

N Median Mean Maximum 25th 
percentile Minimum 

Benzo(a)pyrene 1 38 0.0013 0.0021 0.015 0.00026 ND 
Bis-(2-ethylhexyl)phthalate 2 34 0.015 0.021 0.082 0.010 0.0040 

Naphthalene 3 22 0.075 0.14 0.39 0.025 ND 
Toluene 4 44 0.33 0.65 4.71 0.082 0.0097 

2,4-D 5 14 0.0053 0.091 0.48 0.0022 0.00012 
Notes: 
1  Rate constants under aerobic conditions in soil were compiled from Aronson et al. (1999) Ashok et al. (1995); Bossart and Bartha 
(1986); Carmichael and Pfaender (1997); Coover and Sims (1987); Deschenes et al. (1996); Grosser et al. (1991); Grosser et al. (1995); 
Howard et al. (1991); Keck et al. (1989); Mackay et al. (2006); Mueller et al. (1991); Park et al. (1990); and Wild and Jones (1993). 
2  From Dorfler et al. (1996); Efroymson and Alexander (1994); Fairbanks et al. (1985); Fogel et al. (1995); Maag and Loekke (1990); 
Mayer and Sanders (1973); Ruedel et al. (1993); Schmitzer et al. (1988); Scheunert et al. (1987) and Shanker et al. (1985). 
3  From Mackay (2006), Howard et al. (1991), Fogel, et al. (1982), Kaufman (1976), Jury et al., 1987), and Hornsby et al. (1996). 
3  From Aronson et al. (1999); Ashok et al. (1995); Ellis et al. (1991); Flemming et al. (1993); Fogel et al. (1995); Mihelcic and Luthy 
(1988); Mueller et al. (1991); Park et al. (1990); Pott and Henrysson (1995); Smith (1997); Swindoll et al. (1988); and Wischmann and 
Steinhardt (1997). 
4  From Aronson et al. (1999); Howard et al. (1991); Davis and Madsen (1996); Fan and Scow (1993); Fuller et al. (1995); Jin et al. 
(1994); Kjeldsen et al. (1997); McNabb et al. (1981); Mu and Scow (1994); Venkatraman et al. (1998); and Wilson et al. (1981). 
5  From Howard et al. (1991); Mackay et al. (2006); Chinalia and Killham (2006); McCall et al. (1981); Nash (1983); and Torang et al. 
(2003). 
 
2.6.10  Infiltration Time 
Infiltration time is the length of time during the year that stormwater discharges into a UIC and, 
therefore, migrates downward through the unsaturated zone. Because stormwater discharges 
into UICs only when the precipitation rate exceeds a threshold value, the infiltration time is 
dependent on the occurrence of rain events equal to or greater than this amount. The DEQ 
(2005) permit fact sheet assigns a threshold precipitation rate of 0.08 inch/hour for stormwater 
to discharge into UICs, which is consistent with City of Gresham field staff observations. This 
fate and transport evaluation conservatively assumes that stormwater discharges into UICs at 
one-half of the threshold precipitation rate (i.e., 0.04 inch/hour). 

Precipitation and infiltration times from 1999 to 2009 in downtown Gresham are shown in   
Table 11. 
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Table 11. Precipitation and infiltration time, 1999–2009. 
City of Gresham, Oregon 
 

Year 
Annual 

Precipitation 
(inches) 

Hours With ≥ 
0.04" Precip 

Days With ≥ 
0.04" Precip 

2009 34.07 309 12.88 
2008 35.21 330 13.75 
2007 44.17 446 18.58 
2006 51.34 469 19.54 
2005 40.50 362 15.08 
2004 31.64 270 11.25 
2003 38.16 348 14.50 
2002 29.53 280 11.67 
2001 31.19 302 12.58 
2000 29.60 273 11.38 
1999 45.67 442 18.42 

Geometric 
Mean 36.76 342 14.24 

Notes: 
Precipitation data from Gresham Fire Department Raingage, located at 1333 NW Eastman Parkway in downtown Gresham 
(HYDRA, 2010).  
 
The geometric mean number of hours that precipitation rate was equal to or exceeded 0.04 
inch/hour from 1999 through 2009 (342 hours or 14.24 days) was used for infiltration time in the 
fate and transport analysis. Because the fate and transport equation simulates pollutant 
breakthrough only until the time at which maximum pollutant concentration is reached, 
infiltration times were reduced for some pollutants (i.e., toluene and 2,4-D) that reached a 
maximum concentration within a shorter infiltration time. Infiltration times used for each 
pollutant for the various Fate and Transport Tool scenarios are provided in Appendices A 
through C. 
 

2.6  Fate and Transport Tool Average and Reasonable Maximum Scenario Results in 
the Unsaturated Zone 
Table 12 presents separation distances in the unsaturated zone that required to meet the MRLs 
(based on available local laboratory technologies) and EDLs (as listed in the draft UIC WPCF 
template) using the average and reasonable maximum scenario of the unsaturated zone Fate 
and Transport Tool. The model calculations for these scenarios are presented in Appendix A. 
The pollutant concentrations discharging to UICs in the average and reasonable maximum 
scenarios were equal to the mean and the 95 percent UCL on the mean, respectively, of 
pollutant concentrations from the Gresham winter 2009 – 2010 stormwater sampling event.  
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Table 12. Separation distances in the unsaturated zone required to meet the MRL and EDL 
City of Gresham, Oregon 
 

AVERAGE SCENARIO 

Pollutant MRL                                  
(ug/L) 

Vertical Unsaturated 
Zone Transport 

Distance Needed to 
Reach MRLs                                             

(feet) 

EDL                                  
(ug/L) 

Vertical Unsaturated 
Zone Transport 

Distance Needed to 
Reach EDLs                                          

(feet) 
Lead 1 0.10 0.02 50 NA 

Copper 1 0.20 0.22 1,300 NA 

Benzo(a)pyrene 0.01000 0.004 0.2 NA 

PCP 0.0400 2.4 1.0 NA 

Naphthalene 0.0200 0.94 NA NA 

di-(2-ethylhexyl) phthalate 1.000 0.1 6.0 NA 

2,4-D 0.100 NA 70 NA 

Toluene 0.50 NA 1,000 NA 

REASONABLE MAXIMUM SCENARIO 

Pollutant MRL                                  
(ug/L) 

Vertical Unsaturated 
Zone Transport 

Distance Needed to 
Reach MRLs                                             

(feet) 

EDL                                
(ug/L) 

Vertical Unsaturated 
Zone Transport 

Distance Needed to 
Reach EDLs                                                

(feet) 
Lead 1 0.1 0.08 50 NA 

Copper 1 0.2 1.46 1,300 NA 

Benzo(a)pyrene 0.01000 0.037 0.2 NA 

PCP 0.0400 17.5 1.0 9.61 

Naphthalene 0.0200 10.7 NA NA 

di-(2-ethylhexyl) phthalate 1.000 0.87 6.0 NA 

2,4-D 0.100 NA 70 NA 

Toluene 0.50 NA 1,000 NA 
Notes: 
MRL = method reporting limit 
EDL = effluent discharge limit 
µg/L = micrograms per liter 
NA = Not applicable.  Initial pollutant concentration is below the MRL or EDL, so the MRL or EDL is met prior to 
discharge from the UIC. 
1  Metals transport simulations are longer than 14.24 days because metals do not biodegrade over time.  Metals 
transport simulations assume 1000 years of transport at 14.24 days per year = 14,240 days of transport. 

As shown in Table 12, under the average scenario, transport distances required to reach MRLs 
for benzo(a)pyrene, naphthalene, PCP, and di-(2-ethylhexyl)phthalate are less than 5 feet. 
Toluene and 2,4-D were below the MRL prior to discharging from the UIC because their initial 
concentrations in the model were below MRLs (due to their low frequency of detection).   
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Under the reasonable maximum scenario for unsaturated zone transport, PCP and naphthalene 
require over ten feet of separation distance to attenuate below MRLs.  The reasonable maximum 
scenario represents the worst-case pollutant transport conditions, and is characterized by 
compounding conservatism of input variables.  The purpose of the reasonable maximum 
scenario is to evaluate model sensitivity, and it does not represent reasonably likely conditions.  
Fate and transport of PCP and naphthalene in groundwater were evaluated using BIOSCREEN 
(presented in the Section 4 of this TM).  
 
Even though model results for lead and copper indicate that they would not be groundwater 
issues long after the life of the UIC, alternate EDLs are not being proposed for these constituents 
at this time. 

3.0  Development of Proposed EDLs 
The unsaturated zone Fate and Transport Tool was used to develop proposed EDLs for the City 
of Gresham’s UIC WPCF Permit. The proposed EDLs were developed using the following 
assumptions: 

 Proposed EDLs are limited to maximum concentrations of 10 times the existing EDLs or 
about 0.05% of the pollutant solubility in water (i.e., naphthalene, which does not have 
an EDL in the draft permit template), 

 The separation distance between the bottom of the UICs and the seasonal high 
groundwater is 10 feet, 

 The average scenario of the Fate and Transport Tool is used, 
 Groundwater is protected when pollutant concentrations just above the water table are 

below the MRL, and 
 Pollutant concentrations at or below the proposed EDL measured at the end of pipe are 

attenuated to the MRL immediately above the water table. 

The calculations for proposed EDLs are provided in Appendix B. Table 13 presents the 
proposed EDLs developed using the average transport scenario of the Fate and Transport Tool 
and a 10-foot separation distance between the bottom of the UIC and seasonal high 
groundwater. As shown in Table 13, the proposed EDLs for PCP and DEHP were limited to 10 
times the preliminary EDLs proposed in the draft UIC WPCF permit template. The proposed 
EDLs for 2,4-D and toluene are less than the EDL in the draft UIC WPCF permit template (4.140 
and 9.64 µg/L, respectively). The proposed EDLs for 2,4-D and toluene are such that at a 
separation distance of 10 feet, 2,4-D and toluene attenuate to background concentrations (MRLs) 
before reaching the groundwater. The proposed EDL for naphthalene, which does not have an 
EDL in the draft UIC WPCF template, is 10.0 ug/L, which is about 0.05% of its solubility in 
water at 10.0 degrees Celsius (i.e., the temperature of groundwater, from Bohon and Claussen, 
1951). 

Appendix C shows calculations for pollutant fate and transport assuming pollutants enter the 
UIC at concentrations equal to the proposed EDL.  The results are summarized in Table 13.  
Under the average scenario, pollutant concentrations attenuate to below the EDL within ten feet 
of transport.  Under the reasonable maximum scenario, naphthalene, PCP, toluene, and 2,4-D 
occur above the groundwater table at concentrations above the MRL (DEHP attenuates to below 
the MRL immediately above the water table under the reasonable maximum scenario).  The 
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presence of these pollutants at the water table under reasonable maximum conditions is further 
discussed in Section 4.0, BIOSCREEN Fate and Transport Modeling. 
 
 
Table 13. Proposed alternative EDLs (UICs ≥ 10 feet vertical separation distance) 
City of Gresham, Oregon 
 

Pollutant 
MRL     

(µg/L) 1 
Current EDL 

(µg/L) 2 
Proposed EDL 

(µg/L)  3 

Output Concentration (g/L) 4 

Average 
Scenario 

Reasonable 
Maximum Scenario 

Naphthalene 0.02 NA 10.0000 5 0.0000 4.77 

PCP 0.040 1.000 10.000 0.000 4.96 

DEHP 1.0 6.000 60.000 0.000 0.000 

2,4-D 0.100 70.000 4.140 0.100 6 2.310 6 

Toluene 0.50 1,000.0 9.64 0.50 7 4.560 7 
Notes: 
µg/L = micrograms per liter 
UCL = upper confidence limit 
EDL = effluent discharge limits 
MRL = method reporting limit 
1 Method Reporting Limit (MRL) based on typically achievable MRLs during the Gresham winter 2009 - 2010 stormwater 
monitoring event. 
2 Effluent Discharge Limits from Table A.5.1 and Table A.5.2 of the Draft Revised Template for Municipal Stormwater UIC WPCF 
Permit. There is no established EDL for naphthalene, therefore the EPA Regional Screening Level (RSL) from EPA (2009b) was used. 
3 Proposed EDLs based on the "average transport scenario" of the groundwater protectiveness tool and the assumption that 
groundwater is protected when pollutant concentrations just above the water table are below the MRL. The proposed EDL is the 
input concentration of the pollutant entering the UIC in the Fate and Transport Tool. 
4 Output concentration is the concentration below the UIC after 10 feet of transport.   
5 The proposed EDL for naphthalene, which does not have an EDL in the draft UIC WPCF permit template, is about 0.05% of its 
solubility in water at 10.0 degrees Celsius (Bohon and Claussen, 1951).   
6 Output concentration shown to the thousandths place, based on resolution of laboratory data. 
7 Output concentration shown to the hundreths place, based on resolution of laboratory data. 

4.0  BIOSCREEN Fate and Transport Modeling in the Saturated 
Zone 
While the average scenario, which is assumed to most accurately represent real world 
conditions, shows that the pollutants in Table 13 are attenuated to or below current levels of 
detection (MRLs), PCP, naphthalene, 2,4-D, and toluene have output concentrations that are 
greater than the MRL under the reasonable maximum scenario.  In an effort to determine 
whether or not the remaining pollutant load would attenuate within a reasonable distance from 
the UIC, a separate model was used to evaluate horizontal flow under saturated conditions.   
 
In an effort to meet the goals of protecting human health for water wells in the vicinity of a UIC 
and to meet the intent of not increasing pollutant loads in groundwater above background, a 
maximum allowable travel distance of less than 10 feet was selected.  It was assumed that if 
background concentrations were derived by conducting groundwater monitoring, installation 
of a monitoring well would occur at a distance of at least 10 feet away from an existing UIC to 
avoid the disturbed soil and rock ballast installed around each device. 
 
BIOSCREEN fate and transport modeling in the saturated zone was performed to assess the 
distance that pollutants would travel in groundwater before attenuating below MRLs. This 
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analysis presents the “worst case” scenario in that it is assumed that pollutants are discharged 
to UICs with 10 feet of separation distance and at concentrations equal to the proposed EDLs, 
and are transported through the unsaturated zone under the reasonable maximum scenario 
(i.e., most conservative assumptions for input parameter values).  
 
The EPA’s BIOSCREEN, a saturated zone solute transport model, was selected to estimate the 
attenuation distances in groundwater for pollutants that reached groundwater under the 
reasonable maximum scenario at concentrations above MRLs: PCP, Naphthalene, 2,4-D, and 
Toluene (Table 13).  This section consists of: 

• Discussion of the BIOSCREEN analytical model used to perform the analysis and its 
assumptions; 

• Documentation of input parameters used in the BIOSCREEN model; and 
• Results of BIOSCREEN modeling. 

 

4.1 BIOSCREEN 
The fate and transport of pollutants in groundwater for UICs with 10 feet of separation distance 
was performed using BIOSCREEN (EPA, 1996a), an analytical model developed by the EPA 
that simulates pollutant advection, dispersion, degradation, and retardation in the saturated 
zone. BIOSCREEN is a quasi-three dimensional model that simulates pollutant advection in one 
dimension, and simulates pollutant dispersion in three dimensions. BIOSCREEN is a Microsoft 
Excel-based model that uses the following solution to the advection dispersion equation: 

(18) 
where: 

 M = mass (e.g., milligrams, micrograms, etc.) 
 L = length (e.g., meters) 
 t = time (e.g., minutes, hour) 

C = concentration at distance x downstream of source and distance y off centerline of 
plume (M/L3) 
C0 = concentration in source zone at t = 0 (M/L3) 
x = distance downgradient from source (L) 
y = distance from plume centerline of source (L) 
z = distance from plume centerline of source (L) 
αx = longitudinal dispersivity (L) 
αy = transverse dispersivity (L) 
αz = vertical dispersivity (L) 
v = groundwater velocity (L/T) 
R = retardation factor (dimensionless) 
k = first order degradation rate constant (T-1) 
Y = source width (L) 
Z = source depth (L) 
erf = error function,  erfc = complimentary error function 

C(x,y,z,t) =_l_exp[_!__[ I Ff+ 4ka, ]]erf1rs-vtn {erf[y+Y/ 2 ]- erf[y-Y/ 2 ]}{e) z ]-e) - Z ]} c., 8 2a, v 
2J v 2N 2,p;; 1l 2fo7 1 l 2.{a; R a,/ 
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BIOSCREEN requires input of soil/chemical parameters (i.e., velocity, dispersion coefficient, 
retardation, and biodegradation rate constant) and source characteristics. Soil/chemical 
parameters can be input directly, or can be calculated from site-specific values of hydraulic 
conductivity, hydraulic gradient, and porosity. Source characteristics include source thickness, 
width, and concentration. BIOSCREEN simulates declining source concentrations with time 
based on source half life, which BIOSCREEN automatically calculates based on user-supplied 
soluble mass. 
 
BIOSCREEN outputs concentrations along the plume centerline (i.e., along the center of the 
plume, where z offset = 0, y offset = 0, and x offset varies from 0 to xmax). 
 
This fate and transport model is conservative because: 

• Initial pollutant concentrations in BIOSCREEN are based on the reasonable maximum 
scenario of the unsaturated zone fate and transport model (Table 13).  Therefore, the 
initial pollutant concentrations represents the worst-case scenario. 

• Dilution occurs when pore water from the unsaturated zone enters the saturated zone 
and mixes with groundwater.  This dilution occurs prior to the solute being transported 
with groundwater, and is not included in the model.  It is important to note that 
pollutant dilution during transport with groundwater (i.e., dispersion) is included in the 
model. 

 
The BIOSCREEN simulations use conservative values for input parameters as outlined in the 
section 4.3. 
 

4.2 Assumptions 
The following conservative assumptions were used for simulating the fate and transport of 
pollutants in groundwater using BIOSCREEN: 
 

• Stormwater pollutant concentrations are conservatively assumed to continuously 
discharge to UICs at concentrations equal to the proposed EDL. 

• An average scenario and reasonable maximum scenario were simulated in BIOSCREEN 
to assess a conservative range of pollutant fate and transport distances in groundwater.  

• The scale of pollutant transport is sufficiently large so that dispersion by molecular 
diffusion is not significant. 
 

4.3 Input Parameters 
Input parameters were selected using site-specific information when possible. This section 
documents the input parameters used for BIOSCREEN simulations.  
 
Seepage Velocity 
Seepage velocity under saturated conditions is calculated by the average linear velocity form of 
Darcy’s Law (Fetter, 1994): 

𝜈 =  𝐾
𝜂
∇ℎ         (19) -
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where: 
 K is horizontal hydraulic conductivity (L/T) 
 ν is average linear groundwater velocity (L/T), 
 η is effective porosity (dimensionless), and  
 h is the horizontal hydraulic gradient (L/L) 
 
Table 14 summarizes the input parameters used to calculate seepage velocity for the average 
and reasonable maximum scenarios of BIOSCREEN. A discussion of the parameters follows: 
 

• Horizontal hydraulic conductivity (K). The horizontal hydraulic conductivity used in 
the BIOSCREEN model was based on the unconsolidated sedimentary aquifer (USA) 
hydraulic conductivity data from specific-capacity and aquifer tests determined by the 
USGS Simulation Analysis of the Groundwater Flow System in the Portland Basin 
(USGS, 1996b). The USA is equivalent to the UGA, which is the unit in which most City 
UICs are completed. Because the BIOSCREEN model uses horizontal hydraulic 
conductivity instead of vertical hydraulic conductivity, the hydraulic conductivity in the 
BIOSCREEN model is larger than the hydraulic conductivity used in Fate and Transport 
Tool. 

• Horizontal hydraulic gradient ( h). The horizontal hydraulic gradient used in the 
BIOSCREEN model was based on the range of Portland Basin specific hydraulic 
gradients given in DEQ’s Fact Sheet and Class V Underground Injection Control (UIC) 
Permit Evaluation, Permit Number 102830 (2005).  

• Effective porosity (η). The porosity used in the BIOSCREEN model was based on the 
range of porosity for unconsolidated gravel (Freeze and Cherry, pg. 37, 1979). 

 
The seepage velocity calculated for the BIOSCREEN model is conservatively representative of 
the most permeable hydrogeologic unit [i.e., highly permeable catastrophic flood deposits 
(Qmf), equivalent to the unconsolidated gravels  hydrogeologic unit (UGA)].  As shown in 
Table 14, a velocity of 49.4 feet/year (0.14 feet/day) is used in the average scenario and a 
velocity of 202.2 feet/year (0.55 feet/day) is used in the reasonable maximum scenario for the 
BIOSCREEN model. 
 
 
Table 14. Seepage Velocity Calculations for BIOSCREEN Input 
City of Gresham, Oregon 
 

BIOSCREEN Transport Scenario K                             
(ft/day) 

η                                       
(-) 

𝛁h                                      
(-) 

ν 
(ft/year) 

Average Scenario 220 0.325 0.0002 49.4 
Reasonable Maximum Scenario 900 0.325 0.0002 202.2 
Notes: 
K = hydraulic conductivity 

h = hydraulic gradient 
ft = feet 
η = porosity 
ν = velocity 
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Dispersion 
Dispersion is the spreading of a pollutant plume caused by pore water mixing and differential 
advection. The dispersion coefficient, D, is defined as (Fetter, 1994): 
 

D = Lν       (20) 
where: 
 ν is average linear groundwater velocity (L/T), and 
 L is longitudinal dispersivity (L). 
 
The dispersivity (and therefore the dispersion coefficient) is a scale-dependent parameter. 
According to a review of tracer tests conducted under saturated conditions, dispersivity is 
estimated as (Gelhar, et. al., 1992): 
 

L = L/10       (21) 
where: 
 L is the length scale of transport (i.e., horizontal separation distance) (L). 
 
Dispersivity used in the BIOSCREEN model is based on the BIOSCREEN length scale of 
transport for each simulation. The longitudinal dispersivity is calculated from equation (21). 
Transverse dispersivity and vertical dispersivity used in the BIOSCREEN model were 10 
percent of horizontal dispersivity. 
 
Adsorption 
The retardation factor, R, is estimated by the following equation (Freeze and Cherry, 1979): 
 

 ( )( )( )
η

ρ ococb fK
R +=1                          (22) 

 
where: 
 ρb is soil bulk density (M/L3),   
 Koc is the organic carbon partitioning coefficient (L3/M), 
 foc is fraction organic carbon (dimensionless), and 
 η is total porosity (dimensionless).  
 
An in-depth discussion of these parameters is provided in Section 2.5 of this TM. Because only 
organic carbon incorporated into the material during deposition is considered for the 
simulation of pollutant transport in the saturated zone, the fraction organic carbon used in the 
BIOSCREEN model is smaller than the fraction organic carbon used in the Fate and Transport 
Tool. The fraction organic carbon used in the BIOSCREEN model is the average fraction organic 
carbon measured in the UGA from 14 samples collected at Baron-Blakeslee site in northeast 
portland (ECSI No. 1274). Table 15 summarizes the parameter values for calculating the 
retardation factors. The retardation factor used in the BIOSCREEN model is smaller than the 
retardation factor used in the Fate and Transport Tool because a smaller fraction organic carbon 
value was used. 
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Table 15. Retardation Calculations for BIOSCREEN Input 
City of Gresham, Oregon 

Pollutant BIOSCREEN Transport 
Scenario 

ρb 
(g/cm3) 

Koc 
(L/kg) 

foc                                       
(-) 

η                                                    
(-) 

R                        
(-) 

PCP Average Scenario 1.79 822 0.00038 0.325 2.7 
Reasonable Maximum Scenario 1.79 822 0.00038 0.325 2.7 

Naphthalene Average Scenario 1.79 1300 0.00038 0.325 3.7 
Reasonable Maximum Scenario 1.79 830 0.00038 0.325 2.7 

2,4-D Average Scenario 1.79 201 0.00038 0.325 1.4 
Reasonable Maximum Scenario 1.79 20 0.00038 0.325 1.0 

Toluene Average Scenario 1.79 162 0.00038 0.325 1.3 
Reasonable Maximum Scenario 1.79 37 0.00038 0.325 1.1 

Notes: 
ρb = bulk density      PCP = pentachlorophenol 
Koc = organic carbon partitioning coefficient   cm3 = cubic centimeter 
η = porosity      R = retardation factor 
g = gram       foc = fraction organic carbon 
kg = kilogram      
(-) indicates dimensionless 

Biodegradation 
As shown in Table 16, biodegradation for the pollutants evaluated in the BIOSCREEN model 
was calculated using pollutant half-lives in groundwater (Howard et al., 1991). The 
biodegradation rates represent conditions expected to be encountered in the saturated zone 
beneath UICs rather than the unsaturated zone; therefore, the biodegradation rates used in the 
BIOSCREEN model differ slightly from the biodegradation rates used in the Fate and Transport 
Tool.  The maximum observed half life for biodegradation in groundwater was used for the 
reasonable maximum scenario, and the median observed half life for biodegradation in 
groundwater was used for the average scenario. 
 
 
Table 16. Biodegradation Rates for BIOSCREEN Input 
City of Gresham, Oregon 
 

Pollutant BIOSCREEN Transport Scenario Half-Life                                       
(year) 

Biodegradation Rate 
Constant                                
(year-1) 

PCP Average Scenario 2.16 0.32 
Reasonable Maximum Scenario 4.2 0.17 

Naphthalene Average Scenario 0.35 2.0 
Reasonable Maximum Scenario 0.71 0.98 

2,4-D Average Scenario 0.27 2.6 
Reasonable Maximum Scenario 0.50 1.4 

Toluene Average Scenario 0.048 14.0 
Reasonable Maximum Scenario 0.077 9.0 

Notes: 
PCP = pentachlorophenol 
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Soluble Mass 
The theoretical soluble mass in the source is input into BIOSCREEN so that the mass loading 
during the fate and transport simulation does not exceed the mass in the source.  The maximum 
amount of soluble mass loaded at a given UIC was calculated by the following equation: 
 

Mx = (Vsw)(Cx)      (23) 
where: 
 Mx = soluble mass of x pollutant (M) 
 Vsw = volume of stormwater that infiltrated at a given UIC (L3) 

Cx = output concentration from the reasonable maximum scenario of the Fate and 
Transport Tool analysis [stormwater pollutants discharge to UICs at the proposed EDL 
(M/L3)] 
 

Table 17 shows calculations for soluble mass for PCP and naphthalene used in the BIOSCREEN 
model. The pollutant concentrations reaching the groundwater (Cx) are equal to the output 
concentrations calculated using a 10-foot separation distance under the reasonable maximum 
scenario of the unsaturated zone Fate and Transport Tool. As outlined in Section 2.5 of this TM, 
the infiltration time [i.e., number of days exceeding the threshold precipitation rate for 
stormwater to discharge into UICs (≥ 0.04 inches/hour of precipitation)] is approximately 14.24 
days per year. The volume of stormwater infiltrated into the UIC (Vsw) was calculated using the 
following formula: 
 

Vsw = (Average Impervious Area per UIC)(Threshold Precipitation Rate)   
(Infiltration Time)(1 – Evaporative Loss Factor)    (24) 

 
Equation (24) calculates an average infiltration volume for UICs based on the average 
impervious area per UIC, a precipitation rate required for runoff to UICs (≥ 0.04 inches/hour), 
14.24 days of average annual precipitation ≥ 0.04 inches/hour, and the evaporative loss factor 
described in Section 2.5 of this TM. 
 
 
Table 17. Soluble Mass Calculations for BIOSCREEN Input 
City of Gresham, Oregon 
 

Pollutant Vsw                                                               
(L) 

BIOSCREEN Transport 
Scenario 

Concentration, 
Cx                                                      

(mg/L) 1 

Soluble Mass, 
Mx                                                  

(mg) 

PCP 299,000 Average and Reasonable 
Maximum Scenario 0.00496 1,483 

Naphthalene 299,000 Average and Reasonable 
Maximum Scenario 0.00477 1,426 

2,4-D 299,000 Average and Reasonable 
Maximum Scenario 0.00231 691 

Toluene 299,000 Average and Reasonable 
Maximum Scenario 0.00456 1,363 

Notes: 
Vsw = stormwater volume   L = liters  kg = kilogram  mg = milligram 
PCP = pentachlorophenol 
1 Assumes 10 feet separation distance and conservative assumptions as defined by the reasonable maximum scenario of the Fate and 
Transport Tool. 
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BIOSCREEN simulates reduction in source concentration by limiting the amount (by weight) of 
mass that is loaded into the aquifer during transport. 
 
Discretization 
BIOSCREEN requires specification of transport time and a maximum extent or dimensions 
(model domain) of the groundwater area that might be affected by the contaminant plume, 
including: source thickness (z-direction), source width (y-direction), and modeled area length 
(x-direction). These parameters and the rationale for using these parameters are summarized in 
Table 18. 
 
Table 18. BIOSCREEN Discretization 
City of Gresham, Oregon 
 

Parameter Value Rationale 

Modeled Area Length varies 
Distance is greater than 

pollutants migrate during 
modeled transport time 

Modeled Area Width 40 feet Distance is greater than the 
diameter of a UIC 

Modeled Area Thickness 10 feet No significant vertical 
gradients 

Transport Time 0.039 years (14.24 days) 
Consistent with mass loading 
calculation and equal to the 

infiltration time. 
 

4.4  BIOSCREEN Results and Conclusions 
BIOSCREEN was used to simulate fate and transport of PCP, naphthalene, 2,4-D, and toluene 
under the average and reasonable maximum scenarios. Results of the BIOSCREEN simulations 
are discussed in the following sections. 
 
PCP Fate and Transport 
Results of the BIOSCREEN fate and transport simulations for PCP are shown in Figures 6 and 7 
(average scenario) and Figures 8 and 9 (reasonable maximum scenario). The BIOSCREEN 
simulations indicate that: 
 

• Under the average BIOSCREEN scenario, PCP concentrations are below the MRL after 
about 2 feet of fate and transport through the saturated zone.  

• Under the reasonable maximum BIOSCREEN scenario, PCP concentrations are below 
the MRL after about 7.5 feet of fate and transport through the saturated zone.  
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Figure 6. Input parameters for PCP BIOSCREEN model – average scenario. 
City of Gresham, Oregon 
 

 
Figure 7. BIOSCREEN model output for PCP – average scenario. 
City of Gresham, Oregon 
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Figure 8. Input parameters for PCP BIOSCREEN model – reasonable maximum scenario. 
City of Gresham, Oregon 
 

 
Figure 9. BIOSCREEN model output for PCP – reasonable maximum scenario. 
City of Gresham, Oregon 
 
Naphthalene Fate and Transport 
Results of the BIOSCREEN fate and transport simulations for Naphthalene are shown in 
Figures 10 and 11 (average scenario) and Figures 12 and 13 (reasonable maximum scenario). 
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• Under the average BIOSCREEN scenario, naphthalene concentrations are below the 
MRL after 1.4 feet of fate and transport through the saturated zone.  

• Under the reasonable maximum BIOSCREEN scenario, naphthalene concentrations are 
below the MRL after about 7.5 feet of fate and transport through the saturated zone.  

 

 
Figure 10. Input parameters for naphthalene BIOSCREEN model – average scenario. 
City of Gresham, Oregon 
 
 

 
Figure 11. BIOSCREEN model output for naphthalene – average scenario. 
City of Gresham, Oregon 
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Figure 12. Input parameters for naphthalene BIOSCREEN model – reasonable maximum scenario. 
City of Gresham, Oregon 
 

 
Figure 13. BIOSCREEN model output for naphthalene – reasonable maximum scenario. 
City of Gresham, Oregon 
 
2,4-D Fate and Transport 
Results of the BIOSCREEN fate and transport simulations for 2,4-D are shown in Figures 14 and 
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• Under the average BIOSCREEN scenario, 2,4-D concentrations are below the MRL after 
just over 2.5 feet of fate and transport through the saturated zone.  

• Under the reasonable maximum BIOSCREEN scenario, naphthalene concentrations are 
below the MRL after about 4 feet of fate and transport through the saturated zone.  

 

 
Figure 14. Input parameters for 2,4-D BIOSCREEN model – average scenario. 
City of Gresham, Oregon 
 

 
Figure 15. BIOSCREEN model output for 2,4-D – average scenario. 
City of Gresham, Oregon 
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Figure 16. Input parameters for 2,4-D BIOSCREEN model – reasonable maximum scenario. 
City of Gresham, Oregon 
 

 
Figure 17. BIOSCREEN model output for 2,4-D – reasonable maximum scenario. 
City of Gresham, Oregon 
 

Toluene Fate and Transport 
Results of the BIOSCREEN fate and transport simulations for Toluene are shown in Figures 18 
and 19 (average scenario) and Figures 20 and 21 (reasonable maximum scenario). The 
BIOSCREEN simulations indicate that: 

BIOSCREEN Natural Attenuation Decision Support System 
Air Force Center for Environmental Excellence Version 1.4 

1. HYDROGEOLOGY 
Seepage Velocity• 

or 
Hydraulic Conductivity 
Hydraulic Gradient 
Porosity 

2. DISPERSION 
Longitudinal Dispersivity• 

TranS'v'erse Dispersivity• 
Vertical Dispersivity• 

or 
Estimated Plume Length 

3. ADSORPTION 
Retardation Factor• 

or 

Vs 

K 

n 

alphax 

alph,1> 
alpha z 

Lp 

R 

Soil Bulk Density rho 

5. GENERAL 
Modeled Area Leng1h• 
Modeled Area Wodth• 

(cm/sec) Simulation nme• 
(ft/rt) 
( -) 6. 

. 

(ft) 

(ft) 
( ft) 

1' or 

C=:JrftJ 

VIC 2,4 - D 

Max Scenario 
Run Name 

(ft) r=_ L ---+ 

(fl) W ~ 
(yr) ! 

II 

Data Input Instructions: 

II 

Variable• -
II 

1. Enter value direcl/v .... or 
2. Calculate by fil/iflfl in grey 

cells below. (To restore 

formulas, hit button below). 
Data used d,recl/y m model 

Value calculated by model. 

(DonY enter any data). 

II 

View of Plume Looking Down 

Observed Centerline Concentrations at Monitoring Wells 
Partrtion Coefficient Koc .. In Source NAPL, Soil If No Dala Leave Blank or Enter ·o· 

II 

FractionOrganicCarbon foe 

(kg;!) 
(Ukg) 
( -) 7. FIELD DATA FOR COr'M'-P'-'A'-'R'-'IS'-'O'i-N'-~~-~-~-~-~~-~-~-~--~~ 

Concentration (mg/ L)I I I T I I I 7 I I T 7 
Dist. from Source (ttlN•Nif lili liMf ilillJ'411W4if•@if @i @li f•J@Ifbl 4. BIODEGRADATION 

1st Order Decay Coeff" 
or 

Solute Ha~-Life 

1amtx1a 

t-ha/f 
or Instantaneous Reaction Model 

8. CHOOSE TYPE OF OUTPUT TO SEE: 

Delta Oxygen• DO 
Delta Nitrate• N03 
Observed Ferrous Iron• Fe2+ 
Delta Su~ate• S04 
Observed Me1hane• CH4 

§
(mg/L) 

(mg/L) 

(mg/L) 

(mg/L) 

(mg/L) 

RUN 
CENTERLINE 

View Output 

RUN ARRAY 

View Output 

Help 11 Recalculate This 
Sheet 

Paste Example Dataset 

Restore Formulas for Vs, 
Dispersivit ies, R, lambda, other 

DISSOLVED 2,4-D CONCENTRATION ALONG PLUME CENTERLINE (mg/Lat Z-0) 

Distance f rom Source (ft) 

TYPE OF MODEL 0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00 

No Degradation 2.31 E-03 2.0SE-03 1.83E-03 1.46E-03 1.02E-03 6 .20E-04 3.18E-04 1.35E-04 4.76E-05 1.37E-05 3.22E-06 

1st Order Decay 2.31 E-03 2.0SE-03 1.79E-03 1.42E-03 9.93E-04 5.99E-04 3.0SE-04 1.30E-04 4.56E-05 1.31 E-05 3.0SE-06 

MRL(m11/L) 1 OOE-04 1.00E-04 1 OOE-04 1.00E-04 1.00E-04 1.00E-04 1.00E-04 1.00E-04 1.00E-04 1.00E-04 1.00E-04 

Field Data from Site 

~ 1st Order Decay ---No Degradation 
5.00E-03 

4.00E-03 
C 
0 -~-E~ 3.00E-o3 

ig 
0 2.00E-03 

1.00E-03 

O.OOE+OO 

0.00 1.00 2.00 3.00 4.00 5.00 6 
Distance From Source (ft} 



  

42 
 

 
• Under the average BIOSCREEN scenario, Toluene concentrations are below the MRL 

after 2.5 feet of fate and transport through the saturated zone.  
• Under the reasonable maximum BIOSCREEN scenario, Toluene concentrations are 

below the MRL after about 3.0 feet of fate and transport through the saturated zone.  
 

 
Figure 18. Input parameters for Toluene BIOSCREEN model – average scenario. 
City of Gresham, Oregon 
 

 
Figure 19. BIOSCREEN model output for Toluene – average scenario. 
City of Gresham, Oregon 
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Figure 20. Input parameters for Toluene BIOSCREEN model – reasonable maximum scenario. 
City of Gresham, Oregon 
 

 
Figure 21. BIOSCREEN model output for Toluene – reasonable maximum scenario. 
City of Gresham, Oregon 
 

4.5  Conclusions 
Table 19 summarizes the maximum distances that PCP, naphthalene, 2,4-D, and toluene are 
expected to travel in groundwater before reaching a concentration below the MRL. These 
estimates are conservative because they assume constant discharge into UICs during seasonal 
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high groundwater levels at pollutant concentrations equal to the proposed EDL. These 
estimates also are conservative because they do not account for dilution at the point stormwater 
enters groundwater. Because of the complexities in the hydrogeologic system and variability in 
stormwater concentrations, both average and reasonable maximum scenarios are provided to 
assess the uncertainties in the BIOSCREEN fate and transport calculations. 
 
Based on reasonable maximum scenario of the Fate and Transport Tool and the BIOSCREEN 
analyses, the following conclusions are made: 
 

• Based on the unsaturated zone Fate and Transport Tool, PCP, naphthalene, 2,4-D, and 
toluene are the only pollutants that reach groundwater at concentrations greater than 
the MRL when entering the UIC at the proposed EDL under the reasonable maximum 
transport scenario. The concentrations estimated to reach the groundwater under the 
reasonable maximum scenario are conservatively used as the input concentrations into 
the BIOSCREEN model (i.e., no dilution occurs). 

• Based on BIOSCREEN, pollutants travel less than 2.5 feet (average scenario) and 8 feet 
(reasonable maximum scenario) from the UIC.  The estimated transport distances in 
groundwater are shown in Table 19. 

 
Table 19. Estimated Pollutant Travel Distances in Groundwater 
City of Gresham, Oregon 
 

Pollutant MRL 
(ug/L) 

Pollutant 
Concentration 
Discharging 

into UIC 1 

(ug/L) 

Pollutant 
Input 

Concentration 
at Water 

Table 2 (ug/L) 

BIOSCREEN Transport 
Scenario 

Travel Distance 
until 

Concentration is 
≤ MRL (feet) 

PCP 0.04 10 4.27 Average 2.0 
Reasonable Maximum 7.5 

Naphthalene 0.02 10 4.77 Average 1.4 
Reasonable Maximum 7.5 

2,4-D 0.1 4.14 2.31 Average 2.5 
Reasonable Maximum 4.0 

Toluene 0.5 9.64 4.56 Average 2.5 
Reasonable Maximum 3.0 

Notes: 
PCP = pentachlorophenol 
EDL = effluent discharge limit 
RSL = Environmental Protection Agency Regional Screening Level for tap water 
mg = milligrams 
L = liters 
MRL = analytical laboratory method reporting limit 
1 Pollutant concentration equal to the proposed EDL 
2 Assumes 5 feet separation distance and conservative assumptions as defined by the reasonable maximum scenario. 
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                                                                       TABLES 



City of Gresham, Oregon

EDL 1 MCL1

DEQ 
RBCs for 
Ground-

water2
Toxicity 
Ranking

Solubility 

(mg/L)4

EPA 
Mobility 

Ranking5
Mobility of 
Pollutant

Persistence

(half-life [days])6
Persistence 

Ranking

Frequency of 

Detection (%)7
Frequency of 

Detection Ranking
Frequency of 

Exceedance (%)

Pollutant 

Category8

μg/L μg/L μg/L  

Benzo(a)pyrene 0.2 0.2 0.0029 High 0.0016 0.0001 Low 300 Medium 54.3 medium 1.4 PAH

Di(2-ethylhexyl)phthalate 6 6 4.1 High 0.34 0.0001 Low 14 Low 67.1 medium 4.3 SV

Pentachlorophenol 1 1 0.47 High 2000 1 High 100 Medium 67.1 medium 14.3 SV

Antimony (Total) 6 6 NR High 170,000 0.01 Medium infinite infinite 88.6 high 0 M

Arsenic (Total) 10 10 0.038 High 120000 0.01 Medium infinite infinite 97.1 high 0 M

Cadmium (Total) 5 5 18 High 1700 0.01 Medium infinite infinite 24.3 medium 0 M

Copper (Total) 1300 1300 1400 Low 570 0.01 Medium infinite infinite 98.6 high 0 M

Lead (Total) 50 15 15 Medium 870 0.01 Medium infinite infinite 95.7 high 1.4 M

Zinc (Total) 5000 NR NR Low 1400 0.01 Medium infinite infinite 98.6 high 0 M

Barium (Total) 2000 2000 7300 Low 2,800 0.01 Medium infinite infinite no data no data no data M

Beryllium (Total) 4 4 73 High 84,000 0.01 Medium infinite infinite no data no data no data M

Chromium VI 100 100 110 Medium 600000 0.01 Medium infinite infinite no data no data no data M

Cyanide (Total) 200 200 730 Medium NR 1.0 High infinite infinite no data no data no data O

Mercury (Total, inorganic) 2 2 11 High 450 0.01 Medium infinite infinite 81.4 high 0 M

Selenium (Total) 50 50 NR Medium 2.60E+06 1.0 High infinite infinite no data no data no data M

Thallium (Total) 2 2 NR High 8600 0.01 Medium infinite infinite no data no data no data M

Benzene 5 5 0.35 High 1800 1 High 10 Low 1.3 low 0 V

Toluene 1000 1000 2300 Low 530 1 High 0.5 Low 11.8 low 0 V

Ethylbenzene 700 700 1300 Low 170 1 High 0.3 Low 1.3 low 0 V

Xylenes 10,000 10,000 210 Low 180 1 High 17.5 Low no data no data no data V

Alachlor 2 NR High 240 0.01 Medium 14 Low no data no data no data P/H

Atrazine 3 NR High 70 0.01 Medium 100 Medium no data no data no data P/H

Carbofuran 40 NR Medium 351 NR Medium 110 Medium no data no data no data P/H

Carbon Tetrachloride 5 0.17 High 790 1.0 High 265 Medium no data no data no data V

Chlordane 2 0.16 High 0.056 0.01 Medium 812 High no data no data no data P/H

Chlorobenzene 100 90 Medium 470 1.0 High 110 Medium no data no data no data V

2,4-D 1, 2 70 70 370 Low 4500 NR High 15 Low 4.3 low 0 P/H

Dalapon 200 200 NR Low 800,000 NR High 16 Low no data no data no data P/H

Diazinon 7 NR NR NR 60 NR Low 40 Low no data no data no data P

o-Dichlorobenzene 600 50 Low 4000 1.0 High slow High no data no data no data V

p-Dichlorobenzene 75 0.48 Medium 79 1.0 High 104 Medium no data no data no data V

1,3-Dichlorobenzene NR 15 High 125 NR High 42 Low no data no data no data V

Bis(2-chloroisopropyl)ether NR NR High 1,700 NR Medium 100 Medium no data no data no data SV

Bis(2-chloroethyl)ether 0.3 NR NR High 17,200 NR Medium 100 Medium no data no data no data SV

Dinoseb 7 7 NR High 52 NR High 24 Low 0 low 0 P/H

Diquat 20 NR Medium 700,000 NR Low infinite Infinite no data no data no data P/H

Endothall 100 NR Medium 100,000 NR Medium 10 Low no data no data no data P/H

Glyphosate 700 700 NR Low 11,600 NR Low 60 Medium no data no data no data P/H

Lindane[HCH(gamma)] 0.2 0.044 High 7.3 1.0 High 980 High no data no data no data P/H

Picloram 500 NR Low 430 NR Medium 100 Medium 0 low 0 P/H

1,2,4-Trichlorobenzene 70 12 Medium 35 1.0 High 104 Medium no data no data no data V

Nitrate-nitrogen 10,000 10,000 NR Low
High in soil 

& water
NR High infinite infinite no data no data no data O

Naphthalene N/A NR 6.2 High 31 0.01 Low 10 Low 74.3 medium NA PAH

Table notes:

8 Volatile organic compound (V), metal (M), polycyclic aromatic hydrocarbon (PAH), semi-volatile organic compound (SV), pesticide/herbicide (P/H), other (O)

6 References for degradation rates: 
   a) Howard, Phillip; Robert S. Boethling; William F. Jarvis; William M. Meylan; and Edward M. Mickalenko, 1991) Handbook of Environmental Degradation Rates, Lewis Publishers.
   b) EPA Technical Fact Sheets

4,5 U.S. EPA Superfund Chemical Data Matrix Methodology Report, Appendix A (2004).  http://www.epa.gov/superfund/sites/npl/hrsres/tools/app_a_1.pdf (Accessed 12/07)USEPA (2006).  Groundwater & Drinking Water Technical 
Factsheets.  Available at: http://www.epa.gov/ogwdw/hfacts.html

3 Cancerous (ca); Non-cancerous (nc)

7 Stormwater data from 2009 - 2010 City of Gresham storm water sampling

2 Oregon DEQ Risk Based Concentrations (RBCs) for Groundwater Ingestion and Inhalation from Tapwater, Residential. 7/4/07. http://www.deq.state.or.us/lq/pubs/docs/RBDMTable.pdf (Accessed 5/19/08)

Common Pollutants

Table 1:  Properties of WPCF Permit Pollutants Used in Selection of Representative Indicator Pollutants 

1 Effluent Discharge Limits (EDL) are based on Table A.5.1 and A.5.2 of the WPCF Permit for Class V UICs -- Municipal Template, Draft, Accessed on March 2, 2011. Maximum contaminant level (MCL). U.S. EPA Drinking Water 
Contaminants. http://www.epa.gov/safewater/contaminants/index.html (Accessed 12/6/07)

Pollutants shown in bold and orange highlighting were selected as indicator pollutants for the  evaluation of separation distance.

Screening Pollutants (From draft WPCF UIC Permit and  additional pollutants of concern in storm water)

Other Pollutants

Mobility of Pollutant = used in the UIC prioritization procedure to conservatively (assumes no dilution and/or degration)  estimate the mobility of stormwater pollutants discharged to a UIC (i.e., through soil) to have  adverse impacts on 
groundwater quality.  

Kd = soil/water distibution coefficient.   The amount of a chemical adsorbed by a sediment or soil (i.e., the solid phase) divided by the amount of test chemical in the solution phase, which is in equilibrium with the solid phase, at a fixed 
solid/solution ratio.

Koc = soil/water distibution coefficient.   Koc is a measure of the tendency for organic chemicals to be adsorbed to the soil. The higher the Koc value for each compound, the lower the mobility and the higher the adsorption.

Vapor Pressure = pressure exerted by a vapor in equilibrium with the solid or liquid phase of the same substance. 

Mobility Ranking = from EPA's SCDM (reference 1).  Value used where available; based on solubility and the soil/water distribution coefficient to determine the relative groundwater mobility factor.

Solubility = the maximum dissolved quantiy of a pollutant in pure water at a given temperature.

Log Kow = octanol/water partition coefficient is the ratio of a compounds concentration in the octanol phase to its concentration in the aqueous phase of a two-phase system. Low Kow values (<10) are considered hydrophlic and tend to have 
higher water solubility.  High Kow values (>104) are very hydrophobic.
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y m 0.07 0.44 0.005 0.0232 0.00133 0.01139 0.29 3.27 0.73 5.35 0.032 0.265 NA NA NA NA
y ft 0.22 1.46 0.02 0.08 0.00437 0.03737 0.94 10.72 2.39 17.54 0.10 0.87 NA NA NA NA

Concentration C0 mg/L 0.00937 1 0.01206 2 0.00612 1 0.00890 2 1.99E-05 3 2.60E-05 4 4.20E-05 3 5.10E-05 4 7.29E-04 3 1.17E-03 4 2.21E-03 3 2.74E-03 4 6.30E-05 3 6.96E-05 4 3.10E-04 3 3.50E-04 4

Infiltration Time t d 14,240 5 14,240 5 14,240 5 14,240 5 14.24 6 14.24 6 14.24 6 14.24 6 14.24 6 14.24 6 14.24 6 14.24 6 14.24 6 14.24 6 14.24 6 14.24 6

First-Order Rate Constant k d-1 1.30E-03 7 2.60E-04 8 7.50E-02 7 2.50E-02 8 2.21E-02 9 1.39E-02 10 1.50E-02 7 1.00E-02 8 5.30E-03 7 2.20E-03 8 3.30E-01 7 8.20E-02 8

Half-Life h d 533.2 11 2666.0 11 9.2 11 27.7 11 31.4 11 49.9 11 46.2 11 69.3 11 130.8 11 315.1 11 2.1 11 8.5 11

Soil Porosity  - 0.325 12 0.325 12 0.325 12 0.325 12 0.325 12 0.325 12 0.325 12 0.325 12 0.325 12 0.325 12 0.325 12 0.325 12 0.325 12 0.325 12 0.325 12 0.325 12

Soil Bulk density b g/cm3 1.79 13 1.79 13 1.79 13 1.79 13 1.79 13 1.79 13 1.79 13 1.79 13 1.79 13 1.79 13 1.79 13 1.79 13 1.79 13 1.79 13 1.79 13 1.79 13

Fraction Organic Carbon foc - 0.0072 14 0.0013 14 0.0072 14 0.0013 14 0.0072 14 0.0013 14 0.0072 14 0.0013 14 0.0072 14 0.0013 14 0.0072 14 0.0013 14

Organic Carbon Partition 
Coefficient

Koc L/kg 282,185 15 282,185 15, 16 1,300 15 830 17 822 18 822 18 12,200 15 12,200 15, 16 201 19 20 20 162 21 37 22

Distribution Coefficient Kd L/kg 76,000 23 17,000 24 1,000,000 23 340,000 24 2,032 25 379 25 9.4 25 1.1 25 5.9 25 1.1 25 87.8 25 16.4 25 1.4 25 0.026 25 1.2 25 0.05 25

Pore Water Velocity v m/d 1.00 26 1.45 27 1.00 26 1.45 27 1.00 26 1.45 27 1.00 26 1.45 27 1.00 26 1.45 27 1.00 26 1.45 27 1.00 26 1.45 27 1.00 26 1.45 27

Retardation Factor R - 418,293 93,566 5,503,847 1,871,309 11,183 2,085 53 7.1 33.6 7.1 484 91 9.0 1.1 7.4 1.3
Dispersion Coefficient D m2/d 3.32E-03 3.22E-02 2.61E-04 1.68E-03 6.66E-05 8.26E-04 1.44E-02 2.37E-01 3.64E-02 3.88E-01 1.60E-03 1.92E-02 #VALUE! #VALUE! #VALUE! #VALUE!
Normalized Dispersion D' m2/d 7.94E-09 3.44E-07 4.74E-11 8.99E-10 5.96E-09 3.96E-07 2.74E-04 3.32E-02 1.08E-03 5.48E-02 3.30E-06 2.10E-04 #VALUE! #VALUE! #VALUE! #VALUE!

Normalized Velocity v' m/d 2.39E-06 1.55E-05 1.82E-07 7.75E-07 8.94E-05 6.95E-04 1.90E-02 2.03E-01 2.98E-02 2.05E-01 2.06E-03 1.59E-02 1.12E-01 1.27E+00 1.35E-01 1.14E+00
Normalized Degradation k' d-1 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.16E-07 1.25E-07 1.43E-03 3.51E-03 6.58E-04 1.97E-03 3.10E-05 1.10E-04 5.91E-04 1.92E-03 4.45E-02 6.44E-02

A1 - - 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -1.73E-06 -2.04E-06 -2.16E-02 -5.62E-02 -1.61E-02 -5.11E-02 -4.80E-04 -1.82E-03 #VALUE! #VALUE! #VALUE! #VALUE!
A2 - - 1.52E+00 1.60E+00 1.60E+00 1.70E+00 1.01E-01 3.13E-01 1.30E-01 2.59E-01 1.22E+00 1.36E+00 1.90E-01 3.46E-01 #VALUE! #VALUE! #VALUE! #VALUE!
eA1 - - 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 9.79E-01 9.45E-01 9.84E-01 9.50E-01 1.00E+00 9.98E-01 #VALUE! #VALUE! #VALUE! #VALUE!

erfc(A2) - - 3.12E-02 2.41E-02 2.37E-02 1.62E-02 8.87E-01 6.58E-01 8.54E-01 7.14E-01 8.45E-02 5.37E-02 7.88E-01 6.25E-01 #VALUE! #VALUE! #VALUE! #VALUE!
B1 - - 2.00E+01 2.00E+01 2.00E+01 2.00E+01 2.00E+01 2.00E+01 2.00E+01 2.01E+01 2.00E+01 2.01E+01 2.00E+01 2.00E+01 #VALUE! #VALUE! #VALUE! #VALUE!
B2 - - 4.72E+00 4.75E+00 4.75E+00 4.78E+00 4.47E+00 4.48E+00 4.48E+00 4.49E+00 4.64E+00 4.69E+00 4.48E+00 4.49E+00 #VALUE! #VALUE! #VALUE! #VALUE!
eB1 - - 4.85E+08 4.85E+08 4.85E+08 4.85E+08 4.85E+08 4.85E+08 4.96E+08 5.13E+08 4.93E+08 5.11E+08 4.85E+08 4.86E+08 #VALUE! #VALUE! #VALUE! #VALUE!

erfc(B2) - - 2.37E-11 1.88E-11 1.86E-11 1.32E-11 2.51E-10 2.30E-10 2.39E-10 2.11E-10 5.36E-11 3.41E-11 2.45E-10 2.24E-10 #VALUE! #VALUE! #VALUE! #VALUE!
Concentration Immediately 

Above Water Table C mg/L 2.00E-04 2.00E-04 1.00E-04 1.00E-04 1.00E-05 1.00E-05 2.00E-05 2.00E-05 4.00E-05 4.00E-05 1.00E-03 1.00E-03 #VALUE! #VALUE! #VALUE! #VALUE!

MRL Concentration C mg/L 2.00E-04 2.00E-04 1.00E-04 1.00E-04 1.00E-05 1.00E-05 2.00E-05 2.00E-05 4.00E-05 4.00E-05 1.00E-03 1.00E-03 1.00E-04 1.00E-04 5.00E-04 5.00E-04

NOTES  
1 Mean total metals concentration in stormwater measured during winter 2009 - 2010 Gresham stormwater sampling event.  See text for details.
2 95% UCL on the mean of total metals in stormwater measured during winter 2009 - 2010 Gresham stormwater sampling event.  See text for details.
3 Mean concentration in stormwater measured during winter 2009 - 2010 Gresham stormwater sampling event.  See text for details.
4 95% UCL on the mean of pollutant in stormwater measured during winter 2009 - 2010 Gresham stormwater sampling event.  See text for details.
5 Infiltration time is based on 1000 years of metals transport @ 14.24 days per year.  (1000 years * 14.24 days per year = 14,240 days of transport).
6 Infiltration time is the number of days during the year that stormwater infiltrates into the UIC.  Stormwater infiltration occurs when the precipitation rate is equal to or exceeds 0.04 inches/hour.  Precipitation data source is the Gresham Fire Department raingage located at 1333 NW Eastman Parkway

in downtown Gresham, Oregon (HYDRA, 2010). Annual precipitation data from 1999 to 2009 were used in the analysis, and were averaged using the geometric mean.
7 Median biodegradation rate from a review of scientific literature (see text for references).
8 25th percentile biodegradation rate from a review of scientific literature (see text for references).
9 10 percent of the average biodegradation rate of PCP under aerobic conditions from studies by Schmidt et al. (1999) and D'Angelo and Reddy (2000).

10 10 percent of the minimum biodegradation rate of PCP under aerobic conditions from studies by Schmidt et al. (1999) and D'Angelo and Reddy (2000).
11 Calculated from the following formula: Ct = C0e

-kt, where Ct is concentration at time t, C0 is initial concentration, t is time, and k is biodegradation rate.
12 Evarts and O'Conner (2008) identifies the Missoula Flood Deposits (Qmf) beneath Gresham as a "bouldery and cobbely gravel and sand."  Therefore, typical porosity of a gravel from Freeze and Cherry (1979), page 37, Table 2.4  is used in this analysis.
13 Calculated by formula 8.26 in Freeze and Cherry (1979): pb = 2.65(1-).
14 Estimate of foc based on loading of TOC in stormwater; see text for description .
15 Calculated from the equation of Roy and Griffin (1985), which relates Koc to  water solubility and Kow, as presented in Fetter (1994). 
16 Because the Kocs reported in field studies were all higher than Kocs calculated from Kow (i.e., field-study Kocs were less conservative), the reasonable maximum scenario uses the Koc calculated by Roy and Griffin (1985)
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Appendix A
Table 1. Pollutant Fate and Transport

Calculating Transport Distance Needed to Reach MRLs
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17 The lowest Koc reported for Naphthalene in the EPA (1996) review of n = 20 Naphthalene Kocs from field-testing.  The range of Koc was 830 L/kg - 1,950 L/kg.
18 The Koc for Pentachlorophenol is pH-dependent.  Soil and groundwater pH are in equilibrium; therefore, soil pH can be estimated from groundwater pH.  pH has been measured at monitoring wells completed in first-encountered groundwater at the Fujitsu Ponds Wetlands, 201st Avenue and NE Glisan, Gresham, Oregon.

The average groundwater pH at monitoring wells MW3, MW7, and MW6 was 6.45.  When pH = 6.45, the Koc for PCP is 822 L/Kg (EPA, 1996).
19 Calculated from equation (71) in EPA (1996), which relates Koc to Kow for VOCs, chlorobenzenes, and certain chlorinated pesticides.  
20 The lowest Koc reported for 2,4-D acid in EPA (2010a).  
21 Calculated from equation (71) in EPA (1996), which relates Koc to Kow for VOCs, chlorobenzenes, and certain chlorinated pesticides.  The log Kow for Toluene (2.69) was taken from  EPA (2010c)
22 The lowest Koc reported for Toluene in EPA (2010c).  The range of Koc was 37 - 178 L/kg.
23 Median Kd for copper or lead, calculated using site-specific data and an equation from Brickner (1998), based on Year 1 SWDM from the City of Portland.
24 10th percentile of Kd for copper or lead, calculated using site-specific data and an equation from Brickner (1998), based on Year 1 SWDM from the City of Portland
25 Kd calculated from the following equation: Kd = (foc)(Koc) (e.g., Watts, pg. 279, 1998).
26 The median hydraulic conductivity calculated using the pump-in method at 37 City of Gresham UICs.  The pump-in method is outlined in USDI (pgs. 83 - 95, 1993), and is discussed in more detail in the text.
27 The 95% UCL on the mean of hydraulic conductivity based on 37 pump-in tests at City of Gresham UICs.  The pump-in method is outlined in USDI (pgs. 83 - 95, 1993), and is discussed in more detail in the text.

 
ABBREVIATIONS

PAHs = Polynuclear Aromatic Hydrocarbons USGS =United States Geological Survey UIC = Underground Injection Control Qmf = Quaternary Missoula Flood Deposits m = meters
SVOCs = Semi-Volatile Organic Compounds EPA = Environmental Protection Agency MCL = Maximum Contaminant Level TOC = Total Organic Carbon m/d = meters per day

VOCs = Volatile Organic Compounds DOGAMI = Department of Geology and Mineral UCL = Upper Confidence Level d = days m2/d = square meters per day
PCP = Pentachlorophenol Industries MRL = Method Reporting Limit g/cm3 = grams per cubic centimeter mg/L = milligrams per liter

NA = Input concentration is less than the MRL, so no transport is necessary to reduce pollutant concentrations to below MRLs.
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y m NA NA NA NA NA NA NA NA NA 2.93 NA NA NA NA NA NA
y ft NA NA NA NA NA NA NA NA NA 9.61 NA NA NA NA NA NA

Concentration C0 mg/L 0.00937 1 0.01206 2 0.00612 1 0.00890 2 1.99E-05 3 2.60E-05 4 4.20E-05 3 5.10E-05 4 7.29E-04 3 1.17E-03 4 2.21E-03 3 2.74E-03 4 6.30E-05 3 6.96E-05 4 3.10E-04 3 3.50E-04 4

Infiltration Time t d 14,240 5 14,240 5 14,240 5 14,240 5 14.24 6 14.24 6 14.24 6 14.24 6 14.24 6 14.24 6 14.24 6 14.24 6 14.24 6 14.24 6 14.24 6 14.24 6

First-Order Rate Constant k d-1 1.30E-03 7 2.60E-04 8 7.50E-02 7 2.50E-02 8 2.21E-02 9 1.39E-02 10 1.50E-02 7 1.00E-02 8 5.30E-03 7 2.20E-03 8 3.30E-01 7 8.20E-02 8

Half-Life h d 533.2 11 2666.0 11 9.2 11 27.7 11 31.4 11 49.9 11 46.2 11 69.3 11 130.8 11 315.1 11 2.1 11 8.5 11

Soil Porosity  - 0.325 12 0.325 12 0.325 12 0.325 12 0.325 12 0.325 12 0.325 12 0.325 12 0.325 12 0.325 12 0.325 12 0.325 12 0.325 12 0.325 12 0.325 12 0.325 12

Soil Bulk density b g/cm3 1.79 13 1.79 13 1.79 13 1.79 13 1.79 13 1.79 13 1.79 13 1.79 13 1.79 13 1.79 13 1.79 13 1.79 13 1.79 13 1.79 13 1.79 13 1.79 13

Fraction Organic Carbon foc - 0.0072 14 0.0013 14 0.0072 14 0.0013 14 0.0072 14 0.0013 14 0.0072 14 0.0013 14 0.0072 14 0.0013 14 0.0072 14 0.0013 14

Organic Carbon Partition 
Coefficient

Koc L/kg 282,185 15 282,185 15, 16 1,300 15 830 17 822 18 822 18 12,200 15 12,200 15,16 201 19 20 20 162 21 37 22

Distribution Coefficient Kd L/kg 76,000 23 17,000 24 1,000,000 23 340,000 24 2,032 25 379 25 9.4 25 1.1 25 5.9 25 1.1 25 87.8 25 16.4 25 1.4 25 0.026 25 1.2 25 0.05 25

Pore Water Velocity v m/d 1.00 26 1.45 27 1.00 26 1.45 27 1.00 26 1.45 27 1.00 26 1.45 27 1.00 26 1.45 27 1.00 26 1.45 27 1.00 26 1.45 27 1.00 26 1.45 27

Retardation Factor R - 418,293 93,566 5,503,847 1,871,309 11,183 2,085 53 7.1 33.6 7.1 484 91 9.0 1.1 7.4 1.3
Dispersion Coefficient D m2/d #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! 2.12E-01 #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE!
Normalized Dispersion D' m2/d #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! 3.00E-02 #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE!

Normalized Velocity v' m/d 2.39E-06 1.55E-05 1.82E-07 7.75E-07 8.94E-05 6.95E-04 1.90E-02 2.03E-01 2.98E-02 2.05E-01 2.06E-03 1.59E-02 1.12E-01 1.27E+00 1.35E-01 1.14E+00
Normalized Degradation k' d-1 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.16E-07 1.25E-07 1.43E-03 3.51E-03 6.58E-04 1.97E-03 3.10E-05 1.10E-04 5.91E-04 1.92E-03 4.45E-02 6.44E-02

A1 - - #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! -2.80E-02 #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE!
A2 - - #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! 7.22E-05 #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE!
eA1 - - #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! 9.72E-01 #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE!

erfc(A2) - - #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! 1.00E+00 #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE!
B1 - - #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! 2.00E+01 #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE!
B2 - - #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! 4.48E+00 #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE!
eB1 - - #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! 4.99E+08 #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE!

erfc(B2) - - #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! 2.40E-10 #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE!
Concentration Immediately 

Above Water Table C mg/L #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! 6.39E-04 #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE!

Regulatory 
Standards EDLs mg/L

28 28 28 28 28 28 28

NOTES  
1 Mean total metals concentration in stormwater measured during winter 2009 - 2010 Gresham stormwater sampling event.  See text for details.
2 95% UCL on the mean of total metals in stormwater measured during winter 2009 - 2010 Gresham stormwater sampling event.  See text for details.
3 Mean concentration in stormwater measured during winter 2009 - 2010 Gresham stormwater sampling event.  See text for details.
4 95% UCL on the mean of pollutant in stormwater measured during winter 2009 - 2010 Gresham stormwater sampling event.  See text for details.
5 Infiltration time is based on 1000 years of metals transport @ 14.24 days per year.  (1000 years * 14.24 days per year = 14,240 days of transport).
6 Infiltration time is the number of days during the year that stormwater infiltrates into the UIC.  Stormwater infiltration occurs when the precipitation rate is equal to or exceeds 0.04 inches/hour.  Precipitation data source is the Gresham Fire Department raingage located at 1333 NW Eastman Parkway

in downtown Gresham, Oregon (HYDRA, 2010). Annual precipitation data from 1999 to 2009 were used in the analysis, and were averaged using the geometric mean.
7 Median biodegradation rate from a review of scientific literature (see text for references).
8 25th percentile biodegradation rate from a review of scientific literature (see text for references).
9 10 percent of the average biodegradation rate of PCP under aerobic conditions from studies by Schmidt et al. (1999) and D'Angelo and Reddy (2000).

10 10 percent of the minimum biodegradation rate of PCP under aerobic conditions from studies by Schmidt et al. (1999) and D'Angelo and Reddy (2000).
11 Calculated from the following formula: Ct = C0e

-kt, where Ct is concentration at time t, C0 is initial concentration, t is time, and k is biodegradation rate.
12 Evarts and O'Conner (2008) identifies the Missoula Flood Deposits (Qmf) beneath Gresham as a "bouldery and cobbely gravel and sand."  Therefore, typical porosity of a gravel from Freeze and Cherry (1979), page 37, Table 2.4  is used in this analysis.
13 Calculated by formula 8.26 in Freeze and Cherry (1979): pb = 2.65(1-).
14 Estimate of foc based on loading of TOC in stormwater; see text for description .

Appendix A
Table 2. Pollutant Fate and Transport

Calculating Transport Distance Needed to Reach EDLs

Parameter Symbol Units

Metals PAHs SVOCs Pesticides/
Herbicides VOCs

Copper Lead Benzo(a)pyrene Naphthalene PCP di-(2-ethylhexyl) phthalate 2,4-D Toluene
Reasonable 
Maximum 
Scenario

Average 
Scenario

Reasonable 
Maximum Scenario

Average 
Scenario

Reasonable 
Maximum 
Scenario

Average 
Scenario

Reasonable 
Maximum 
Scenario

Average 
Scenario

Reasonable 
Maximum 
Scenario

2.00E-04

Average 
Scenario

Reasonable 
Maximum 
Scenario

Average 
Scenario

Reasonable 
Maximum 
Scenario

UIC Properties Distance Needed to Reach 
EDLs

Average 
Scenario

Reasonable 
Maximum 
Scenario

Average Scenario

NA 1.00E-03 6.00E-03 7.00E-02 1.00E+00

Chemical 
Properties
Physical and 
Chemical Soil 
Properties

Calculations

1.30E+00 5.00E-02
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15 Calculated from the equation of Roy and Griffin (1985), which relates Koc to  water solubility and Kow, as presented in Fetter (1994). 
16 Because the Kocs reported in field studies were all higher than Kocs calculated from Kow (i.e., field-study Kocs were less conservative), the reasonable maximum scenario uses the Koc calculated by Roy and Griffin (1985)
17 The lowest Koc reported for Naphthalene in the EPA (1996) review of n = 20 Naphthalene Kocs from field-testing.  The range of Koc was 830 L/kg - 1,950 L/kg.
18 The Koc for Pentachlorophenol is pH-dependent.  Soil and groundwater pH are in equilibrium; therefore, soil pH can be estimated from groundwater pH.  pH has been measured at monitoring wells completed in first-encountered groundwater at the Fujitsu Ponds Wetlands, 201st Avenue and NE Glisan, Gresham, Oregon.

The average groundwater pH at monitoring wells MW3, MW7, and MW6 was 6.45.  When pH = 6.45, the Koc for PCP is 822 L/Kg (EPA, 1996).
19 Calculated from equation (71) in EPA (1996), which relates Koc to Kow for VOCs, chlorobenzenes, and certain chlorinated pesticides.  The log Kow for Toluene (2.69) was taken from  EPA (2010c)
20 The lowest Koc reported for 2,4-D acid in EPA (2010a).  The range of Koc is 20.0 to 109.1 L/kg.
21 Calculated from equation (71) in EPA (1996), which relates Koc to Kow for VOCs, chlorobenzenes, and certain chlorinated pesticides.  The log Kow for Toluene (2.69) was taken from  EPA (2010c)
23 The lowest Koc reported for Toluene in EPA (2010c).  The range of Koc was 37 - 178 L/kg.
24 Median Kd for copper or lead, calculated using site-specific data and an equation from Brickner (1998), based on Year 1 SWDM from the City of Portland.
25 10th percentile of Kd for copper or lead, calculated using site-specific data and an equation from Brickner (1998), based on Year 1 SWDM from the City of Portland
26 Kd calculated from the following equation: Kd = (foc)(Koc) (e.g., Watts, pg. 279, 1998).
27 The median hydraulic conductivity calculated using the pump-in method at 37 City of Gresham UICs.  The pump-in method is outlined in USDI (pgs. 83 - 95, 1993), and is discussed in more detail in the text.
28 The 95% UCL on the mean of hydraulic conductivity based on 37 pump-in tests at City of Gresham UICs.  The pump-in method is outlined in USDI (pgs. 83 - 95, 1993), and is discussed in more detail in the text.
29 Effluent Discharge Limits from Table A1 and Table A2 of the 1st Draft UIC WPCF Municipal Stormwater Permit Template

 
ABBREVIATIONS

PAHs = Polynuclear Aromatic Hydrocarbons USGS =United States Geological Survey UIC = Underground Injection Control Qmf = Quaternary Missoula Flood Deposits m = meters
SVOCs = Semi-Volatile Organic Compounds EPA = Environmental Protection Agency MCL = Maximum Contaminant Level TOC = Total Organic Carbon m/d = meters per day

VOCs = Volatile Organic Compounds DOGAMI = Department of Geology and Mineral UCL = Upper Confidence Level d = days m2/d = square meters per day
PCP = Pentachlorophenol Industries MRL = Method Reporting Limit g/cm3 = grams per cubic centimeter mg/L = milligrams per liter

NA = Input concentration is less than the EDL, so no transport is necessary to reduce pollutant concentrations to below EDLs.
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y m 3.05 3.05 3.05 3.05 3.05
y ft 10.00 10.00 10.00 10.00 10.00

Proposed EDL C0 mg/L 0.01 1 1.00E-02 1 6.00E-02 1 4.14E-03 1 9.64E-03 1

Infiltration Time t d 14.24 2 14.24 2 14.24 2 14.24 2 14.24 2

First-Order Rate Constant k d-1 7.50E-02 3 2.21E-02 4 1.50E-02 3 5.30E-03 3 3.30E-01 3

Half-Life h d 9.2 5 31.4 5 46.2 5 130.8 5 2.1 5

Soil Porosity  - 0.325 6 0.325 6 0.325 6 0.325 6 0.325 6

Soil Bulk density b g/cm3 1.79 7 1.79 7 1.79 7 1.79 7 1.79 7

Fraction Organic Carbon foc - 0.0072 8 0.0072 8 0.0072 8 0.0072 8 0.0072 8

Organic Carbon Partition 
Coefficient

Koc L/kg 1,300 9 822 10 12,200 9 201 11 162 12

Distribution Coefficient Kd L/kg 9.4 13 5.9 13 87.8 13 1.4 13 1.2 13

Pore Water Velocity v m/d 1.00 14 1.00 14 1.00 14 1.00 14 1.00 14

Retardation Factor R - 53 33.6 484 9.0 7.4
Dispersion Coefficient D m2/d 1.52E-01 1.52E-01 1.52E-01 1.52E-01 1.52E-01

B2 - - 8.18E+00 6.83E+00 2.30E+01 4.71E+00 4.76E+00
eB1 - - 6.08E+08 5.19E+08 5.08E+08 4.93E+08 1.27E+09

erfc(B2) - - 0.00E+00 0.00E+00 0.00E+00 2.61E-11 1.64E-11
Concentration Immediately 

Above Water Table C mg/L 0.00E+00 1.45E-15 0.00E+00 1.00E-04 5.00E-04

MRL Concentration C mg/L 2.00E-05 4.00E-05 1.00E-03 1.00E-04 5.00E-04
Regulatory 
Standards EDLs mg/L 1.00E-03

15
6.00E-03

15
7.00E-02

15
1.00E+00

15

NOTES
1

2

3 Median biodegradation rate from a review of scientific literature (see text for references).
4 10 percent of the average biodegradation rate of PCP under aerobic conditions from studies by Schmidt et al. (1999) and D'Angelo and Reddy (2000).
5 Calculated from the following formula: C t = C0e

-kt, where Ct is concentration at time t, C0 is initial concentration, t is time, and k is biodegradation rate.
6 Evarts and O'Conner (2008) identifies the Missoula Flood Deposits (Qmf) beneath Gresham as a "bouldery and cobbely gravel and sand."  Therefore, typical porosity of a gravel from Freeze and Cherry (1979), 

page 37, Table 2.4  is used in this analysis.

Toluene

Chemical 
Properties
Physical and 
Chemical Soil 
Properties

NA 

SVOCs

PCP di-(2-ethylhexyl) phthalate

Appendix B
Table 1. Pollutant Fate and Transport

Proposed EDLs: Calculating Input Concentrations using Output Concentrations Equal to MRLs and 10-Foot Separation Distance

Alternate Effluent Discharge Limits (EDLs). EDLs are such that the concentration immediately above the water table is equal to the MRL. Alternate EDLs were limited to 10 times the EDL in the Draft UIC WPCF 
Municipal Stormwater Permit Template. The proposed EDL for naphthalene, which does not have an EDL in the Draft UIC WPCF Municipal Stormwater Permit Template, is equal to about 0.05% of its solubility in 
water at 10.0 degrees Celsius (Bohon and Claussen, 1951).
Infiltration time is the number of days during the year that stormwater infiltrates into the UIC.  Stormwater infiltration occurs when the precipitation rate is equal to or exceeds 0.04 inches/hour.  Precipitation data 
source is the Gresham Fire Department raingage located at 1333 NW Eastman Parkway in downtown Gresham, Oregon (HYDRA, 2010). Annual precipitation data from 1999 to 2009 were used in the analysis, 
and were averaged using the geometric mean.

Calculations

Average Scenario Average Scenario

UIC Properties
Transport Distance

Average Scenario Average Scenario Average Scenario

Parameter Symbol Units

Pesticides/
Herbicides

2,4-D

VOCsPAHs

Naphthalene
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7 Calculated by formula 8.26 in Freeze and Cherry (1979): p b = 2.65(1-).
8 Estimate of foc based on loading of TOC in stormwater; see text for description .
9 Calculated from the equation of Roy and Griffin (1985), which relates K oc to  water solubility and Kow, as presented in Fetter (1994). 

10

11 Calculated from equation (71) in EPA (1996), which relates Koc to Kow for VOCs, chlorobenzenes, and certain chlorinated pesticides.  The log Kow for Toluene (2.69) was taken from  EPA (2010c)
12 Calculated from equation (71) in EPA (1996), which relates Koc to Kow for VOCs, chlorobenzenes, and certain chlorinated pesticides.  The log Kow for Toluene (2.69) was taken from  EPA (2010c)
13 Kd calculated from the following equation: Kd = (f oc)(Koc) (e.g., Watts, pg. 279, 1998).
14 The median hydraulic conductivity calculated  using the pump-in method at 37 City of Gresham UICs.  The pump-in method is outlined in USDI (pgs. 83 - 95, 1993), and is discussed in more detail in the text.
15 Effluent Discharge Limits from Table A1 and Table A2 of the 1st Draft UIC WPCF Municipal Stormwater Permit Template

 
ABBREVIATIONS

PAHs = Polynuclear Aromatic Hydrocarbons MRL = Method Reporting Limit EDL = Effluent Discharge Limit
SVOCs = Semi-Volatile Organic Compounds Qmf = Quaternary Missoula Flood Deposits m = meters

VOCs = Volatile Organic Compounds TOC = Total Organic Carbon m/d = meters per day
PCP = Pentachlorophenol d = days m2/d = square meters per day
EPA = Environmental Protection Agency g/cm3 = grams per cubic centimeter mg/L = milligrams per liter

UIC = Underground Injection Control

The Koc for Pentachlorophenol is pH-dependent.  Soil and groundwater pH are in equilibrium; therefore, soil pH can be estimated from groundwater pH.  pH has been measured at monitoring wells completed in 
first-encountered groundwater at the Fujitsu Ponds Wetlands, 201st Avenue and NE Glisan, Gresham, Oregon.  The average groundwater pH at monitoring wells MW3, MW7, and MW6 was 6.45.  When pH = 
6.45, the Koc for PCP is 822 L/Kg (EPA, 1996).
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y m 3.05 3.05 3.05 3.05 3.05 3.05 3.05 3.05 3.05 3.05
y ft 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00

Concentration C0 mg/L 1.00E-02 1 1.00E-02 1 1.00E-02 1 1.00E-02 1 6.00E-02 1 6.00E-02 1 4.14E-03 1 4.14E-03 1 9.64E-03 1 9.64E-03 1

Infiltration Time t d 14.24 2 14.24 2 14.24 2 14.24 2 14.24 2 14.24 2 14.24 2 2.405 2 14.24 2 2.631 2

First-Order Rate Constant k d-1 7.50E-02 3 2.50E-02 4 2.21E-02 5 1.39E-02 6 1.50E-02 3 1.00E-02 4 5.30E-03 3 2.20E-03 4 3.30E-01 3 8.20E-02 4

Half-Life h d 9.2 7 27.7 7 31.4 7 49.9 7 46.2 7 69.3 7 130.8 7 315.1 7 2.1 7 8.5 7

Soil Porosity  - 0.325 8 0.325 8 0.325 8 0.325 8 0.325 8 0.325 8 0.325 8 0.325 8 0.325 8 0.325 8

Soil Bulk density b g/cm3 1.79 9 1.79 9 1.79 9 1.79 9 1.79 9 1.79 9 1.79 9 1.79 9 1.79 9 1.79 9

Fraction Organic Carbon foc - 0.0072 10 0.0013 10 0.0072 10 0.0013 10 0.0072 10 0.0013 10 0.0072 10 0.0013 10 0.0072 10 0.0013 10

Organic Carbon Partition 
Coefficient

Koc L/kg 1,300 11 830 12 822 13 822 13 12,200 11 12,200 11, 14 201 15 20 16 162 17 37 18

Distribution Coefficient Kd L/kg 9.4 19 1.1 19 5.9 19 1.1 19 87.8 19 16.4 19 1.4 19 0.026 19 1.2 19 0.05 19

Pore Water Velocity v m/d 1.00 20 1.45 21 1.00 20 1.45 21 1.00 20 1.45 21 1.00 20 1.45 21 1.00 20 1.45 21

Retardation Factor R - 53 7.1 33.6 7.1 484 91 9.0 1.1 7.4 1.3
Dispersion Coefficient D m2/d 1.52E-01 2.21E-01 1.52E-01 2.21E-01 1.52E-01 2.21E-01 1.52E-01 2.21E-01 1.52E-01 2.21E-01
Normalized Dispersion D' m2/d 2.90E-03 3.10E-02 4.54E-03 3.12E-02 3.15E-04 2.43E-03 1.70E-02 1.93E-01 2.05E-02 1.74E-01

Normalized Velocity v' m/d 1.90E-02 2.03E-01 2.98E-02 2.05E-01 2.06E-03 1.59E-02 1.12E-01 1.27E+00 1.35E-01 1.14E+00
Normalized Degradation k' d-1 1.43E-03 3.51E-03 6.58E-04 1.97E-03 3.10E-05 1.10E-04 5.91E-04 1.92E-03 4.45E-02 6.44E-02

A1 - - -2.26E-01 -5.24E-02 -6.71E-02 -2.92E-02 -4.56E-02 -2.10E-02 -1.61E-02 -4.62E-03 -9.60E-01 -1.71E-01
A2 - - 6.81E+00 1.03E-01 5.15E+00 8.95E-02 2.25E+01 7.59E+00 1.48E+00 1.43E-04 8.73E-01 3.75E-04
eA1 - - 7.98E-01 9.49E-01 9.35E-01 9.71E-01 9.55E-01 9.79E-01 9.84E-01 9.95E-01 3.83E-01 8.43E-01

erfc(A2) - - 0.00E+00 8.84E-01 3.11E-13 8.99E-01 0.00E+00 0.00E+00 3.62E-02 1.00E+00 2.17E-01 1.00E+00
B1 - - 2.02E+01 2.01E+01 2.01E+01 2.00E+01 2.00E+01 2.00E+01 2.00E+01 2.00E+01 2.10E+01 2.02E+01
B2 - - 8.18E+00 4.49E+00 6.83E+00 4.48E+00 2.30E+01 8.81E+00 4.71E+00 4.47E+00 4.76E+00 4.51E+00
eB1 - - 6.08E+08 5.11E+08 5.19E+08 5.00E+08 5.08E+08 4.95E+08 4.93E+08 4.87E+08 1.27E+09 5.76E+08

erfc(B2) - - 0.00E+00 2.26E-10 0.00E+00 2.37E-10 0.00E+00 0.00E+00 2.61E-11 2.52E-10 1.64E-11 1.79E-10
Concentration Immediately 

Above Water Table C mg/L 0.00E+00 4.77E-03 1.45E-15 4.96E-03 0.00E+00 0.00E+00 1.00E-04 2.31E-03 5.00E-04 4.56E-03

MRL Concentration C mg/L 2.00E-05 2.00E-05 4.00E-05 4.00E-05 1.00E-03 1.00E-03 1.00E-04 1.00E-04 5.00E-04 5.00E-04

NOTES  
1 Initial concentration is equal to the proposed EDL in Table 13 of the text.
2 Infiltration time is the number of days during the year that stormwater infiltrates into the UIC.  Stormwater infiltration occurs when the precipitation rate is equal to or exceeds 0.04 inches/hour.  Precipitation data source is the Gresham Fire Department raingage located at 1333 NW Eastman Parkway

in downtown Gresham, Oregon (HYDRA, 2010). Annual precipitation data from 1999 to 2009 were used in the analysis, and were averaged using the geometric mean.  Where infiltration shorter than 14.24 days occur, the maximum pollutant concentration immediately above the water table 
occurs prior to the maximum number of the days that stormwater infiltrates into the UIC (reaches steady state).

3 Median biodegradation rate from a review of scientific literature (see text for references).
4 25th percentile biodegradation rate from a review of scientific literature (see text for references).
5 10 percent of the average biodegradation rate of PCP under aerobic conditions from studies by Schmidt et al. (1999) and D'Angelo and Reddy (2000).
6 10 percent of the minimum biodegradation rate of PCP under aerobic conditions from studies by Schmidt et al. (1999) and D'Angelo and Reddy (2000).
7 Calculated from the following formula: Ct = C0e

-kt, where Ct is concentration at time t, C0 is initial concentration, t is time, and k is biodegradation rate.
8 Evarts and O'Conner (2008) identifies the Missoula Flood Deposits (Qmf) beneath Gresham as a "bouldery and cobbely gravel and sand."  Therefore, typical porosity of a gravel from Freeze and Cherry (1979), page 37, Table 2.4  is used in this analysis.
9 Calculated by formula 8.26 in Freeze and Cherry (1979): pb = 2.65(1-).

10 Estimate of foc based on loading of TOC in stormwater; see text for description .
11 Calculated from the equation of Roy and Griffin (1985), which relates Koc to  water solubility and Kow, as presented in Fetter (1994). 
12 The lowest Koc reported for Naphthalene in the EPA (1996) review of n = 20 Naphthalene Kocs from field-testing.  The range of Koc was 830 L/kg - 1,950 L/kg.
13 The Koc for Pentachlorophenol is pH-dependent.  Soil and groundwater pH are in equilibrium; therefore, soil pH can be estimated from groundwater pH.  pH has been measured at monitoring wells completed in first-encountered groundwater at the Fujitsu Ponds Wetlands, 201st Avenue and NE Glisan, Gresham, Oregon.

The average groundwater pH at monitoring wells MW3, MW7, and MW6 was 6.45.  When pH = 6.45, the Koc for PCP is 822 L/Kg (EPA, 1996).

Reasonable 
Maximum 
Scenario

Average 
Scenario

Average 
ScenarioAverage Scenario

Reasonable 
Maximum 
Scenario

Toluene2,4-Ddi-(2-ethylhexyl) phthalatePCPNaphthalene

Reasonable 
Maximum 
Scenario

Average 
Scenario

Reasonable 
Maximum 
Scenario

Reasonable 
Maximum ScenarioAverage Scenario

PAHs

Appendix C
Table 1. Pollutant Fate and Transport

Calculating Concentration Above the Water Table With Initial Concentrations Equal to the Proposed EDLs

VOCsSVOCs Pesticides/
Herbicides

Parameter Units

Calculations

UIC Properties

Physical and 
Chemical Soil 
Properties

Chemical 
Properties

Distance Needed to Reach 
MRLs

Symbol
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14 Because the Kocs reported in field studies were all higher than Kocs calculated from Kow (i.e., field-study Kocs were less conservative), the reasonable maximum scenario uses the Koc calculated by Roy and Griffin (1985)
15 Calculated from equation (71) in EPA (1996), which relates Koc to Kow for VOCs, chlorobenzenes, and certain chlorinated pesticides.  
16 The lowest Koc reported for 2,4-D acid in EPA (2010a).  
17 Calculated from equation (71) in EPA (1996), which relates Koc to Kow for VOCs, chlorobenzenes, and certain chlorinated pesticides.  The log Kow for Toluene (2.69) was taken from  EPA (2010c)
18 The lowest Koc reported for Toluene in EPA (2010c).  The range of Koc was 37 - 178 L/kg.
19 Kd calculated from the following equation: Kd = (foc)(Koc) (e.g., Watts, pg. 279, 1998).
20 The median hydraulic conductivity calculated  using the pump-in method at 37 City of Gresham UICs.  The pump-in method is outlined in USDI (pgs. 83 - 95, 1993), and is discussed in more detail in the text.
21 The 95% UCL on the mean of hydraulic conductivity based on 37 pump-in tests at City of Gresham UICs.  The pump-in method is outlined in USDI (pgs. 83 - 95, 1993), and is discussed in more detail in the text.

 
ABBREVIATIONS

PAHs = Polynuclear Aromatic Hydrocarbons Qmf = Quaternary Missoula Flood Deposits m = meters USGS =United States Geological Survey UIC = Underground Injectio
SVOCs = Semi-Volatile Organic Compounds TOC = Total Organic Carbon m/d = meters per day EPA = Environmental Protection Agency MCL = Maximum Contamina

VOCs = Volatile Organic Compounds d = days m2/d = square meters per day DOGAMI = Department of Geology and Mineral UCL = Upper Confidence Le
PCP = Pentachlorophenol g/cm3 = grams per cubic centimeter mg/L = milligrams per liter Industries MRL = Method Reporting Lim

NA = Input concentration is less than the MRL, so no transport is necessary to reduce pollutant concentrations to below MRLs.

P:\Portland\371 - Pacific Habitat Services\005 - Gresham EDLs and BIOSCREEN\Reports and Memos\FINAL Memo\Appendicies\Draft Appendix C - FATE AND TRANSPORT PROPOSED EDLs
Qfc, MRLs

2 of 2
6/10/2011


	Signed Cover Letter.pdf
	FINAL TM 06-10-2011
	Executive Summary
	1.0  Introduction
	1.1  Objectives
	1.2  UIC Conceptual Model
	1.3  Technical Memorandum Organization

	2  Unsaturated Zone Fate and Transport Tool
	2.1  Conceptual Site Model of UIC Stormwater Infiltration and Pollutant Fate and Transport in Unsaturated Soils
	2.2  Gresham Geology
	2.3  Pollutant Selection
	2.4  Data Collection
	2.5  Governing Equation
	Retardation Factor
	Dispersion Coefficient
	Vertical Groundwater Velocity
	2.6  Input Parameters
	2.6.1  Pore Water Velocity
	2.6.2  Total Porosity
	2.6.3  Soil Moisture Content
	2.6.4  Soil Bulk Density
	2.6.5  Fraction Organic Carbon
	2.6.6  Organic Carbon Partitioning Coefficient
	2.6.7  Distribution Coefficient
	2.6.8  Hydraulic Conductivity
	2.6.9  Degradation Rate Constant (Biodegradation Rate)
	2.6.10  Infiltration Time

	2.6  Fate and Transport Tool Average and Reasonable Maximum Scenario Results in the Unsaturated Zone

	4.0  BIOSCREEN Fate and Transport Modeling in the Saturated Zone
	4.1 BIOSCREEN
	4.2 Assumptions
	4.3 Input Parameters
	Seepage Velocity
	Dispersion
	Adsorption
	Biodegradation
	Soluble Mass
	Discretization


	3
	4
	4.4  BIOSCREEN Results and Conclusions
	PCP Fate and Transport
	Naphthalene Fate and Transport
	2,4-D Fate and Transport
	Toluene Fate and Transport

	4.5  Conclusions

	References

	ALL FIGURES
	Figure2_UICs_and_Geology.pdf
	Figure5_UICs_with_Infiltration_Tests

	ALL TABLES
	ALL APPENDICES
	Appendix A.1 - FATE AND TRANSPORT MRL EDL 04-14-2011.pdf
	Appendix A.2 - FATE AND TRANSPORT MRL EDL 04-14-2011
	Appendix B.1 -- FT




