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Executive .Summary 
The City of Redmond (City) uses over 1,600 d1ywells and drillholes, or Underground Injection 
Controls (UICs), to manage urban stormwater within its City boundaries. The City has applied 
for a UIC Water Pollution Control Facilities (WPCF) permit with the Deparbnent of 
Environmental Quality (DEQ) and wants to use fate and transport modeling to proactively 
demonsh'ate groundwater protectiveness of the City's UICs through the DEQ' s risk evaluation 
process described in Schedule D.6 of the UIC WPCF Permit Template. GSI Water Solutions, Inc. 
(GSI) developed a fate and transport model to support the City's application for an UIC WPCF 
Permit and risk evaluation goals. The objectives of the model simulations were to 1) 
demonstrate groundwater protectiveness for stmmwater discharged from UICs that potentially 
al'e in the 500-foot well setback or the two-year Time-of-Travel from water wells and 2) propose 
Effluent Discharge Limits (EDLs) for the City's UIC WPCF Permit that meet Oregon's 
gmundwatel' pl'otectiveness standards. 

Water discharged from UICs h·avels downward tlU'ough the unsaturated zone, which is over 
150 feet thick acmss the City, and in many areas of the City is greater than 400 feet thick. 
Downward transport of stormwater occurs along both frachtres in the compound basalt flows 
underlying the City and thl'Ough sedimentary and flow top interbeds also present within tl1e 
complex geologic deposits of the rngion. Percolation of stormwater runoff tlU'ough UICs is 
consi1ered a sourc;e of recharge to the groundwater system, however mnoff modeling indicates 
that this recharge from public and private UICs is a very small percentage of total recharge to 
the groundwater aquifer in Redmond (i.e., anticipated to reach less that1 one percent of total 
recharge under full build-out of the urban growtl1 boundaiy). 



Pollutant Fate and Transport Model Results 
City of Redmond- Groundwater Protectiveitess Demonstration: 

An unsah1rated zone fate and transpm't model (i.e., Fate and Transport Tool) using site-specific 
geologic and hydrogeologic conditions was developed to evaluate and demonsh·ate 
groundwater protectiveness of UICs discharging in the vicinity of water wells and propose 
EDLs. The Fate and Transport Tool modeled attenuation of representative pollutants (copper, 
lead, benzo(a)pyrene, n~phthalene, pentachlorophenol (PCP), di(2-ethylhexyl)phthalate 
(DEHP), 2,4-D, and toluene) from stormwater dUl'ing transport tlu-ough the basalt's fracture 
systems afte1· discharge from the UIC. These pollutants were selected for the model because 
they tend to have a higher frequency of detection in Oregon stormwater based on the Oregon 
Association of Clean Water Agencies (ACWA) statewide sh1dy of municipal stormwater water 
quality results and stormwater data from the Cities of Bend and Redmond (Kennedy /Jenks, 
2009 and Kennedy /Jenks, 2011), and have relatively high mobility, persistence, and toxicity 
when compared to other common stormwater pollutants. 

The Fate and Transport Tool uses a one-dimensional pollutant fate and transport equation 
[Advection Dispersion Equation (ADE}J to estimate the magnihtde of pollutant attenuation 
during transpmt through tl1e 1msahlrated zone. This constant source ADE inc01porates 
sol'ption, degradation (biotic and abiotic), and dispersion to estimate pollutant attenuation 
during h·anspmt Two scenarios were evaluated using the Fate and TmnsportTool: 1) the 
average scenario, which models the central tendency or expected mean value for attenuation 
and 2) the 1·easonable maximum scenario, which models tl1e minimum ainount of attenuation 
that could potentially occur (i.e., worst-case scenario). 

Using the average and l'easonable maximum scenario of tl1e Fate and Transport Tool, pollutant 
attenuation was simulated for UICs with a separation distance (i.e., vertical unsahlrated zone 
h"anspol't distance between seasonal high groundwater and the bottom of UICs) of five (5) feet. 
The pollutant concenh"ations discharging to UICs used as input to the Fate and Transport Tool 
were equal to: · 

• The existing EDLs (as listed in the UIC WPCF Municipal Stormwater Template) for 
copper, 2,4-D, and toluene, 01· 

• A maximum of ten (10) times the existing EDLs for ubiquitous pollutants that exceed 
regulato1y standards at a relatively higher frequency based on ACWA shldies by 
Kennedy /Jenks (2009) and Ke1medy /Jenks (2011) (lead, PCP, and DEHP), and 
pollutants that have caused noncompliant conditions under other jurisdictions' permits 
(benzo(a)pyrene) · 

Under the average scenario, the eight pollutants evaluated attenuate to below method reporting 
limits (MRLs) within five (5) feet of transport. Under the worst-case h·ansport scenario 
(reasonable maximum scenario), copper, lead, benzo(a)pyrene, PCP, and DEHP attenuate to 
below MRLs within five (5) feet of h"anspo1t. 2,4-D and toluene require greater than five (5) 
feet to attenuate to below the MRL under the reasonable maximum scenario, but do not reach 
groundwater due to the large depths to groundwater in the City. Therefore, the Fate and 
Transport Tool demonstrates groundwater protectiveness for UICs that are in water well 
setbacks or the two-year Time-of-Travel delineation. 

The Fate and Transport Tool was also used to develop proposed EDLs for the City of 
Redmond's UIC WPCF Permit for lead, benzo(a)pyrene, PCP, and DEHP. In the Sp1irtg 2011 
DEQ recommended developing proposed EDLs for thesfffolll' pollutants because they are 
considered mote likely to exceed regulatory standru.·ds in municipal stormwater in Oregort 
based on the ACWA shtdies (Kennedy /Jenks, 2009 and Kennedy /Jenks, 2011), and/ or have 
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resulted in noncompliant conditions under other jurisdictions' permits. The proposed EDLs 
were developed based on the assumption that groundwatei· is protected when pollutant 
concenb.·ations just above the water table are below the MRL. Proposed EDLs were based on the 
average scenario of the Fate and Transport Tool, which DEQ considers the most reasonably 
likely scenario based on previous groundwater protectiveness demonstrations approved by 
DEQ, and the basis for regulatory decision-making, and a five-foot separation distance between 
the bottom of the UIC and seasonal high groundwater. The pollutant concenh·ations 
dischat·ging to UICs used as input to the Fate and TranspOl't Tool were capped at 10 times the 
existing EDLs for lead, benzo(a)pyrene, PCP, and DEHP. The Fate and Transport Tool 
simulation results indicated thatconcenh•ations of lead, benzo(a)pyrene, PCP, and DEHP could 
be 1000 times higher than the EDL while still being protective of groundwater. Although the 
modeling results indicate that acceptable prnposed EDLs for lead, benzo(a)pyrene, PCP, and 
DEHP could be greater than 10 times the EDL, to be conservative., 10 times the EDL is suggested 
as the pmposed EDL. The City of Redmond's propose~ EDLs and separation distance 
recommendation for protectiveness are summarized in Tables ES-1 and ES-2. 

1.0 Introduction 
The City uses 1525 drywells and 169 drillholes., or UICs, to manage urban stormwater within its 
City boundaries. The City has applied for a UIC WPCF pe1•mit with DEQ and wants to use fate 
and h·ansport modeling to proactively demonsh·ate groundwater pl'Otectiveness of the City's 
UICs tlu·ough the DEQ' s risk evaluation process described in Schedule D.6 of the UIC WPCF 
Permit Template. 

This technical memorandum (TM) presents tl1e teclmical methodology used to evaluate the fate 
and transport of representative stormwater pollutants in the unsaturated zone. GSI used the 
Fate and Transport Tool, modified specifically for tl1e geologic and stormwater pollutant 
conditions in the City of Redmond, to determine separation distances between the bottom of the 
UICs and tl1e seasonal high groundwater needed for pollutants to reach backgmund 
concentrations (i.e., the MRL) and to determine proposed ED Ls fuat are protective of 
groundwater. 

The Fate and Transport Tool simulation results will be submitted to the Depattment of 
Environmental Quality (DEQ) by the City in support of their UIC WPCF permit application. 
DEQ has indicated that the Fate and Transport Tool is approp1iate for demonstrating 
groundwater protectiveness fot· UICs that are in well setbacks or the two-year Time-of-Travel. 
In addition, DEQ has indicated that the Fate and Transport Tool is approptiate for 
recommending proposed EDLs as a part of the City's UIC WPCF permit application. 

1.1 Objectives 
The objectives of this TM are: 

• Demonsh'ate groundwater protectiveness of UICs that potentially are in well setbacks or 
the two-year Time-of-Travel. 

• Develop pmposed EDLs for vertical sepamtion distances of 5 feet that are protective of 
groundwater quality in accordance with Oregon Administrative Rules (OAR) 340-040. 
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1.2 UIC Conceptual Model 
UICs are used to manage stormwater by infiltrating precipitation (e.g., st01mwater nmoff) into 
the ground. For many areas in-Redmond, UICs are the only form of stormwater disposal 
available. Infiltration of stormwater into the ground contributes to aquifer recha1·ge in 
urbanized areas, however in Redmond stormwater infiltt·ation is estimated to be a minor (less 
than 1 percent) contributor to ground water recharge. 

Two concephtal site models for stormwater infiltration are shown schematically in Figure 1. The 
schematic on the left depicts the achtal conditions present at and beneath UICs in Redmond and 
the schematic on the tight depicts the modeled conditions used for the fate and transpmt 
calculations. The differences between the achtal conditions and the modeled conditions are 
described in moi-e detail in Sections 3.1 and 3.4 of this TM. UICs in Redmond consist of two 
qmstt·uction types: drywells and drillholes. Note that Figme 1 depicts stot'mwatet· infilb.·ation from 
a drywell rather than a drillhole; however, the modeled conditions used for the fate and h·anspo1t 
calculations are the same for drywells and drillholes. Both UIC consb.·uction types typically contain 
a stormwater inlet (e.g., catch basin) and the UIC. Most City-owned d1ywells are generally 4 feet in 
diameter and range in depth from about 4 feet to 22 feet. Most City-owned drillholes are generally 
0.5 feet h1 diarneter and range in current depth from about 2 feet to 134 feet. In accordance with the 
VIC WPCF Municipal Stormwater Template, the compliance point for EDLs is the end-of-pipe 
(BOP), where stormwatel' is discharged h1to the UIC. 

As shown in Figure 1, stormwater discharges into the UIC, hlfiltrates through the unsahrrated zone, 
and recharges groundwatel'. Before entering the unsaturated zone, large-size particulate matter 
(which pollutants may be sorbed to) falls out of suspension h1to the bottom of the UIC. During 
transp01t thmugh the unsahtrated zone, pollutant concentrations attenuate because of degradation, 
dispersion, volatilization, and retardation. Therefore, pollutant concentrntions in the vadose zone 
beneath the UIC are lower than pollutant concentrations measured at the storm water 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 storm water hlfilb.·ation fate and h·ansport calculations. 

• Section 2: Geologic and Hydrogeologic Conditions. Describes the geology and 
hydro geology near Redmond, including the unsaturated zone and the regional aquifer. 

• Section 3: Unsaturated Zone Fate and Transp01·t Tool. Describes the Fate and Transport 
Tool, h1cluding fate and b.'ansport processes, rationale for choosing pollutants, governing 
equations, and justification for the input parameters. 

• Section 4: Groundwater Protectiveness Demonstration for UICs within Water Well 
Setbacks. Surnmal'izes the results of the fate and h·anspmt modeling in the unsaturated 
zone with respect to demonsh·ating grotmdwater protectiveness for UICs within well 
setbacks 01· the two-year Time-of-Travel. 

• Section 5: Development of Proposed EDLs. Summarizes the results of the fate and 
h·ansport modeling in the tmsaturated zone and proposes EDLs for lead, benzo(a)pyrene, 
PCP, and DEHP. 
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• Section 6: Groundwater Quality Data near Redmond. Pl'esents available groundwater 
quality data from Safe Drinking Water Act (SDWA) sampling events at municipal water 
supply wells to further demonsh"ate groundwater pmtectiveness of UICs. 

• Section 1: Conclusions 

• References 

2.0 Geologic and Hydrogeologic Conditions 
This section describes the geologic and hydrogeologic conditions near Redmond. Where 
applicable, selection of the Fate and Tmnsport Tool input parameters was based on site-specific 
geologic and hydrogeologic conditions near Redmond. 

2.1 Geology 
A geologic map of the Redmond vicinity is shown in Figure 2. The geology of Redmond is 
primarily related to volcanic activity from a north-south h·ending volcanic arc cmrently 
represented by the Cascade Range, fluvial sedimentation from the ancesh·al Deschutes River 
and associated drainages, and volcanic activity v.,j_thin the City (i.e., Forked Horn Butte), east of 
the city (i.e., Powell Buttes) and south of the city (i.e., Newberry volcano) (Sherrod et al, 2004; 
Smith, 1986). 

Subsurface geology in Redmond is comprised primarily of volcanic rock with interbeds of 
alluvial material reaching thicknesses of several hundred feet. The thick alluvial interbeds are 
present because of Redmond's relatively large distance from eruptive sources (Lite and Gam1ett, 
2002) and deposits from the ancestral Deschutes River and associated h·ibutaries which may 
have flowed near or through Redmond (see Figure 8.10 of Smith, 1986, which shows the 
location of the ancesh·al Deschutes River channel as just llOl'th of Redmond, but not in 
Redmond). The cumulative thickness of sedimenta1y interbeds in the unsatmated zone beneath 
Redmond is shown in Figure 3. 

This description of Redmond vicinity geology is divided into two sections: geology of the 
Deschutes Formation and geology of volcanic l'ocks that were eri1pted after the Deschutes 
Formation. 

Miocene to Pliocene Deschutes Formation 
The Deschutes Formation is a thick (i.e., over 1,400 feet where exposed at Green Ridge) 
sequence of over 225 lava flows and interbedded fluvial gravels and pyroclastic deposits 
(Comey, 1985) that were deposited from 7.4 to 4.0 Ma (Armstrong et al., 1975; Smith, 1986; 
Smith et al., 1987) and empted primarily from the ancestral Cascade range (Smith, 1986). The 
City of Redmond is located in the arc-adjacent alluvial plain and/or ancesh·al Deschutes River 
fades of the Deschutes Formation (Smith, 1986). The arc-adjacent alluvial plain fades contains 
lava flows, pyl'oclastic deposits, volcanoclastic sediment, debris flows, and conglome1·ate to 
sand flood deposits. The ancestral Deschutes River fades contains conglomerate to sand flood 
deposits, a1Iuvial-cha1mel deposits, pyroclastic deposits, and inter-canyon lava flows. 

Basalts (Tdb) and fluvial and htffaceous sedimentary deposits (Tds) of the Deschutes Formation 
outcrop at ground surface just west of the Redmond city limits, and extend beneath Redmond 
to· the east (Shel'l'od et al., 2004). Based on dl'iller' s logs, individual sedimentary interbeds range 
from less than 20 feet thick (DESC 51647) to over 400 feet thick (DP.SC 5583). Cuttings logs 
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indicate that the sedimentary interbeds are comprised of weakly indurated tuffaceous sands 
with fine gravel (Eco:Logic Engineering, 2006), and subrounded to rounded basalt gravels with 
some ( <10%) felsic clasts (Lite, unpublished data). As is shown in Figure 3, thick fluvial gravel 
and sand lenses occur in the unsahtrated zone above the water-beal'ing zones of the Deschutes 
Formation in most of the water wells. 

Debris flow deposits of the Deschutes Formation (fddf) are found at ground surface in the 
southwest portion of the City and comprise Forked Horn Butte. Debiis flow deposits are poorly 
sorted and contain clasts as large as 2 meters across (Sherrod et al., 2004). 

Pliocene to Pleistocene Volcanic Rocks Erupted After the Deschutes Formatidn 

Basalt of Dry River (Tbdr) 
The basalt of Dry River was formed during the Pliocene epoch, and erupted from volcanic vents 
neat· Powell Buttes to the east of Redmond. The basalt of Dry River overlies the Deschutes 
Formation, is about 100 feet thick in the vicinity of Redmond, and is likely about the same age 
as the basalt of Redmond (Sherrod et al., 2004). 

According to driller logs, the basalt of Dry River is unsahtrated within Redmond's city limits. 
Most driller logs for wells drilled tlu·ough tl1e basalt of Dry River repolt interbeds of cinders 
(i.e., flow tops/flow bottoms), sands, and gravels ranging from a few feet to several tens of feet 
in tltlckness. 

Basalt of Redmond (Tbr) 
The basalt of Redmond was erupted during the Pliocene epoch, approximately 3.56 million 
years ago (Shlith, 1986). The basalt of Redmond overlies the Deschutes formation, and is likely 
the same age as the basalt of Dry River (Sherrod et al., 2004). 

According to driller logs, U1e basalt of Redmond is unsaturated witltln Redmond's city limits. 
Most driller logs for wells drilled through the Basalt of Redmond 1·epo1t interbeds of cinders 
(i.e., flow tops/flow bottoms), sands, and gravels ranging from a few feet to several tens of feet 
in thickness. 

Newberry Basalt (Qbn) 
The Newbeny basalt is comprised of basalt flows that erupted from the vicinity of Newberry 
Volcano south of Bend within the past 7801000 years (Sherrod et al, 2004)1 and flowed north 
across the Deschutes Plain through Bend and Redmond. Individual basalt flow thickness ranges 
from a few feet to more than 100 feet (Macleod et al., 1981), and the total area covered by 
ernptions from Newbery Crater is about 3,000 square kilometers Oensen et al., 2009). The 
Newberry basalt is present in the southeast pOl'tion of Redmond where it flowed over the 
Deschutes plateau, and locally as canyon flows where it flowed tlu·ough the ancestral Deschutes 
River canyon. Locally, tl1e Newbel'l'y basalt overlies the Deschutes Formation, basalt of Dry 
River or basalt of Redmond (Sherrod et al., 2004), and based on a natmal gamma log for DFSC 
46561 is approximately 75 feet thick (Lite and Gannett, 2002). 

According to driller logs, tl1e Newberry basalt is unsaturated within Redmond's city limits. 
Most driller logs for wells drilled through the Newberry basalt report interbeds of cinders (i.e., 
flow tops/flow bottoms) 1·anging from a few feet to about 10 feet in thickness. Occurrence of 
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sandstone and conglomerate interbeds is 1·a,rely repOl'ted in driller's logs for wells drilled 
through the Newberry basalt. 

2.2 Hydrogeology 

Unsaturated Zone 

The unsaturated zone in Redmond is greater than 150 feet thick, and in many areas of the City is 
greater than 400 feet thick. The unsah1rated zone in Redmond is compl'ised of the Pliocene to 
Pleistocene volcanic rocks empted after the Deschutes Formation. In much of the City, the 
unsaturated zone also is comprised of the upper portion of the Deschutes Formation and is 
1·epresented diagrammatically on Figme 1. The thickest unsah1rated zones in the Deschutes 

-FOl'mation occur where wells were drilled on buttes, and the thim1est unsaturated zones in the 
Deschutes Formation occur where wells were drilled near the Deschutes River. Based on water 
wells where cuttings were logged by USGS or GSI, the unsaturated zone in the Deschutes 
FOl'mation is about 150 to 200 feet thick in Redmond (excluding the buttes or very near the 
Deschutes River). 

As described above, numerous interbeds and sedimentaiy deposits, including tephra, sands, 
and fluvial gravels, occur between volcanic flows. Figure 3 shows estimates of the combined 
thickness of interbed and sedimenta1y deposits above the water table based on logging of 
cuttings collected from wate1· well borings and driller logs. In the City, the average combined 
thickness of interbeds and sedimentary deposits above the water table is 130 feet. 

The avetage linear groundwater velocity (pore water velocity) in the tmsaturnted zone is 
directly propOl'tional to the moisture content in the unsahtrnted zone. Published estimates of 
average linear groundwater velocity in the unsaturated zone (i.e., over a month) are based on 
the timing of groundwater level 1·esponse to canal leakage (Gannett et al., 2001). These estimates 
do not adequately characterize infiltration from UICs [stormwater flow to UICs is in shol't 
duration and the volume infiltrating into UICs is significantly less than the volume of water 
infiltrating from canal leakage (refer to "Aquifer Descl'iption and Somces of Groundwater 
Recharge" section)]. Therefore, linear groundwater velocity was estimated using the hydraulic 
conductivity from infiltration tests conducted at Redmond's UICs. 

The City of Redmond infilh·ation tests within different geologic units indicated that the ymmger 
volcanic deposits (basalt of Redmond and Dry River flows) have the overall highest_infiltration 
rate. Based on results from the infiltration tests, the median lineai· vertical velocity in the 
unsatumted zone across all geologic deposits in Redmond is 0.86 feet/ day. Because the highest 
velocities were found in the yotmgest volcanic deposits, the Fate and Transport Tool is 
conservatively using the median linear groundwater velocity from these deposits of 2.1 
feet/ day for the average transpOl't scenario. For the reasonable maximum transport scenario, 
the Fate and Transport Tool is conservatively using the maximum of the youngest deposits (3.0 
ft/ day). The infiltration test methods, results, and pal'amete1·s used are discussed in more detail 
in Section 3.5.8 of this TM. 

Aquifer Description and Sources of Groundwater Recharge 
Sahtrated basalts and sediments of the Deschutes Formation are highly permeable7 and serve as 
the principle aquifer in Redmond (Gannett et al., 2001). The water table in the Redmond ar~a is 
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generally at least 150 feet below land surface. The water table in the Redmond region is 
generally flat (i.e., very low gradient) between an elevation of about 2,690 feet and 2,720 feet 
and slopes towards the northwest. 

As shown in Figure 4, sources of recharge to groundwater in Redmond include UICs, 
infilb'ation of precipitation, canal leakage, sh"eam leakage, infilb·ation from irrigation (on-farm 
losses), and groundwater inflow. The total volume of groundwater rechru·ge per year was 
estimated f01" the vaifous sources of recharge and is shown below in Table 1. Estimates of 
recharge from UICs are based on analysis of runoff to UICs in the City conducted by Brown and 
Caldwell (2011) (see Appendix A). The analysis conservatively assumed full build out of the 
City (i.e., to the urban growth boundary) and includes runoff from City as well as private UICs. 
The primary source of groundwater recharge in Redmond city limits is from groundwater 
inflow (87.4 percent). The second largest source of groundwater rechru·ge is from leakage from 
canals (11.2 percent). Groundwater recharge from all other sources combined (UICs, infilh'ation 
of precipitation, leakage from sb·eams and on-farm losses) comprises 1.4 percent of total 
groundwater recharge in Redmond. 

Table 1. Groundwater Recharge Sources in the City of Redmond. 
City of Redmond, Oregon 

f ·pf Sf$p#v~l~\iW4 Piii,Jtc)//{) 
Infiltration of Precipitation 

Stream Leakage 

Recharge 
(ac-ft/yr) 

435 2 

0 

Groundwater Inflow 

:·•tcit4l .';\. 
382,081 5 

))\./_ WJt¥:qi:,. 
Notes: 

Percent of Recharge in 
Redmond City Limits 

.. : t::o.9% ::, ·.·.•.··.•_ .. '_1 •. • •. ·••••• .... • •. •.·.•-.(··• .. ·.·•.:=•·· ·. ··• :.-·.::·.,·:::.:·-:.:,':•.~·-·.:·.:·:~:·:::.·:•:::\/·< :\1. 
OJ% 

0.0% 

87.4% 

i;\.\/•.-;~99~1tf) 
1 From Brown and Caldwell, 2011. Annual Stom1water Runoff Recharge to UICs. Value represents UIC contributions it1 the City 
Urban Growth Boundary at full build out. April 20, 2011. See Appendix A. 
i From USGS WRIR 00-4162, Figure 6. According to the Deep Percolation Model {DP11) developed by Bauer and Vaccaro (1987), U1e 
city of Redmond received about 3.5 inches of recharge per year from precipitation, and the city of Redmond received about 0.5 
inches of recharge per year from precipitation during the 1993 -1995 water years. 
3 From USGS WRIR 00-4162, Figure 9. Canal lengths through each City were detennined by digitizing major canals. 
4 This number includes oufarm losses digitized from Fig\tre 9 of WRIR 00-1462. 
5 Groundwater influx into the Redmond city limits, estimated using the steady state USGS Deschutes Basin Model. 

3.0 Unsaturated Zone Fate and Transport Tool 
This section describes the fate and h"ansport processes, rationale for pollutant selection, 
equations, and input parameters used in the Fate and Transport Tool. 

3.1 Conceptual Site Model of UIC Sto.rmwater Infiltration and Pollutant Fate and 
Transport in Unsaturated Soils 
The stormwater EDLs in the UIC WPCF Municipal Stormwater Template Oune 2011) are based 
on Oregon groundwater protection standards (measured in groundwater)1 federal drinking 
water standards (measured in drinking water), and other health-based limits. Compliance with 
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EDLs is based on pollutant concentrations detected at the point stom1water enters the top of the 
UIC (i.e., end-of-pipe [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 h·ansport tluough the unsahuated zone 
(i.e., soils and rock above the water table and below the UIC) before reaching gl'oundwater. 

StOI'mwater discharge to a UIC infiltrates into the unsahtrated zone and is transported 
downward by matric forces tl1at hold the water close to mineral grain surfaces. Pollutants are 
attenuated during transport through the unsaturated zone by: 

• Volatilization. Volatilization is pollutant attenuation by transfer from tl1e dissolved 
phase to tl1e vapor ph!lse. Because soil pores are only partially filled with water, 
chemicals witl1 a high vapor pressure volatilize into the vapor phase. The propensity of 
a pollutant to volatilize is described by the Henry's constant. Volatilization within the 
UICs likely occurs as stOl'mwater falls into the structure and within tl1e UIC. Although 
likely, tl1is process was conservatively not included in the model. In addition, because 
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 (EPA, 2001). 

• Adsorption. Adsorption is pollutant attenuation by partitioning of substances in the 
liquid phase ·onto the surface of a solid subsh·ate. Physical adsorption is caused mainly 
by van der Waals forces and elech·ostatic forces between the pollutant molecule and tl1e 
ions of the soil molecule's surface. Adsorption is a function of foe (fraction organic 
carbon) in soil, Koc ( organic carbon partitioning coefficient), and mineralogy of the 
frachtre faces. The model ignores adsorption to frach1re faces and only considers 
sorption to organic carbon in soil that fills frachtres. 

• Degradation. Degradation is pollutant attenuation by biotic and abiotic processes. 
Abiotic degradation includes hydrolysis, oxidation-reduction,. and photolysis. Biotic 
degradation involves microorganisms metabolizing pollutants tl1rough biochemical 
reactions. Degradation is described by a first-order decay constant. 

• Dispersion. Dispersion describes pollutant attenuation t11at results from pore water 
mixing. Dispersion is descl'ibed by the dispersion coefficient, which is a function of pore 
water velocity and distance h·aveled by the pollutant. 

Figure 1 shows schematics of the achtal stOl'mwater infiltration conditions present at and 
beneath UICs in Redmond (actual conditions} and the modeled stormwater infiltration 
conditions used for the fate and transpDl't calculations (modeled conditions}. Table 2 highlights 
the differences between the actual conditions and the modeled conditions and the implications 
of these differences with respect to pollutant attenuation. Differences between modeled and 
achtal conditions exist because simplifying assumptions were necessary in order to model 
pollutant attenuation in the subsUl'face. The simplifying assumptions are conservative (i.e., 
simulated attenuation is less than achtal attenuation} as show11 in Table 2. The key assumptions 
used for the fate and transport calculations (i.e., modeled conditions) are discussed furtl1er in 
Section 3.4 of this TM. 
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Table 2. Actual and Modeled Conditions of Stormwater Infiltration into UICs. 
__ City of Redmond, Oregon 
Actual Conditions Modeled Conditions Implications 

:vo1aHliiatiohoccifrs\vuhulthe < :vo1afi11zaHoh·is1fofa&oi:fr1ted ··•····.··· -M a1•·.·•.·.·.·.·,- ... t· ·· 1 ,, ...... ·• 1 t>·· ...... . . . . . . . .... ... . .. . . . . .. \iX. '<g ~-s~ms~IT!:!}Y~,Y~Wll.l~ .. ~~·>·. 
· ••uiC'••·•· '· t>·•••t•·•'0cidijh'tii~··ri1dcf~f:'tt•t ·•·•J•••i ).::(e${•~ff~t@,@it{J::c:J•XYY•"'.f }}:.•··•····/.··•' 

Stonnwater discharge occurs 
across the perforated zone of a 
drywell and across the open 
interval of a drillhole · 

Stormwater only discharges from 
the bottom of the UIC 

::i!t~tei{~ij~~~'.f ~~{thl,l~ fli~¢{ti7t,\$ :.• itsf ~~ijy~tt;e:~t~~1{ifJ11i1f 

Model conservatively simulates 
less transport and attenuation 

••••.'.M?4~J.5§i¥lir.v~#X:~1Y~ffo#fo~i.·••···••1 

:J~j#Jf~rfai>§it·.~m:t ~f_tih4Mi§f( <T>1 
Stormwater flow is highly Stonnwate!' flow is uniform and Model simulates maximum 
variable and short in duration constant infiltration 

.' 1$feifoii~tei•-0eWi.t191'¥ert~1/Y.:.· .• • :·•·•::S.$f§f#j~f~~fµp}vfa\iftl~iWx,KNi•• .:M98ill9n~.~tr~Jii~1r:i11,w1~1.~} 
~f~@ifrp111.·~1}i p1.9:~1\qt1}*'r" : < • · , :doWii frofo· llie 111c ~rid:•<, ·····• · "I§~Jr~ii$Pqtt.A!lc:l ~~~hµ~Jipf(t 

.· .·· · .. · ·· r · ru1 a······· ·· · ·· ··. · 'd · ... ·. · .· .. · < • · · · ·. · tI1ti1;kohtiinhW'uJer1;sr6&:iie+ 
:::;~~iifi~t1tHil~g;}~i/&iihJ1~1Jri~1 ...•.. :·•· ri1i~h~,ttia11·ii•JM+<Ju1\i•,,tid~1~f••: 

Numerous interbeds and UICs are completed in the most 
sedimentary deposits occur penneable geologic unit and 
between volcanic flows there are no interbeds 

3.2 Pollutant Selection 

Model conservatively simulates 
less attenuation 

Stormwater pollutants fm evaluation were chosen based on chemical toxicity, frequency of 
detection, and mobility and persistence in the environment. 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 Pl'eliminary 
Remediation Goal (PRG) was used. Lower values col'l'espond to higher toxicity. 
Chemical toxicity was ranked as: 

• High (MCL<lO ~tg/L) 
• Medium (MCL 10 to 100 ~tg/L) 
• Low (MCL >100 µg/L) 

2. · All chemicals were assigned a mobility category based on their EPA gmundwater 
mobility ranking value (fol' liquid, non-karst). Values were obtained from EPA's 
Superfund Chemical Data Matrix Methodology, Appendix A (EPA, 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 pmfessional judgment. d1emical 
mobility was ranked as: 

• High (EPA mobility tanking of 1.0) 
• Medium (EPA mobility ranking of 0.01) 
• Low (EPA mobility ranking of <0.01) 
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Solubility also was considered when assigning chemicals to mobility categories. Use of 
EPA mobility ranking and soht bility 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 Enviromnental 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) 

4. All chemicals were evaluated with respect to frequency of detection, as determined by 
the frequency of detection duting the Redmond 2007 - 2010 stormwater sampling events 
and the Oregon ACWA stormwater data report (Kennedy /Jenks, 2009 and 
Ke1medy/Jenks, 2011). F1·equency of detection was ranked as: 

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

Table 3 (attached at the end of this TM) summarizes the infm'mation used to assign these 
categories for each chemical and their resulting l'anking by characteristic. 

As noted previously, chemicals were selected by the ranking criteria described above. However, 
chemicals also were selected based on 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" categ01y from both the Redmond 2007 -
2010 stormwater sampling events and the ACWA stormwater data report were not 
considered further, except in the case of pesticides/herbicides, which all were in the 
"low" catego1y). 

2. Mobility ( chemicals in the "low" categ01y were not considered furthe1·, with the 
exception of PAHs and DEHP, which 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 screening pollutant list. 
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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 sh·aightf01ward, with 
the exception of the P AHs. Many P AHs have a high frequency of detection and toxicity, but low 
mobility. Benzo(a)pyrene was selected because it is the only P AH on the common pollutant list. 
Naphthalene also was selected because it represents a low molecular weight PAH which is 
more mobile and, therefore, would be transported faster through the unsatmated zone. 

3.3 Data Collection 
City of Redmond staff collected stom1water samples at 11 sites during 2007 through 2010. An 
analysis of the Cenh·al Oregon stormwater data (Kennedy /Jenks 2011) indicated that Central 
Oregon stormwater is similar to stormwater in the rest of Oregon based on a compadson of 
screening level exceedances in Bend and Redmond. Additionally, fewer analytes exceeded 
screening levels in Central Oregon compared to elsewhere in Oregon. Table 3 shows the 
frequency of detection and exceedance for pollutants in Redmond st01mwater samples: Of the 
21 analytes tested for, Redmond's stormwater had no detections for 11 of the analytes. In 
addition, 3 of the 9 common pollutants in the UIC WPCF Permit Template (benzo(a)pyrene, . 
di(2-ethylhexyl)phthalate, pentachlorophenol) have never been detected in Redmond 
stormwater. Plots of pollutant concentrntions in Redmond stormwater for evaluated pollutants 
[benzo(a)pyrene, di(2-ethylhexyl)phthalate, pentachlorophenol, toluene, naphthalene, copper, 
and lead (data are not available for 2,4-D)] are presented in Appendix B. 

3.4 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 
incmporates sorption, degradation (biotic and abiotic), and dispersion to estimate pollutant 
concenh·ation at the water table (e.g., Watts, 1998). This equation is provided below: 

(1 [e-] f ,' 
(d.f ~ (1) 

where: l \ )'?......., , ). ( / '1 1.--- ,f-r5 ,..- ,,- .~f}• 
..!.---· . ~~ 1 , " // 

-::;: ?.,( f,s-6 ·-G /ti- . ~J)°" r 1,1\f~L 
. c'1i'l:tV _ ,1\-1 ,. ,,1I 1 

\ . ' 
f ' y-t✓(v')2 +4D'k' 

A = ----''-'-'==----
2 2../D't 
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and: 

81 =(:o,)&•+.J(v')2 +4D'k') 

y+t.J(v')2 +4D'k' 
B =--"---'---==---

2 2-Ji:it 
I V 

V=-
R 

D'=D 
R 

k'= !!_ 
R 

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-ordel' degradation constant (T-1), 

tis average infiltration time (T), 
Co is initial pollutant concentration (M/L3), 
C(y, t) is pollutant concentration at depth y and time t (M/L3), and 
e1fc is complementa1y error function used in partial differential equations 

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 3.5 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 potentially 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: 

• Basalt frachtres are filled with sedimenta1y material. The sedimenta1y material was 
introduced into the frachtres by filtering of suspended solids in stormwater and retards 
pollutants in the subsmface. 

Although there may be anomalous localized occurrences of rapid infilh·ation associated 
with feahu-es within the compound volcanic deposit in Central Oregon, these instances 
are very localized, laterally discontinuous, and horizontal in nahtre. Water infilb·ating 
into these local struchtres will ultimately experience simila1· vertical infiltration through 
the basalt fractures to move downwards toward the water table. Because this analysis 
is tepresenting the average conditions of the subsurface system beneath the City, 
coupled with evenhtal downward movement of the water through basalt fractures 
under these anomalous conditions, we believe this approach accounts for these local 
small scale anomalies. 

• Transpol't is one-dimensional vertically downwru·d from the bottom of the UIC to the 
water table. In reality, water typically exfiltrates from holes in the side of the UIC, as 
well as from the bottom. 
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• The stormwater discharge rate into the UIC is constant and maintains a constant head 
within the UIC to drive the water into the unsahtrnted soil. In reality, stormwater flows 
are highly variable, short duration, and result in varying water levels within the UIC 
dependent on the infilh·ation capacity of the formation. 

• Pollutant concentrations in water discharging into the UIC are unifo1·m and constant 
throughout the pedod of infiltration. In 1·eality, concentrations vaty 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 01· 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 transpmt for the 
following reasons: 

• Modem drywells are consttucted with a solid concrete bottom so stormwater is 
discharged horizontally through the sides of the UIC ( depending on the depth of the 
UIC, up to 100 or more 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 unifmm flow through 
the unsaturated zone, while in 1·eality stormwater flows are highly variable and short in 
dmation resulting in varying water levels within the UIC depending on theinfilh·ation 
capacity of the fOl'mation. 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 ptedict concenh'ations 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 pedod during which the UIC contains water. 

• 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 stmm event. In addition, the Fate and TranspmtTool does not take into 
account pollutant attenuation that occurs while in the UIC (i.e. through volatilization, or 
adsorption to sediment or organic matter in the UIC) before entering the surrounding 
unsahuated zone. 

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

where: 

R = 1 + (A){Koc)(f oc) 
1J 

Pb is soil bulk density (M/L3), 
Koc is the organic cat'bon partitioning coefficient (L3 /M), 
foe is fraction organic carbon (dimensionless), and 
11 is total porosity (dimensionless). 

Dispersion Coefficient 

(2) 

Dispersion is the spreading of a pollutant plume caused by pore watel' mixing and differnntial 
advection. The dispersion coefficient, D, is defined as: 

where: 
v is average linear groundwater velocity (L/T), and 
<XL is longihtdinal dispersivity (L). 

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

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

(3) 

(4) 

However, according to a 1·eview of h'acer tests conducted in the unsaturated zone, dispersivity 
can be significantly less than would be estimated by Equation (4) (Gehlar et al., 1985): 

(5) 

Because the unsah1rated zone under the UICs is assumed to be at near-saturated conditions, this 
l 

TM assumes that al= 20 , which is less than sahtrated dispersivity, but is on the high end of the 

reported range in unsaturated dispersivity. 

Vertical Groundwater Velocity 
Vertical groundwater velocity in the unsahtrated zone is calculated by Darcy's Law (Stephens, 
1996): 
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q == -K (Olf/ + 8y) 
y uay ay 

(6) 

where: 
qy is specific discharge (L/T), 
K11 is unsaturated hydraulic conductivity (L/T), 

( :; ) is the pressure gradient (L/L), and 

( :; ) is the head gradient (L/L). 

In the unsahtrated zone, ( 8Y) = 1. When the unsaturated zone is sh·atified and pressure head is 
By 

averaged over many layers, ( :; ) = 0. Under these conditions, equation (6) reduces to 

(Stephens, 1996): 

(7) 

According to Stephens (1996), the velocity in Equation (7) (called the Darcy flux) should be used 
to calculate recharge in the unsahtrated zone. 

3.5 Input Parameters 
The Fate and Transport Tool is based on available local geology and hydrogeology infom1ation. 
Physical and chemical properties of the unsaturated zone and pollutants are obtained from 
selected references and available regulat01y guidance, as noted below. Parameter values were 
chosen to characterize the average and reasonable maximum scenarios. The average scenario 
parametel' values represent the central tendency or expected mean of p~llutant transport and 
the reasonable maximum scenario parameter values repl'esent the plausible upper bound or 
worst-case scenario for pollutant transport. 

The magnitude of pollutant attenuation during transport thrnugh the unsaturated zone is 
conh·olled by physical and chemical properties of the unsaturated zone soil and the pollutant, 
including: 

1. Pore Water Velocity, v. Pore wate1· velocity is the rate that water moves downward tlu-ough 
the unsaturated zone, and is directly proportional to moishue content. 

2. Porosity, T), Porosity is the percent of pore space in soil filling fractures in the basalt bedrock. 

3. Soil Moisture Content, 0. Soil moishtre content is tl1e percent of water in soil filling 
frachires, and is equal to or less than porosity. 

4. Soil Bulk Density, Pb• Soil bulk density is the density of soil filling fractures, including soil 
particles and pore space. 
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5. Fraction Organic Carbon, foeo Fraction organic carbon is a dimensionless measure of the 
quantity of organic carbon in soil (i.e., graroon / gson) filling fractures, 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 pru."tition between the 
organic carbon and water phases. In the case of PCP, this parameter is also pH-specific. 

7. Disbibution 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 unsahirated conditions, is equivalent to groundwater velocity 

9. Degradation Rate Constant, k (Bio degradation Rate). Microbial pl'Ocess by which organic 
compotmds are broken down into other substances. Degradation rate is a chemical-specific, 
· fitst-ol'der rate constant, and depends on whether the unsahtrated zone is aerobic or 
anaerobic. Metals ( copper and lead) are elements and therefore do not tmdergo degradation. 

10. Infiltration Time. Length of time dming the yeai· that rainfall occurs and causes runoff into 
aUIC. 

3.5.1 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 unsahtrated zone. Because estimates of 
unsahu·ated zone groundwater velocity are not available for the unsaturated zone throughout 
Redmond under conditions similar to stormwater infilttation from UICs, unsahtrated zone 
groundwater velocity was estimated using the hydraulic conductivity from pump-in tests 
conducted on a subset of Redmond's UICs. Pump-in tests are described in detail in Section 3.5.8. 

3.5.2 Total Porosity 
Total pomsity ( tJ) is the percent of pore space in the material filling fractures in basalt. Porosities are 
con-elated with material type. Typical fracture widths in basalt (based on estimates of fracture 
widths in Columbia River Basalt) are 0.143 mm (Lindberg, 1989). The infilling mate1ial is assumed 
to be fine sand-sized material (Fetter, pg. 84, 1994). Therefore, the analysis conservatively used a 
value of 0.375, a typical porosity of sand (Freeze and Cheny, pg. 37, 1979). 

3.5.3 Soil Moisture Content 
Soil moishtre content is the percent of water in soil filling fractures, and is equal to or less than 
porosity. 

3.5.4 Soil Bulk Density 
Bulk density (Pb) is the density of the soil filling fractures, including material particles and pore 
space. According to Freeze and Cheny (1979), bulk density is calculated from porosity by the 
following formula: · 

Pb == 2.65(1-17) 
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Bulk density was calculated using the porosity of sand from Freeze and Cherry (1979) discussed 
above. According to Equation (8), the bulk density is 1.66 g/ cm 3. 

3.5.5 Fraction Organic Carbon 
In the subsurface, pollutants are retarded by sorption onto basalt fracture faces and organic 
carbon in the soil that fills frachtres (Freeze and Cherry, 1979). The City of Redmond model 
makes the simplifying assumption that sorption occm·s only on organic carbon. This 
assumption is conservative because it results in less pollutant sorption, which allows pollutants 
to be transported furthet' and faster in the model than they would under actual conditions. 
Incorporating the othet' sorption mechanisms would require bench-scale studies of pollutant 
sorption on basalt frachtres. 

Pollutant s01ption on 01·ganic carbon is related to the fraction organic carbon (foe), a dimensionless 
measure of organic carbon content in a material (i.e., gcaroon / gson). Pollutants sorb to organic carbon; 
therefore, pollutant retardation is directly proportional to fraction organic carbon. Organic carbon 
in the subsmface beneatl1 UICs is del'ived from two sources: organic material that is 
incorporated into the sedimentary mab.'ix at the time of deposition and pmticulate mattet.· (e.g., 
degraded leaves, pine needles, pollen, etc.) that is filtered out of st01mwater and accumulates in 
frachtres adjacent to the UIC as sto11nwater dischm·ges from the UIC: 

• Organic carbon incorporated into sediments at the time of deposition is encountered in 
alluvial materials deposited by the ances.tral Deschutes River and associated tributm'ies, 
and in the interbeds that represent ancestral soil horizons. The average combh1ed 
thickness of interbeds and sedimentary deposits in the unsah1rated zone is 130 feet. For 
example, carbonized wood, twigs, and branches have been encountered in pumice 
layers (lower zone of the Bend Pumice) in central Oregon (Hill, 1984), and carbonized 
rootlets are encountered h1 paleo soils (Chitwood et al., 1977). 

• Samples collected by the City of Redmond indicate that stormwater in central Oregon 
contains total organic carbon (TOC) at levels ranging from 1.54 mg/L to 11.5 mg/L 
(number of samples (N)=11 samples) collected in the City's most recent sampling event 
(September 2010) at 11 UIC sites. This dataset has a mean TOC concenh'ation of 5.42 
mg/L; a median of 4.21 mg/L; and a geometric mean of 4.39 mg/L. The organic carbon 
will be filtered by tl1e fracture network beneatl1 the UIC, and will accumulate arotmd the 
UIC. 

As discussed previously, the City of Redmond model conservatively does not include 
sedimentary interbeds in tl1e pollutant attenuation calculations, so the organic carbon content of 
subsurface material is based on filtering of organic carbon in stonnwater by fractured rock. 

TOC loading in tock beneath city UICs was estimated from literature refetences, field studies of 
filtering in fractured bedrock, and data collected in the field. According to a field study conducted 
to evaluate filtering of coliform bacteiia from septic systems in fractured bedrock, on average 79.5 
percent of the coliform bacteria are retained within 15 feet of the somce (Allen and Morrison, 1973). 
Most coliform bacteiia are larger than 0.5 micrnns (Donahue, 2010), which mak~s them a good 
proxy for total organic carbon in stormwater (which is mostly larger than 0.45 microns). As such, 
the Redmond carbon loading calculations assumed that 79.5 percent of the influent TOC would 
accumulate within 15 feet of the UIC, based on observed coliform filtering. The remaining 21.5 
percent of influent TOC was conservatively not included in the model. The influent sto1mwater 
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TOC concenb·ation used in the tool is79.5 percent of the geomeh'ic mean (4.39 mg/L) calculated 
from 11 storm water samples collected at 11 sites in Redmond. 

An estimate of foe based on the loading of TOC was derived by calculating the grams of organic 
carbon added to tmsaturated materials surrounding the UIC during a 10-year period. A 10-year 
accumulation period was selected to 1) be consistent withother jurisdiction's accepted 
protectiveness demonstration study1 which selected 10 years based on the age of their newer UICs1 

and 2) because literature evaluating the longevity of organic matel"ial in bioretention cells indicates 
that it lasts about 20 years befme it begins to degrade (Weiss et al., 2008). The following equations 
were used in the analysis: 

where: 
I= 

A= 

p= 

e= 

CL= 

C= 

t= 

fJ,x= 

SV= 

l=(AXvXI-e) 

CL=(I)(0.795)(CXt{ lliter )( . lgram J 
-\ 1,000 cm3 1,000 milligrams 

CL 
Pac= SV 

.{' = Poe 
Joo 

Pb+ Poe 

(9) 

(10) 

(11) 

(12) 

Average annual st01mwater infiltration volume estimated using U1e average 
impervious area of a UIC catchment (A)1 precipitation (p), and losses to evaporation 
(e} [I.,;(A}(p)(l-e)J (cubic centimeters per year) 

Area of a typical UIC catchment (square feet) 

Precipitation (feet per year) 

Evaporative loss fraction (dimensionless) 

Organic cai·bon loaded into the unsatmated zone beneath a UIC dming a 10-year 
period (grams) 

TOC concentration in stormwater (milligrams per liter). The geometric mean TOC 
concenb"ation in storm water was used for the average scenario, and half of the 
geomeh'ic meai1 TOC concenb"ation was used for the 1·easonable maximum scenario. 
These concenb·ations were each reduced by 79.5 percent based on filtering studies in 
fractured bedrock (Allen and Morrison1 1973). 

Time of carbon loading (years) 

Ol'ganic cat"bon weight per tmit unsahtrnted zone matel'ial volume (grams per cubic 
centimeter) 

Material volume (i.e., U1e volume of fracture openings in the subsmface) into which 
the organic carbon would accumulate because of filh·ation and adsorption. The 
volume of fractu1:es was calculated based on a fracture aperture width of 0.143 mm 
[based on fracture aperhtre measurements in the Columbia River Basalt Group by 
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Lindberg {1989)] and a fractme spacing of 19 fractures per meter [based on fracture 
spacing in the Columbia River Basalt Group by PNNL {2002)]. It was assumed that 
organic carbon accumulates in a box beneath the UIC that is 15 feet on a side and 15 
feet deep. 

Joe= Fraction organic carbon (dimensionless) 

pg = Bulk density {grams per cubic centimete1j. TI1e bulk density of silt was used based 
on the 0.143 mm aperh.ire width in Llndberg {1989). 

Calculations of foe, based· on the filtering of TOC as suspended solids for the average and reasonable 
maxirnwn scenarios, are shown in Table 4. First, the volume of storrnwater 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 sw-munding the UIC during a 10-yeru· period. 
Equation {11) was used to calculate the mass of organic carbon per unit volume of material 
surrotmding the UIC (poc), and Equation (12) was used to convert Poe to /oc, 

Table 4. Estimated foe in Soils beneath City of Redmond's UICs. 
Cit of Redmond, Ore on 

lCakulalion 
(Eq, 9} 

CL Calculation 
(Eq.10) 

p.,. Calculation /oc calculalion 
(Eq, 11) 

:J' 
~ 

~ ~ _§, 
...._ g I ? ! ., 

..!.- 0 
~ " V 

0 tc, " i £ "" tc,.,:;- ·a ii 'O -8 g2 !\! ;.:,;, 
~~ . ;/ ;a k fl 

!\! i .. ]! [;: ,:,. A .s ,:,. 

~1 ~I 
ij -~ j ,:,. 

~ fr)! 
0 .. 

BB g -Bi § ~ u u 
:ii " 

'ls~~ 
tl fr tr' iS ! i:ldf ,.J~ o-,: ~~ ~$ 

12,500 0.68 0.26 1.8 x 101 2.20 10 3,087 457 457 19 173 519,248 0.0060 

Notes: 
A =Area of a typical UIC catdmu~nt (square feet) 
p= Precipitation (feet per year) 
e = Evaporative loss fraction (dimensionless) 
I= Average annual stormwater infiltration volume 
C = TOC geometric mean concentration in storrnwater (milligrams per liter). 1his value is then multiplied by 79.5%. 
t = Time of carbon loading (years) 
CL .. Orgnnic carbon loaded into the llllS,iturated zone beneath a UIC during a 10-year period (grants) 
UIC = underground injection control device 

(Eq.12) 

f 
~ 
,?;, 

-~ 
0 

~ re 

l.66 

SV = Material volume into which the organic carbon would accumulate because of filtration and adsorption. It was assumed that organic 
carbon accumulates in a box beneath the UIC that is 15 feet on a side and 15 feet deep. (cubic centimeters) 
Pb= Bulle de1tsity (grants per cubic centimeter) 

.J!. 

0.0036 

f., = Fraction organic carbon (dimensionless) 
p,., = Organic carbon weight per unit unsah1rated zone material volume (grants per cubic centimeter) 
ft=feet 
yr=year 
(·)=dimensionless 
mg= rnilligrants 
L= liter 
g=gram 
cm= centimeter 
TOC = total organic carbon 
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3.5.6 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 pru·tition 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 than for other pollutants, according to the following criteria: 

• PCP, 1he Koc fo1· PCP is pH depende11t. Soil and groundwater pH are in equilib1ium; 
therefore, soil pH can be estimated from groundwater pH. TI1e City of Redmond measured 
pH at 3 municipal wells (wells 4, 5, and 6), which ranged from 7.93 to 8.17. The average t,.,,cJ,,.J 

groundwater pH was 8.01, which corresponds with a Koc value of 410 L/Kg. This was used «JV 1.-(ltPt 
for the average and reasonable maximum scenarios. __ · rl O ) 

• All Organic Pollutants except PCP. For the average scenario, Koc was estimated from 
empirical regression equations relating Koc to tl1e octanol water partitioning coefficient (Kow) 
and/ or pollutant solubility. For the reasonable maximum scenario, Koc was assmned 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 5. 

Table 5. Koc for Stormwater Pollutants. 
City of Redmond, Oregon 

Pollutant Average Scenario 

ii••·:·•: .. s:•: /•'C '.t-farh#)~l~h¢\::•·.C 
PCP 

(L/Kg) 

ii}Bii{Z~¢thyllie~I) phthhlctte···•>··•• .··.>•c.···•··•'••<· .. J j2,2o(if§ 
2015 

Benzo(a)pyrene 282,185 1 

Notes: 

Reasonable Maximum 

282,1852 

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). TI1e first equation is an empirical-based equation relating Koc to K.,,.., and the second equation is an empirical-based 
equation relating K,,., to solubility. Koc results from both equations were averaged together to determine Koc for each constituent. 
TI1e Roy and Griffin (1985) equation was used because it resulted in a lower (i.e., more conservative) K.,..: than the regression 
equations in EPA (1996) (Equations 70 and 71, pages 140-141). 
2 For reasonable maximum scenarios, Ko..: 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 Ko.cS (ie., 
more conservative) than the lowest-reported literature value. 
3 TI1e lowest Ko..: reported for naphthalene in the EPA (1996) review of 20 naphthalene K"'5 from field testing; The range of Ko..: was 
830 L/Kg to 1,950 L/Kg 
t The Koc for pentachlorophenol is pH-dependent. Soil and groundwater pH are.in equilibrium; therefore, soil pH can be estimated 
from groundwater pH. TI1e City of Redmond measured pH at 3 municipal wells (wells 4, 5, and 6), which ranged from 7.93 to 8.17, The 
average groundwater pH was 8.01, which corresponds with a Koc value of 410. This value was used for bolh the average and reasonable 
maximum Scenarios. 
5 Calculated from equalion (71) in EPA (1996), which relates Koc to Kow for certain chlorinated peslicides. The Kow was taken 
from EPA (2010a). 
6 TI1e 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 (1996), which is a regression equation relating Koc to Ko,,. for VOCs, 
chlorobenzenes, and certain chlorinated pesticides. Tite log K.,.. for toluene was taken from EPA (2010b). Equation (70) of EPA 
(1996) was used because it resulted in a lower Koc than the Roy and Griffin (1985) equations. 
s TI1e lowest Koc reported for toluene in EPA (2010b). The range of Koc was 37 - 178 L/Kg. 
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3.5. 7 Distribution Coefficient 
The distribution coefficient, Ki, was estimated from the following equation (e.g., Watts, 1998): 

(13) 

For metals, Kd was estimated from equations in Bricker (1998). The most important solid phases 
for s01ption in environmental porous media are clays, Ol'ganic matter, and iron/manganese . 
oxyhydroxides (Langmuir et al., 2004). The disb.ibution of a trace metal between dissolved and 
sorbed phases is described by the followh1g equation: ')( 

K = Cs 
,I C 

II' 

(14) 0~\ hl'lf},( ,. 
where: 

Cs is the concenh'ation of the metal adsorbed on the solid phase (M/L3), and 
Cw is the dissolved concenh·ation (M/L3). 

The value of Ki for metals can depend on a number of envfronmental factors, including the 
nature and abundance of the sorbing solid phases, dissolved metal concenh·ation, pH, redox 
conditions, and water chemistry. Measured Ket values fol" a given metal range over several 
orders of magnitude depending on the environmental conditions (Allison and Allison, 2005). 
The1·efore, site-specific Kd values are prefel'l'ed over literature-l'ep01ted l<ds. Ki values can be 
determined empirically for a patticulai· sihtation from Equation (14) (Bricker, 1998). 

Site-specific Kds for lead and copper in the City of Redmond were estimated based stormwater 
samples collected by the City of Bend because dissolve1md total metals data from the same 
sampling event were not available from the Redmond ~tOl'mwater dataset. To estimate site­
specific l<ds, the City of Bend collected 10 stonnwater samples at eight UICs during spring 2011 
stonnwater sampling events. If U1e concenh·ations of total and dissolved metals were below 
detection limits or the sample size was insufficient for measurement, U1e samples could not be 
used for U1e Kd analysis. As such, only 4 of the 10 stormwater samples were used for estimating 
site-specific Kds for mew.ls. An empirical approach was used to derive site-specific Keis for lead 
and copper. The partitioning coefficients were estimated from total and dissolved metals 
concentrations and TSS data for four stormwater samples collected from fom different 
locations. The stormwater chemisby data are surnmaiized in Table 6. 

Sorbed concenb.·ations were calculated by normalizing the pai-ticulate metals concentrations to 
the concentration of TSS. FOl' each sample, an apparent Kd value was calculated fm each metal 
from the following equation: 11i/ 

~Jl,. "" 11.t.. ~- . 
([Me], -[Me]d) ~.. fl 

Kd = [Me],1xTSS : "--', \. 1~ 0 o 
where: f/.-,k i, r-"JL1~( f 1'J'i ) \ 

[Me]1 is total metals concenb·ation (M/L3), ana I j 'J 

(15) 

[Me]d is dissolved metal concenh·ation (M/L3) 
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Table 6. Copper and Lead Stormwater Quality Data. 
_Qity of Redmond, Oregon 

Parameter Mean Minimum Maximum 

\\/IPt~i\:::.9prii·fr1g/t)· ? i••·:i11 <•••t<:.•·•·•c1-3\•••••· ••ti·?i'.':g1./< 
Dissolved Copper (pg/L) 

::·••••./••)t(}foi•ti~H.·•<iii,/t,.)·· •. •. 
2.75 

4,7§ 
2 4 

Median 

> lp/> 
2.5 

Dissolved Lead (~tg/L) ND l ND l ND l ND 1 

• \::\ii:'$$ (nig/L) I ·••·•:·:••·•16.··•·•···•·••t x·••••·••fs.6.•c{r•··• ••:•:.;.Bit1$i••F::r:,n:·•••z~;$••••,,:d 
Notes: 
ND = non detect 
1 Where dissolved metal concentrations were non-detect but total metal concentrations were detected, half the detection limit was 
used for the Kd calculation. 

Note that in Equation (15), metals concenb."ations are in micrograms per liter, and TSS are in 
units of milligrams per liter. The calculated ~ values for lead and copper are summarized in 
Table 7. The median~ value for copper (71,300 liters per kilogram [L/KgJ) is substantially 
lower than for lead (230,000 L/Kg). The higher~ values for lead are expected (Laxen and 
Harrison, 1977). 

Table 7. Calculated Kd Values for Copper and Lead based on Stormwater Data. 
City of Redmond, Oregon 

Mean Minimum Maximum Median 
Metal 

(L/kg} (L/kg) (L/kg) (L/kg} 
>Lead >·• • <220,boo.······ .. ''157;.000.><•·•·· )260,00(). :••·<<230,000• 
Copper 73,400 58,000 92,600 71,300 

The average scenario uses median~ values for lead and copper, and the reasonable maximum 
scenario uses the minimum Ket values. 

The dish'ibutions of calculated partition coefficients derived for copper and lead can be 
compated to othet sources of information to assess the reasonableness of the delived values. A 
recent EPA compilation provides critically selected ~ value ranges for metals in soil and 
sediments (Allison and Allison, 2005). This compilation includes Kd values determined from 
batch and colunm leaching experiments with natural media, in a pH range of 4 to 10 and low 
total metal concentrations (Table 8). The ranges of~ values for lead and copper in the EPA 
compilation overlap with the values derived for copper and lead in Central Oregon stormwater 
although the median values are lower in the compiled values. The lower median values in the 
BP A compilation may reflect leaching under more acidic conditions than are observed in our 
dataset. 

Table 8. Compiled Kd Values for Lead and Copper (Allison and Allison, 2005). 
City of Redmond, Oregon 

· Median Minimum Maximum 
Metal 

(L/Kg) _ {L/Kg) (L/Kg) 
1 :t¢ad.? >i2io,ooo•·•···•••: Yioo.·• ·· ::•r·1o;ogo;090A 
Copper 13,000 5 1,600,000 
Notes: 
L/Kg = liter per kilogram 

The calculated ~ dish'ibutions also can be compared to similarly calculated Kcts from 
stonnwater quality data from other sources. These include data from the National Stom1water 
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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 9. 

The median Kd values fo1· lead and copper derived from the NSQD and California data are 
lower than the corresponding median values derived for copper and lead in Cenb·al Oregon 
stormwater. However, the median lead values for the Central Oi-egon stOl'mwater are within the 
range of median lead values for the City of Seattle and California. The median copper value for 
the City of Seattle is closer to the median copper value for the Central Oregon stormwater. 
Therefore, the calculated ~ distributions for lead and copper appear to provide a reasonable 
representation of sorption of these metals from stormwater onto soil particles filling frachues. 

Table 9. Stormwater Quality from Various Sources and Calculated Kil Values. 
City o~ Redmond, Ore on 

Parameter NSQD California Seattle 

Total Lead (itg/L) 
f\ p{~$Q~y~4•1.,,f~f(~ig/y) 

Total Copper (~1g/L) 
/ pi~sqly~g Qgpp~f·@~/ I,} 

Total Suspended Solids 

Lead Kd (L/Kg) 

•·•·•••·•··•••:••••:·••··,:.:¢i,rr~i i#tWtk) .. :•••••.: 
Notes: 
{11g/L) = microgram per liter 
mg/I.= milligram per liter 

i M~iH#lf /M41;. :cM~k/ . Mitl)~h Mm/ Max M~dfoi{~ 
17 1 2,600.00 12.7 3.9 38.7 11.6 

·.<1 >:•·•• J$(} ,::;:{9,Q~'(. 
270 21.1 8.23 44.8 13.85 

L/Kg = liter per kilogram 
NSQD = National Stonnwa!er Quality Database 

Although the Kds are determined from systems containing lower concentrations of sorbing 
particle surfaces than is typical of stormwater infilh·ating 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 ~ values may be significantly 
lower than would be expected in a higher surface area environment (i.e., the unsaturated zone), 
a~d (2) site-specific Kds calculated in thestormwater already account for the effect of dissolved 
organic carbon, which could lower apparent ~ values by complexing with trace metals., and 
thereby shifting the partitioning to the solution. 

3.5.8 Hydraulic Conductivity 
Hydraulic conductivity is a proportionality constant that, under unsahtrated conditions, is 
equivalent to groundwater velocity (see Equation 7). In the unsahtrated zone beneath UICs., 
groundwater velocity is equivalent to unsaturated hydraulic conductivity (Ku)- However, the 
fate and transport analysis uses sahtrated hydraulic conductivity (Ks) in Equation (7) to 
calculate groundwater velocity. Because of the tortuosity of unsahtrated flow paths, Ku is 
always smaller than Ks (usually by several orders of magnihtde); therefore, using Ks in Equation 
(7) is conservative. 

Saturated hydraulic conductivity, Ks, in the fractured volcanic bedrock in Redmond was 
estimated from pump-in tests (i.e., infilb·ation tests) conducted by the City of Redmond. Note 
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that the pump-in tests are conducted in the unsahtrated zone; however, because of the large 
volumes of water injected during the tests the hydraulic conductivity calculated from the test 
data is considered ,, saturated". Selection of test locations were chosen to represent typical, to 
worst-case, pollutant load locations spanning a vai·iety h'ips per day, adjacent usage ai1d 

preh'eatment types. Selection criteria also included having a large enough storm-shed to 
provide sufficient runoff for sampling in an arid climate. Figure 5 shows a conceptual diagram 
of a UIC dming a pump-in test. Pump-in tests were perfonned by inh·oducin.g potable water 
into the UIC from a nearby fire hydmnt until the water level reached the top of the active 
portion of the DIC. After the water level reached the inve1t of the hllet pipe in the DIC, the flow 
rate was adjusted so that U1e water level would stabilize. The flow rate required to maintain the 
constant water level in U1e UIC was monitored and recorded. In most cases, the flow rate and 
water level wete held relatively constant for 60 minutes. The tests were completed in general 
accordance with the Cenh·al Oregon Stom1water Manual, 2010 (Appendix 4B). 

I\ I\ 

h 

Tu 
\ [/ 

~ 

r 

1\ 

\I 

D 

Figure 5. Pump-in Test Conceptual Model. 
City of Redmond, Oregon 

According to USDI (1993), horizontal hydraulic conductivity in the unsaturated zone is 
calculated from a pump-in test by the following fommlae: 

K::::: s 
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3ln(~) Q 

Rh(h+2Tu) 

whe1·e: 

Ks is saturated hydrnulic 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) · 

(17) 

Tu is the sepamtion 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 transpol'!ed vertically tlu·ough the unsaturated zone, the horizontal hydraulic 
conductivity calculated by tl1e pump-in test must be converted to a vertical hydraulic 
conductivity. Anderson and Woessner (1992) state tl1at ratios of horizontal to vertical hydraulic 
conductivity commonly mnge from 1:1 to 1,000:1. According to Gannett and Lite (2004), the 
r_atio of hol'izontal to vertical hydraulic conductivity in Upper Deschutes Basin is 1,000: 1 and, in 

. the vicinity of Redmond, may be as great as 42,200:1. A ratio of 100:1 for horizontal to vertical 
hydraulic conductivity was conservatively used for fate and transport modeling. Therefore, the 
vertical hydraulic conductivity was calculated by dividing the horizontal hydraulic 
conductivity by 100. Dividing the horizontal hydraulic conductivity by 100, rather than 1,000 or 
42,200, provides a larger estimate of vertical hydraulic conductivity; thus, the model 
cmiservatively simulates more rapid transport. 

Hydraulic conductivities were calculated from 90 pump-in tests conducted in Redmond (test 
locations shown in Figure 6, which is presented at the end of this TM). Summary statistics from 
the pump-in test analyses are provided in Table 10. 

Table 10. Hydraulic Conductivity in the Quaternary Basalt and Andesite (Qbn), Tertiary Basalt and Andesite 
(Tbr, TBdr), and Debris Flow Deposits (Tddf) Geologic Units. 
City of Redmond, Ore on 

Geologic Unit Unit Symbol of Number 
of Tests 

Minimum 
K,. 

Maximum Mean 95%UCL 
Sherrod et al. 

(2004) 

::qw~t~il~~r&-~~~1:t:¼'#4 .. iJ<•···•·... :.·:Qtii,·••·: 
Ahd~$ite· 
Tertiary Basalt and 
Andesite 

All Tests 
Notes: 

Tbr, Tbdr 

Kv = vertical hydraulic conductivity 
Qbn = Quaternary Basalt of Newberry Volcano 
Tur= Basalt or Redmond 
Thdr .,; Basalt of Dry River 
Tddf = Debris Flow Deposits 

53 

90 

K., 
(ft/ d) (ft/ d) 

0.01 3.9 1.1 0.73 

0.002 6.2 1.3 0.86 

1 95% UCL"' Upper Confidence Limit (only calculated when more than 8 tests were conducted). 95% Approximate 
Gamma UCL was used. 
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The maximum calculated vertical hydraulic conductivity was used in the reasonable maximum 
h·anspmt scenaiio ( as opposed to the 95% UCL on the mean) because there were not enough 
hydraulic conductivity values in the highly pem1eable Quaternary Basalt and Andesite to 
calculate a 95% UCL on the mean. This approach is consistent with Singh et al. (2007), which 
recommends using the maximum value when less than 8 data points are available (at least 8 
data points are recommended for calculating a meaningful 95% UCL). Because the median is a 
better measure of cenh·al tendencies of a dataset and is more resistant to outliers (especially 
with smaller datasets), the median parameter is used in the average scenal'io of the Fate and 
Transport Tool to best represent the average conditions of the system and is used in other 
protectiveness demonsh·ations accepted by DEQ. This is consistent with recommendations by 
the USGS for statistical methods in water resources (Helsel and Hirsch 2002). 

The median vertical groundwater velocity of the Quaternary Basalt and Andesite geologic unit 
(2.1 feet/ day), which is the most permeable geologic unit that Redmond UICs are completed in, 
was conservatively used for the average scenario. The maximum vertical groundwater velocity 
of the Quaternary Basalt and Andesite geologic unit (3.0 feet/ day) was conservatively-used for 
the reasonable maximum scenario. The 95 percent UCL on the mean is typically used for the 
reasonable maximum transport scenario, but the maximum was used because only 5 pump-in 
tests were conducted in the Quaternary Basalt and Andesite, which is not a large enough 
sample size to calculate a 95 percent UCL on the mean. 

Vertical hydrnulic condiictivities calculated from pump-in tests were compared to the range of 
hydraulic conductivities in published literature. Because published literahue commonly 
provide only hol'izontal hydraulic conductivities, a KH : Kv anisotropy ratio of 100 : 1 was used 
to calculate vertical hydraulic conductivities. According to Freeze and Cherry (pg. 29, 1979), the 
horizontal hydraulic conductivity of "permeable basalt" is 0.04 to 6,000 feet/day (equivalent to 
a vertical hydraulic conductivity of 0.0004 to 60 feet/ day). Based on Gannett and Lite (2004), 
aquifer tests in volcanic deposits dominated by basaltic lava and scoria of the Deschutes 
Formation and age-equivalent units yielded hydraulic conductivity estimates of 14 to 2,300 
feet/ day (equivalent to a vertical hydraulic conductivity of 0.14 to 23 feet/ day). The final 
calibrated hol'izontal hydraulic conductivity in the vicinity of Redµtond used in the USGS 
regional groundwater flow model of the upper Deschutes Basin (USGS, pg. 24 and 31, 2004) was 
eqital to 60.5 feet/ day (equivalent to a vertical hydraulic conductivity of 0.605 feet/ day). 
TherefOl'e, the vertical hydraulic conductivity calculated from pump-in tests is within the range 
of values estimated from aquifer tests in volcanic deposits of the Deschutes Formation (Gannett 
and Lite, 2004) and reported in Freeze and Cherry (1979). The vertical hydraulic conductivities 
calculated from pump-in tests and used in the Fate and Transpo1t Tool (2.1 feet/ day for the 
avemge scenal'io and 3.0 feet/ day for the reasonable maximum scenario) are one order of 
magnitude larger than the final calibrated value reported in the regional groundwater flow 
model of the upper Deschutes Basin (Gannetfand Lite, 2004) (assuming an anisoh·opy of 100:1). 
However, the larger vertical hydraulic conductivity value used in the Fate and TranspmtTool 
conservatively simulates mme rapid transport. 

3.5.9 Degradation Rate Constant (Biodegradation Rate) 
The organic pollutants evaluated in this TM are biodegradable tmder aerobic conditions 
(Aronson et al., 1999; MacKay, 2006); therefore, it is expected that these compounds will 
biodegi·ade 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 
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unsah1rated zone is aerobic or anaerobic. Metals do not undergo biodegradati.on so ru.-e not 
included in this section. 

Aerobic biodegradation rate constants were compiled from a review of the scientific literahtl'e, 
including general reference guides as well as compound-specific sh1dies. The review included 
degradation in soils, surface water, groundwater, and sediment~ However, soil aerobic 
degradation rates were considered to be most representative of UJC 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 subsh'ate is limited and 
there is no growth of the microbial population (reaction rate is dependent on subsh'ate 
concenh·ation 1·ather than microbial growth). Because of the low concenh'ations of the organic 
pollutants detected in stormwater, it is appropriate to consider biodegradation as a pseudo­
first-order rate pmcess for the UIC unsaturated zone scenario. 

The rnnges of biodegradation rates representative of conditions expected to be encountered in 
the unsahn·ated zone beneath UICs are summruized in Table 11. Summary statistics provided in 
Table 11 include minimum, maximum, number of measurements, average,.1ou1, 25fu,. and 50fu 
percentile (median) values. For the average scenrufo, the median biodegradation rate was used. 
For the 1·easonable maximum scenario, the 251h percentile biodegradation rate was used. 

Table 11. Summary of First-Order Aerobic Biodegradation Rates. 
City of Redmond, Oregon 

First-Order Biodegradation Rate (day-1) 

Compound 
N Median Menn Mnxi11111111 2511' 

1erce11tile 
Minimum 

Benzo(a)pyrene 1 . . . 38 0.0013 0.0021 0.015 0.00026 ND 
;\~.~~(2+~tlifiliiirl)phH1~fot~•·~···· >:34 \; :\Q.Q)~< (,:'/Cjfp2f< j;,'.>J),Q~Z<,'.•• i/iQ,OJQ.( ; ;;·\QJ)Q40\ 

Naphthalene 3 22 0.075 0.14 0.39 0.025 ND 
; .•. ·;.;: ; ..•• roti•~i,eA: : •>44\ >::x<o.a3).•< <•r:o:~~.>-> ·c/4-if<·•• •·:.::<xo:oijz<: •>0.0091.,u 

2,4-D 5 14 0.0053 0.091 0.48 0.0022 0.00012 
Noles: 
N "' number of samples 
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 Sir~1s (1987); Deschenes et al. (1996); Grosser et al. (1991); Grosser et al. (1995); 
Howard et al (1991); Keck el al. (1989); Mackay el al. (2006); Mueller et al. (1991); Park et al. (1990); and Wild and Jones (1993). 
2 From Dorfler et al. (1996); Efroymsonand Alexander (1994); Fairbanks eta!. (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 at (1996). 
3 From Aronson et al. (1999); Ashok et al. (1995); Ellis el al. (1991); Flemming el al. (1993); Fogel et al. (1995); Mihelcic and tuthy 
(1988); Mueller et al. (1991); Park et al. (1990); Pott and Henrysson (1995); Smith (1997); Swindoll et al. (1988); and Wisclm\ann and 
Steinhardt (1997). 
j 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); Kjelclsen et al. (1997); McNabb et al. (1981); Mu and Scow (1994); Venkatrnma1\ et al. (1998}; and Wilson el al. (1981). 
; From Howard el al. (1991); Mackay et al. (2006); Chinalia and Killham (2006); McCall et al. (1981); Nasll (1933); and Torang et al. 
(2003). . 

3.5.10 Infiltration Time 
Infiltration time is the length of time during the year that stormwate1• discl1arges into a UIC and, 
therefore, migrates downward through U1e unsahtrated zone. Because stormwater dischru·ges 
into UICs only when the precipitation rate exceeds a threshold value, the infiltration time is 
dependent on the occuri-ence of rain events equal to or greater than this amount. The DEQ 
(2005) City of Pol'tland permit fact sheet assigns a thl'eshold precipitation rate of 0.08 inch/hour 
for stormwater to dischai·ge into UICs, which is consistent with City of Redmond field staff 
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observations. This fate and h·anspo1t evaluation conservatively assumes that stormwater 
dischai·ges into UICs at one-half of the threshold precipitation t"ate (i.e., 0.04 inch/hour). 

Precipitation and infilh·ation times from 2002 to 2008 in Redmond ai·e shown in Table 12. The 
geomeh·ic mean numbe1· of homs that precipitation rate was equal to or exceeded 0.04 
inch/ham from 2002 through 2008 (53 hours or 2.22 days} was used fol' infiltration time in the 
fate and transport analysis. Because the fate and h·ansport equation simulates pollutant 
breakthrough only until the time at which maximum pollutant concenh·ation is reached, 
infilh·ation times were reduced for some pollutants (i.e., 2,4-D under the reasonable maximum 
scenal'io) that reached a maximum concentration within a shol'tel' infilh·ation time. Because 
metals do not degrade over time, the metals' infiltration time allows fo1· 100 years of transpol't 
(222 days of infiltration). 

Table 12. Precipitation and Infiltration Time, 2002-2008. 
City of Redmond, Oregon 

Year Annual Precipitation Homs With;:::: 0.0411 

(inches) Precipitation 

2007 3.78 32 

2005 11.28 1.00 

2003 9.43 74 

Mean 
Notes: 

Days With~ 0.04" 
Precipitation1 

1.33 

4.17 

3.08 

Precipitation data from National Climactic Data Center (NCDq Redmond (COOP 357062) rain gage (NCDC, 2011). 
1 conversion of hourly data to days for model use. 

4.0 Groundwater Protectiveness Demonstration for UICs within 
Water Well Setbacks 
The UIC WPCF Municipal Stormwatel' Pel'mit Template Oune 2011) l'equil'es that UICs be 
constructed and operated in a manner that protects groundwater quality. Hol'izontal setbacks 
between UICs and public watel' wells that are considered to be protective of groundwater are 
specified•in the permit of water well. Specifically, the UIC WPCF Municipal Stormwater Permit 
Template requires that UICs be outside of the two-year Time-of-Travel and/or a of 500 feet 
setback radius-from public or pl'ivate wells. The City operates several UICs that are either 
within the 500 feet setback distance to a water well and/ 01· are within the two-year Time-of­
Travel. As such, the City is required to retrofit the UICs, close the UICs, or show that the UICs 
are prntective of groundwater under Schedule A.8 of the UIC WPCF Permit Template. This 
section presents a Groundwate1· Protectiveness Demonstration as descl"ibed in Schedule D.6 of 
the UIC WPCF Permit Template. 

The Groundwater Prntectiveness Demonsh·ation is comprised of applying the Fate and 
Transport Tool to UICs in Redmond. Specifically, the Fate and Transport Tool was used to 
evaluate whether stormwater pollutant concenh·ations entering a UIC are attenuated to 
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concenh'ations below the MRL (and that meet the groundwater protection requirements of OAR 
340-040) at the point the infiltrated stom1water reaches grotmdwater. 

Results from the average and reasonable maximum scenario of the unsaturated zone Fate and 
Transport Tool are presented in Table 13. Pollutant attenuation was simulated for UICs with a 
separation distance of greater Utan or equal to 5 feet. The model calculations for these scenarios 
are presented in Appendix C. The pollutant concenh'ations discharging to UICs used as input to 
the Fate and Transport Tool were equal to the existing EDLs (as listed in the UIC WPCF 
Municipal StOl'mwater Template) or 10 times the existing EDLs for ubiquitous pollutants based 
on stormwater sampling by other municipalities. Naphthalene, which does not have an EDL, 
was assigned an input concenh'ation of about 0.05% of the pollutant solubility in water. As 
shown in Table 13, under the average scenario for unsahtrated zone transport, copper, 2,4-D, 
and toluene concenh'ations in stormwater equal to the existing EDLs attenuate to below MRLs 
within 5 feet of h'ansport. Under the average scenario for unsaturated zone transport, lead, 
benzo(a)pyrene, PCP, and DEHP concenh'ations in stormwater equal to 10 times U1e existing 
EDLs attenuate to below MRLs within 5 feet of b·ansport. Under U1e average scenario for 
unsah1rated zone transport, naphthalene concentrations in stmmwater equal to 10 ~1g/L (i.e., 
0.05% of Ute pollutant solubility in water) attenuate to below MRLs within 5 feet of transport. 
The simulated separation distances for these pollutants that are below the MRLs ( or pl'otective 
of the groundwater) are presented in Appendix D. As such, the Fate and Transport Tool 
indicates that UICs within permit-required setback distances to water wells are protective of 
groundwater; 

The reasonable maximum scenario represents the worst-case pollutant h'ansport conditions, 
and is charncterized by compounding conservatism of input variables. The purpose of the 
reasonable maximum scenatio is to evaluate model sensitivity, and it does not represent 
i'easonably likely conditions. Under the reasonable maximum scenario for unsaturated zone 
b·ansport, copper, lead, benzo(a)pyrene, naphthalene, PCP, and DEHP concentrations in 
stormwate1· equal to the input concenb·ations shown in-Table 13 attenuate to below MRLs 
within 5 feet of transport. 2,4-D and toluene require gi·eater than five (5) feet to attenuate to 
below the MRL under the reasonable maximum scenario. Under U1e reasonable maximum 
scenario of the Fate and Tl'ansport Tool, 2,4-D and toluene concentrations in stormwater equal 
to the existing EDLs attenuate to below MRLs within 14 feet of transport. The model 
calculations for this scenario are presented in Appendix E. Based on available separation 
distance data for the City's UICs, which accounts for about 85 percent of the City's UICs, Ute 
mh1imum separation distance between the bottom of the City UICs and the seasonal high 
groundwater is conse1-vatively estimated to be greater than 100 feet. Therefore, under the worst­
case pollutant transport conditions, 2,4-D and toluene attenuate to below the MRL before 
reaching groundwater. As such, the Fate and Transport Tool indicates that UICs within 
petmit-required setback distances to water wells are protective of groundwater. 
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Table 13. Protectiveness Lookup Table• Pollutant Attenuation in the Unsaturated Zone under the Average 
and Reasonable Maximum Scenarios (UICs ~ 5 Feet Separation Distance) 
City of Redmond, Oreg__on ___________________ _ 

SEPARATION DISTANCE OF 5 FEET 

EDL 
(ug/L) 

MRL 
(ug/L) 1 

Average 
Observed 

ConccntniHon 
(ug/L) 2 

A VElUGE SCENARIO 

Input 
Concentration 

(ug/L) 3,5 

Output 
Concentration 

(ug/L) 4 

REASONABLE MAXIMUM 
SCENARIO 

Input 
Concentration 

(ug/L) 3 

Output 
Concentration 

(ug/L) ~ 

Ratio of 
Average 

Observed 
Concentration: 

Pollutant Input 
Conccntralion 

Tolue11e 1,000 

Notes; 

0. r.: 
.J 

MRL = method reporting limit 

No Detections EDL <Iv.lRL 

EDL = effluent discharge limit based on UIC WPCF Municipal Stormwater Template 
NA "'not available 
11g/ L = micrograms per liter 

EDL 

1 Method Reporting Limit (MRL) based on typically achievable MR.Ls during storntwater monitoring in Oregon. 

313.6 

2 Average observed concentration of pollutants in storrnwater is based on Redmond stormwater san1pling front 2007through 2010. 
Where data were non-detects, ½. the detection limit of the specific sample analysis was used for calculating the average. 
3 htput concentrations are the concentrations discharging from the end of pipe. 
4 Output concentrations are the concentrations below the UICs after 5 feet of transport. 
5 As requested by DEQ, the protectiveness demonstration uses input concentrations of 10 times the EDL for ubiquitous pollutants, 
and uses the EDL for other pollutants. 
6 TI1e input concentration for naphthalene, which does not have an EDL in the UIC WPCF Municipal Storrnwater Template, is about 
0.05% of its solubility in water at 10.0 degrees Celsius (Bohon and Claussen, 1951). 
7 At a separation distance of 5 feet, infiltration time is shorter than 2.22 days because the maximum concentration immediately above 
the water table occurred before the maximum number of days that storrnwaler infiltrates into the UIC. 

5.0 Proposed EDLs 
The unsaturated zone Fate and Trnnspmt Tool was used to develop proposed EDLs for the City 
of Redmond's UIC WPCF Permit for lead, benzo(a)pyrene, PCP, and DEHP. DEQ 
recommended developing proposed EDLs for these four pollutants because they are considered 
more likely to be detected in municipal stormwater in Oregon based on Oregon ACW A studies 
(Ke1medy /Jenks, 2009 and Kennedy /Jenks, 2011). The proposed EDLs were developed using 
the following assumptions: 

• Proposed EDLs are limited to maximum concentrations of 10 times the EDLs in the UIC 
Permit Template, 

• The separation distance between the bottom of the UICs and the seasonal high 
groundwater is 5 feet, 

• The average scena1'io of the Fate and Transport Tool is used, and 
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• Grnundwater is protected when pollutant concentrations just above the water table are 
at background levels (i.e.1 zero for synthetic organic compounds1 as represented by the 
MRL). 

Table 14 presents the proposed EDLs developed usit\g the average fransport scenario of the Fate 
and Transpmt"Tool arid a 5-foot separation distance between the bottom of the UIC and 
seasonal high groundwater. The calculations for proposed EDLs are provided in Appendix C. 
The proposed EDLs for lead1 benzo(a)pyrene1 PCP1 and DEHP were limited to 10 times the 
EDLs in the UIC WPCF Municipal Stormwater Template. 

Table 14. Proposed EDLs (UICs ;?! 5 Feet Separation Distance and Average Scenario) 
City of Redmond, Oregon 

Pollutant 

DEHP 
Notes: 

MRL 
(ug/L) 1 

1.0 

J1g/L = micrograms per liter 
EDL = effluent discharge limit 
MRL = method reporting limit 

Average 
Observed 

No Detections 

Existing 
EDL 

6.0 60.0 

Output 
Concentration 

(ug/L) s 

<MRL 

1 Method Reporting Limit (MRL) based on typically achievable MRI..s during stormwaler monitoring in Oregon. 
2 Average observed concentration of pollutants is based on Redmond stormwater sampling from 2007 through 2010. Where data 
were non-detects, ½ the detection limit of the specific sample analysis was used for calculating the average concentration. 
~ Existing Effluent Discharge Limits based on the UIC WPCF Municipal Stormwater Template. 
j Proposed EDLs based on the average transport scenario of the Fate and Transport Tool and the assumption that groundwater is 
protected when pollutant concentrations just above the water table are below the MRL. 
5 Output concentrations are the concentrations below the UICs after 5 feet of transport under the average transport scenario. 

6.0 Groundwater Quality Data near Redmond 
To fmther support the City of Redmond's Groundwater Protectiveness Dem:onsh·ation1 

available groundwater quality data from SDW A sampling at municipal water supply wells were 
evaluated for the eight pollutants of interest. The City of Redmond samples 7 municipal wells 
for SOWA parameters. Many of the constituents analyzed under the SOWA have been analyzed 
for in mban stormwater (Kennedy /Jenks1 2009 and Kennedy /Jenks, 2011). As such, if UICs in 
the City of Redmond are not protective of groundwater1 we would expect to find SDW A 
constihtents in groundwater beneath and downgradient of the UICs. 

As shown on Table 15, during the 25 years of SOWA sampling, only lead has been repeatedly 
detected in groundwater wells near the City of Redmond. Well locations are shown in Figure 7. 
The lead concentrations upgradient of the City's UICs (e.g., Well #3) aI"e similru· to 
concentrations downgradient of.the UICs. This suggests that the lead concenh·ations observed 
in groundwater represent background conditions as opposed to conh·ibution from UICs. DEHP 
and toluene were detected in a single sample at concenh·ations less than half of the maximum 
contaminant levels (OEHP was detected at a concentration of 0.0025 mg/Land toluene was 
detected at a concentration of 0.0005 mg/L, which is commonly the MRL). Because these are 
isolated detections and DEHP and toluene have not been detected in Redmond stormwater, it is 
unlikely that the DEHP and toluene concentrations observed in these two groundwater samples 
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represent contribution from UICs. If UICs were adversely impacting groundwater, it is expected 
that pollutants would be ubiquitous downgradient of UICs. The lack of detections of 
representative stormwater pollutants in grotmdwater beneath the City of Redmond (i.e., PCP), 
and the low background-level concenh·ations of lead in groundwater suggest that the City's 
UICs are not adversely impacting groundwater. The lack of reoccurring high-level detections of 
stormwater pollutants in groundwater beneath the City of Redmond supports the Fate and 
Transport Tool conclusion that UICs are protective of groundwater. 

7 .0 Conclusions 
The Fate and Transport Tool was used to 1) demonstrate groundwater pmtectiveness for 
sto1mwater discharged from UICs that are in the 500-foot well setback or the two-year Time-of­
Travel from water wells and 2) pI'opose EDLs for the City's UIC WPCF Permit that meet 
Orngon' s groundwater protectiveness standards. Based on the Fate and Transport Tool results, 
UICs within permit-required setback distances to water wells are pmtective of groundwater. 
The Fate and Transport Tool simulation results indicated that concentrations of lead, 
benzo(a}pyrene, PCP, and DEHP could be 1000 times higher than the EDL while still being 
prntective of groundwater. However, to be conservative, the City has selected 10 times the EDL 
as the proposed EDL. 
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FIGURE2 
Surficial Geology Near Redmond 
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FIGURE3 
Redmond Interbed Thir:kness 
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FIGURES 
Infiltration Tests and Surficial Geology 

Near Redmond 
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FIGURE7 
Municipal Water Wells near Redmond 

and Analytical Groundwater Quality Data 
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ES Table 1- City of Redmond~ PROPOSED EDls 
City of Redmond, Oregon 

.Parameter 

MRl. 
(~tg/L) 

DEQ Municipal UIC WPCF 

Permit Template EDL 

(~tg/L) 

COMMON POLLUTANTS 1 

Zinc (Total) 

SCREENING POLLUTANTS 2 

Benzene 

Diazinon 

Dinoseb 

_§ilyphos~. 
Notes: 

1 = DEQ 2011 Permit Template Table A.5.1 

2"' DEQ 2011 Perm1t Template Table A.5.2 

MRL = laboratory method reporting limit 

DEQ "' Oregon Department of Environmental Quality 

U!C WPCF = Underground injection control Water PoUution Control Facilities 

EDLs = effluent discharge limits 

(11g/L) = micrograms per liter 

5,000 

5 

7 

7 

700 

City of Redmond 

Proposed EDL 

(~tg/L) 

some 

some 

some 

5ame 

same 



ES Table 2 - City of Redmond - Protectiveness Distance 
City of Redmond, Oregon 

Chemical Group/ MRL 
Representative Chemical (µg/l) 

Toluene 0.5 

0.2 

0.1 

2,4 D -0.01 

tl.91..~; 
1 = values base<l on the average scenario simulation 

MRL = laboratory method report;ng limit 
EDLs = effluent discharge limits 

(µg/L) = micrograms per liter 

City of Redmond Proposed EDLs 

Input Concentration 
ot the end of pipe 

(µg/L) 

1000 

1300 
500 

70 

Simulated Output Concentration 
1 

at end of S feet of trove! from UIC 

(µg/L) 

<MRL 

< MRL 
<MRL 

< MRL 

minimum depth 

maximum depth 

average depth 

Simulated Distance to 

Protectiveness (< MRL) 1 

(feet from base of UTC) 

2.13 

0.005 

0.001 

1.64 

0.001 
2.13 

0.655 

City of Redmond's PROPOSED Separation Distance .::: 5 Feet 



Table 3: Pmportloo o! WPCF Penntt Pollutants Usod In Soloctlon of Ropreoonlallve Indicator PoDLll:onts 
City of Rodmond, On,gon 
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lt,:>.Olcl,J0<0bP""""" 
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8!.,(2,cl,l°"""hyl)"'IK,' 

~s; 
waM~lnc,. 

2000 ::ODO 

lDO 100 

:oo C'OO 

so 50 

100 I ,oo 

10.000 I 10,000 

40 

NR 

00(\ 

7S 

NR 

NR 

0,!1 NR 

DEQllCsi'or 
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7.\00 

73 

no 
730 

11 

NR 

NR 
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Table 15. Summaiy or Municipal Well Groundwater Analytical Data' 
f'.ifvofRedmond, Oregon 

Analyte Period of lteco,d No.Samples No. DctecUons 
MCL Range 

(mW[.) (mf/1.) 
· Cit" of Red1110111nv,1111 

PCP 1993-2008 10 0 0.001 
Toluene 1993-2008 'l 0 1 
2,4-D 198!-2008 11 0 0.07 

L-PJ:d 1935 -2002 1 4 0.015 ND-ll.005 

Naphlhalene 
Copper 1995 1 0 1.3 
DEHP 1993-2008 10 0 0.006 
Benzo(a)p)•rene 1993-2008 10 0 0.0002 

Citll of RP1l111<i11d l\WI 112 
PCP 1993-2008 10 0 0.001 
Toluene 1993-2008 'l 0 I 

2,4-D 1993-2008 10 0 0.07 

1.o.«I 19SS-2002 4 2 ll.0.1.S ND-0.005 

Naphthalene 
Copper 
DEHi' 199.l-20!0 14 0.006 Nl)-0.(!025 
&nzo(a)pyrene 1993-2009 11 0 0.0002 

Cit11 ofRed111011d l\WI f3 
PCP 1993-2008 11 0 0.001 
Toluene 1993-2008 8 0 1. 
2,4-D 1993-2008 11 0 0.07 
I.ea,! 1%7 • 2002 4 

··········---····--···-··-····-······ _0.015_. _Nl)-(t,0()2 
Nap!tlhalene 

... ··········-·-·······-······--
Copper 1987-1990 2 0 1.3 
DEHP 1993-2008 11 0 0.006 
Benzo(a)pwene 1993-2009 11 0 0.0002 

Cit II of Rt,llli(lml Well Ill 
PCP 1993-2008 11 0 0.001 
Tol11~•1w l%9-2(f(J.~ 

-·····-··-··9 ·-· 1 l ND-0.0005 
2,4-D 1993-2008 11 0 0.07 
J_1:.1d. 1988-2002 4 O.Ol.5 ND-0.00S 
Naphlhatene 
Copper 
DEHP 1993-2008 11 0 0.006 
Benzo(a)pvrene 1993-2009 11 0 0.0002 

Cifu nFRr,111101111 lVtll #5 
PCP 1998-2008 8 0 0.001 
Toluene 1998-2008 5 0 
2,4-D 1998-2008 8 0 0.07 
Lead 1999-2002 2 0 0.015 
Naphlhalene 

C:oppcr -··-· ·--
DEHP 1998-2008 8 0 0.006 
&nzo{a)P\'Iene 1998-2008 8 0 0.0002 

·Cil11 of Red1110111I l\Wt !16 
PCP 2006-2008 3 0 0.001 
Toluene 2006-2008 2 0 1 
2,4-D 2006-2008 3 0 0.07 
Lead 2006-2009 2 0 0.015 
Naphlhalene 
Copper 
DEHP 2006-2008 3 0 0.006 
Benzo(a)pyrene 2006-2008 ---3 ...... ,.,,0. 

0.0002 
Cit11 ofRtd11t()ltd Wt/1117 

PCP 2006-2009 3 0 0.001 
Toluene 2006-2009 2 0 I 

2,4-D 2006-2009 3 0 0.07 
Iiaad ··2006~2009 ··-········ 

2 0 O.ot5 
Naphlhalene 
Copper 
DEHP 2006-2009 3 0 0.006 
Benzo(a)pyrene 2009-2008 3 0 0.0002 

Not-es 

CoD1I11e111s 

Del«Uo11s 0((1,,T<d 0115/.ll/1985, 8/1:¥1%6, 
8/11/1988, and 8/21/1991 

Deh•,t:loll, o« urr~d. on 8/l.l/l 988 and 
8/21/1991 

D\-.h."i:Uon occurrtd on lqtl.4/l(M).S 

Dehx!lon occun~d 0118/3/.1990 

D~IP.tlion Ot:'Cnnl'd on 6/1,1/15>39 

I.Aaledfon o<<1m,d on 8/l 1/l9i!S 

-·····-·--·······------·-

•••••n•.••••=•••~-•~•~. 

····---~~~···-····--···-~-

1 Data $¢111"('(! is ~pafl:r1:1,enl of llWlll.l\.~r\.ia!':s- {DH:S}SD\\'IS Data, htt_r;/ /170.lOl.63..9/:n,uno!look.rhr.,a...""'CM'SEh!Juni? 21, 2011. 
MCL ._ m3,."'\imum ronb-mlrunt le\o'l'l 

PCP D r,,n .. d,lororh,ool 

OEHP ~ di(Z..,lhylh."'}ijph\b,bt, 

mg/L = miH.igtMl.5 per li~r 

''" 
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UIC Risk Evaluation and System-Wide Assessment 

Introduction 
To provide information to support GSI Water Solutions' (GSI) UIC Risk Evaluation for the cities of Bend and 
Redmond, Brown and Caldwell was tasked with developing estimates of the average annual recharge {i.e., 
stormwater runoff volumes) to city UICs. The purpose of this technical memorandum (TM) is to describe the 
data and methods used to develop the estimate. Varying levels of analysis can be used to estimate runoff 
volumes, from complex hydrologic models that incorporate detailed information regarding soil and tempera­
ture conditions, to more simple spreadsheets that calculate runoff based on rainfall, land use, runoff 
cpefficients, and drainage areas. For this project, the latter simpler method was chosen. In addition, a 
decision was made to make conservative assumptions when choosing spreadsheet input parameters for 
these calculations. This TM provides a summary of spreadsheet input data used to estimate runoff volumes 
including rain gauge data, drainage areas by land use, and runoff coefficients for the cities of Bend and 
Redmond. 

Study Area and Land Use 
The study areas for this analysis include both the cities of Bend and Redmond. Bend encompasses an area 
of approximately 33 square miles and Redmond encompasses an area of approximately 16 square miles. 
Land use-based zoning data for both cities was provided by GSI. The zoning data were used to divide the 
total city into drainage areas of specific land uses. The drainage areas and associated land uses are 
summarized in Table 1 for Bend and Table 2 for Redmond. Using zoning data to estimate runoff volumes is 
a conservative assumption because vacant areas are represented in the calculations as they are zoned for 
future build-out. 

Table 1. CiJ.y of Bend Zoning 

Zoning categoiy Area, acres 

Central Business District 58.63 

Commercial Convenience 107.35 

Commercial General 831.27 

Commercial Limited 655.07 

Commercial Neighborhood 1.06 
-·-

Industrial General 209.01 

Industrial Light 1536.79 

Industrial Park 37.68 
·~~-~~ 

Mixed Employment 121.00 

Mixed Riverfront 274.63 

Public Facilities 467.19 

Professional Office 9.55 

Professional Office/Residential Urban Medium Density/ 7.88 
Resldentlal Suburban Standard Density 

Residential Urban High Density 337.48 

Residential Urban Low Density 2,185.45 

Residential Urban Medium Density 1,552.31 

Residential Urban Standard Density 12,361.69 

1 
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UIC Risk Evaluation and System-Wide Assessment 

Table 1, City of Bend Zoning 

Zoning category Area,acres 

Surface Mining 105.08 

Residenllal Suburban Low Density 37.58 

UrbanArea Reserve 409.20 

Total Area 21,306 

Table 2, Oley of Rettmond Zoning 

Zoning category Area, acres 
-•~r•-~-~~ • 

Airport 1,469.11 
-•-•r 

Strip Service Commercial 634.31 
·--~-~-·---

Central Business District Commercial 237.83 

Special SeJVice Commerclal 74.08 

Limited service Commercial 62.94 

Tourist Commercial 84.78 

Fairgrounds 321.12 
~•~-~~~~-=-•m 

light Industrial 1,122.27 

Heavy Industrial 625.38 

Open Space Park Reserve 1,014.94 ,,_ 

Parks 125.02 

Public Facllity 320.76 

Limited Resldentlal 412.12 

Limited Residential 863.21 

Limited Residential 628.94 

Limited Residentlal 1.17 

General Residential 1,632.53 

High Density Residential 432.78 

Urban Holdlng 387.57 

Total Area 10,450.86 

Gauge Selection and Rainfall Records 
Selection of a suitable rainfall gauge is a necessary step in the process of estimating runoff. Gauge selec­
tion often depends on the type of rainfall data (hourly, daily, etc.) required, period of record, and general 
proximity to the study area. Rainfall gauges found to be located within the study area were considered in 
order to estimate runoff volumes for the cities of Bend and Redmond. The focus of conducting the rain 
gauge review was on obtaining accurate estimates of average annual rainfall; therefore, an emphasis was 
placed on finding gauges with robust long-term historical summaries and less emphasis was placed on 
obtaining hourly data. Another important consideration in the selection of rain gauges was related to rainfall 
variability across the city due to possible orographic and other effects. Our evaluation indicated that gauges 

BrownN,()Caldwell 2 
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UIC Risk Evaluation and System-Wide Assessment 

from the west side of Bend recorded higher average annual rainfall depths than those from the east side of 
Bend. However, the difference was relatively small at approximately 0.56 inches. Therefore, annual 
average precipitation from the west side gauge was selected to provide conservative representation of 
rainfall for the whole city. For the city of Redmond, the rainfall variability across the city was found to be very 
minimal (i.e., approximately 0.14 inches) and therefore had no effect on rain gauge selection. The source of 
information used to obtain rainfall data was the Western Regional Climate Center (WRCC). The WRCC is one 
of six regional climate centers in the U.S. administered by the National Oceanic and Atmospheric Administra­
tion (NOAA). Specific oversight is provided by the National Climatic Data Center of the National Environmen­
tal Satellite, Data, and Information Service. The mission of the WRCC is to disseminate high quality climate 
data and information pertaining to the western U.S.; foster better use of this information in decision-making; 
conduct applied research related to climate issues; and improve the coordination of climate-related activities 
at state, regional, and national scales. Given the recognized reliability of NOAA climate data, WRCC was 
considered to be an excellent source of statistical rain gauge summaries for areas within western U.S. Five 
of the WRCC gauges are located in Bend and Redmond and are summarized in Table 3. 

Data in Table 3 show that for both Bend and Redmond there is not much difference among gauges within 
each city in terms of their locations and elevations. Therefore, gauge selections were based on two other 
important criteria: 1) which gauge had a longer period of record, and 2) which gauge had a higher average 
annual rainfall depth to get a conservative estimate of runoff volume. 

- "" 
- Table 3. WRCC Rain Gauge Information for the Cities of Bend and Redmond 

-

Average 
Maximum 

Period of record 

City Rain gauge name (ID} 
Elevation, latitude, Longitude, annual 

annual 
Total 

feet ddmm dddmm rainfall, 
depth, inches Start End years 

inches 

Bend (350694) 3,600 4404 12119 
Bend 

11.94 25.75 04/01/1901 12/31/2010 110 

Bend 7 NE (350699) 3,360 4407 12113 9.52 12.64 05/01/1991 01/01/2011 20 

Redmond 2W (357052) 3,010 4416 12113 8.28 13.99 04/07/1911 03/31/1980 69 

Redmond Redmond 1 SSE (357056) 3,020 4416 12110 10.36 13.44 05/01/1980 06/30/1989 9 

Redmond FM AP {35 7062) 3,060 4416 12109 8.63 12.41 07/01/1948 12/31/2010 62 

To select rainfall data for use in estimating average annual runoff to UICs, Bend gauge 350694 was chosen, 
given the length of the record and higher (conservative) rainfall depth. For Redmond, Redmond FAA 
AP 357062 was selected because it has a comparable period of record with Redmond 2W 357052 and it 
provides the more conservative estimate of average annual rainfall. Based on these gauge selections, an 
average annual rainfall of 11.94 inches was used to calculate runoff volumes for Bend and an average 
annual rainfall of 8.63 inches was used to calculate runoff volumes for Redmond in order to estimate annual 
recharge to the cities' UICs. 

Additionally, maximum annual depths were obtained for each city from the WRCC. These are provided in 
Table 3. 

Runoff Coefficient Estimates 
To estimate runoff into UICs, runoff coefficients are needed to estimate the amountjportion of rainfall that 
actually runs over land (i.e., does not evaporate or infiltrate into the ground) into UICs. The following U.S. 
Environmental Protection Agency runoff coefficient formula was used to estimate runoff coefficients for each 
land use: 

BrownA/,oCaldwell 3 
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urc Risk Evaluation and System-Wide Assessment 

Re = 0.9 * %IMP + 0.05 
where: 

Re = runoff coefficient 
%IMP = average percent imperviousness for a specific land use 

The average percent impervious values for different land use categories were obtained from the Central 
Oregon Stormwater Manual (COSM) (Central Oregon Intergovernmental Council, 2007) and are provided in 
Table 4. 

Table 4. Lancl Use Categories ancl Average Percent Imperviousness 

Land use Percent impervious 

Commercial 85 

Industrial 72 

High Density Residential 65 

Medium Density Residential 38 
------------t----~ 
Low Density Residential 25 

Open Space/Parks 15 

source: COSM 

The land use categories in Tables 1 and 2 were each sorted and grouped according to the general land use 
categories identified in Table 4 to estimate their average percent imperviousness and hence their runoff 
coefficients using the equation above (see Tables 5 and 6 for resulting runoff coefficients). 

Stormwater Runoff Volumes 
The average annual stormwater runoff volume (i.e., recharge to UICs) was calculated for each land use 
category using the rational method according to the following formula: 

V= Rc*l*A 

Where: 

V = average annual runoff volume 
Re = runoff coefficient 
I = average annual precipitation depth 
A = drainage area 

Using the rainfall, drainage area, and runoff coefficient information from the previous sections, stormwater 
runoff volume estimates for the cities of Bend and Redmond were calculated using this formula and are 
provided in Tables 5 and 6, respectively. 

Brown"'.oCaldweU 
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' " " - , - - ~ 

- Table 5. City of BenHAveragee,nd Maximum Annual Runoff Volume by lane! Use 
" 

- - --

Zoning category 
Runoff Average annual runoff volume, Maximum annual nmoffvolume, 

coefficient acre-feet acre-feet 

Central Business District 0.82 47.50 102.50 

Commercial Convenience 0.82 87.10 187.70 

Commercial General 0.82 674.10 1453.80 

Commercial limited 0.82 531.20 1145.60 

Commercial Neighborhood 0.82 0.90 1.90 

Industrial General 0.70 145.20 313.10 

Industrial Light 0.70 1067.32 2301.79 

Industrial Park 0.70 26.20 56.40 

Mixed Employment 0.82 98.10 211.60 

Mixed Riverfront 0.82 222.70 480.30 

Public Facilities 0.82 378.90 817.00 

Professional Office 0.82 7.70 16.70 

Professional Office/Residential Urban Medium Density/ 
0.39 3.10 6.60 Residential Suburban Standard Density 

Residential Urban High Density 0.64 213.20 459.90 

Resldentlal Urban Low Density 0.28 598.00 1289.60 

Residential Urban Medium Density 0.39 605.50 1305.80 

Residential Urban standard Density 0.39 4821.60 10398.20 

Surface Mining 0.70 73.00 157.40 

Residential Suburban Low Density 0.28 10.30 22.20 

Urban Area Reserve 0.19 75.30 162.40 

Total 9687 20891 

"" 

Table_ 6. im.y- of Redmond Average aod Maximmit Annual Runoff Volume by Land Use 

Zoning Category 
Runoff 

Average annual runoff volume, acre-feet Maximum annual runoff volume, acre-feet 
coefficient 

Airport 0.82 861.1 1238.2 

Strip Service Commercial 0.82 371.8 534.6 

Central Business District Commercial 0.82 139.4 200.5 

Special Service Commercial _0.82 43.4 62.4 

Limited Service Commercial 0.82 36.9 53.0 

Tourist Commercial 0.82 49.7 71.5 

Fairgrounds 0.82 188.2 270.7 

light Industrial 0.70 563.4 810.1 

Brown Ario Caldwell 5 
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Tabfe 6: City of Re!Jmontl Average and Maximum Annual Runoff Volume by Land Use 
C C 

Zoning Category 
Runoff 

Average annual runoff volume, acre-feet Maximum annual runoff volume, acre-feet 
coefficient 

Heavy Industrial 0.70 313.9 451.4 

Open Space Park Reserve 0.19 135.0 194.2 

Parks 0.19 16.6 23.9 

Publlc Facility 0.28 63.4 91.2 

Limited Residential 0.28 81.5 117.2 
-·--

Limited Residential 0.28 170.7 245.5 

Limited Residential 0.28 124.4 178.9 

Limited Residential 0.28 0.2 0.3 

General Resldentlal 0.39 460.2 661.8 

High DensityResldentlal 0.64 197.6 284.2 
..• 

Urban Holding 0.82 227.2 326.7 

Total 4045 5816 

The estimates of average annual runoff volumes in Tables 5 and 6 provide an estimate of the average 
annual recharge to UICs in Bend and Redmond. In summary, these estimates are conservative based on the 
following assumptions: 

• . WRCC rain gauges with the highest estimates of average annual rainfall were used to estimate runoff. 

• Runoff coefficients are estimated to be conservative for Bend and Redmond given the porous soils and 
high evaporation rates. 

• Land uses are based on zoning (future build-out) and do not account for the more pervious vacant areas 
that exist. 

• An assumption was made that all areas of the cities drain to UICs when some smaller areas are know to 
be piped to drain directly to the Deschutes River. In addition, some runoff drains to private as opposed to 
public UICs. 

References 

OTAK, Central Oregon Stormwater Manual, May 2007 

Western Regional Climate Center, http://www.wrcc.dri.edu/summary/Climsmor.html 
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NOTES 
1 ll'lpl.lt aol'lllent,atlr:ln, aq•I ttl 'lh• efll;1.1111nt dlaril'l!l11:1e tlfl'llt co:iu Ir, 'ltll!t t,J ... rpro1,1r,d l~eolNl,n Con!Jol (lllC) W-1111« Ponlfllori Cont~ F.a.cillty (WPOF) Munl111lp11d S.ormMtor T•mplDfO, 
j, Input concentrallon equid ta 10 llmnlh& llfflllant dJIICNl,ge- llfflll {ECtl lr,,lhe Una111r.gr.:,U'ld lnJaCIIIIDl'I Cormol (UIC) W.atat PtiDutlcin ~I F~llty (IIJPl!:;F) Munlal:pal S~ter Ter,ipl111a, 
3 The ln,tJI conconl111do11t IDr r,11pntl'w111na. \lltNch cloa,1 nol hlllllll 111n ttJL In th• UIC 'WPC~ MunlolpaC Slonnwalet Ternplal•. I• 11b0lll: (l,015~ ot ,II■ 'IIOlubllltf 11'\wataf al 10.Q defl!t'Nlli ~ua (Botion a11,:tC1~, 1-D51). 
"'2n R-edmond, wator lnflltmln Into UIC:1 t'or I total of2.22 dlllya (ue nolo S), Bocal.M 11"1C1tal1 do naitclegracl• overtlm11r, th• meta:1•+ inflllr1111on time altowt. fot 1DD~11ra. of malal• trar.pan. &-peCllfically, 2,22 c:la~, orinlllln.tlan pe, yaair • 100 :i,e11t11. • 222 dal~ of lt'IA1b'allon, 
111 in Rl!ldmand, \llll!!at la euun,ed to Jnlllltaea lnlo UICa fot II tollll ti,fl,22.daya. Th~ lnfl!lratlOl'l 11n'i•'WBl!I dalem'II ... by IIMl.lm:lnp 1hllt lnfU~il)n ~-when pre(llpltatlon. 1211le la eGU!II to Of ~ll 0.04 mohtlll!I Ptf hCI---. Ol"ld Nnmlng tho ,ota1 houra m the )'fflrthDt p,oof-plla11on 1'8111 lli$¢1,1lld ta- or e)!Odlech•d 0.04 lnchn :por hour 

b1111elll on elm 1'ocn 2002 Md 200B (Redmond rain Qa1C111-337M:2), The ,aeorr.elrWL l'nli■n IMl'llcratlol'I tlMa 'ft'cnn 2Q02thraUf1h :2.tlOB of 53 ha1,11'11 (:t22 dl!lya) wa IJliled Ir, 1hlli modl!II, 
111 ll"lllltro~i:in time- la !lhnirfflr than 2.22:da~ bnanUBO tha nwdrnum :i,oaumrrc 111anaM111Bt10r,, lmmodmt1ly abovi, 1he-wnt111rtnbDlii oocul'l'Gd pnar to !ho mmdmum number of d:lllra, that ttamrwator lnllllnllto• knlo the utc (:l'dch1111tltllindy«ale). 
T Median blodatradatJi:in rate-1.rom .a nMnw of talenllifld lllllll'lll'I.H'o (800 to:xlfor:rofeninitn) • 
• 251h p11HCl!ll'ltl..,, bb:il(lmdatlan mtn1rom II fflYllllw OfllCIIDMtlllG lltemture (MN!I fo)d: lcr refl!lftlncta~. 

• 10 porcer,t ofthll alllDAlli,e 'blocl~r, mD of PCP undDr alllftlbla car,cf,Hlor,• ftcim &NdlM. :by Sahm!dt et nl. (198C1j and D'Ar,geTo ar,d Rlldd,r (20DOJ. 
Ml 11) porcont ofttw, minlm1.1m blodl,gfl!tdllltlcin mto of PCP l.!Odor 11erotila.oondlt1Dmi-from A.lctm. b)' Sc:timldt ..i- al. (1009) and O'Anaa,lo and RIKkly (.2000). 
11 -C..lculatod from 1h11 fcltowlng 1Clfflluta.: -C.-= c.,a .. , wlwrD Ci Ill ccncantnltlan at tlmn,. Cc, la lr,ltlDI 0C1nc1ntr&tlon, t 11 tlma-, and t la :11d0d&Qftldnlion ta!e, 

~ 

'" 

~~ Pornltyof mahtrl11I lnflllr,g 11'BC1urocl mcik bol'IB!Uh U,111- IJIC. 8Di:iau1111-typkai 1racluro 'Mifflin In b111111t nm 0.14 mm (Llndborg:1 198Q-, mo11111unimenta 1rom tM Cc:ilumbhn, Rlwr Bniub: Grol.lp), we .anwmo tl'lnt thD innalng mat111riat wi:iuld be flna anl'llklzecl CQ,O,S nvn ro 0,42 mm, T11bla 4.Z pa. 840:r Fatter, 1994). 'Therefore, tyJ!,10■1 

1' o.lOYla1od by ..... ~. 8.28 In,-•n<I Chen'y (1919): ~ • 2."'5(1-11), 
14 E'ltlmat. off. MMd 01'1 .aor.umulntlon ofTOC In at,Cll'm'Ml.'IClr .nrcil.l'ld thD u1c; MCI 1111Mt101' d11111c:rtpliCln. 
id Renonlb1n mliJdffltJm tGffllliCI •• COl'llllrvatiwily 1/l Dfthe .IIVOl'a!'lll lOD"8nCI eatim!D Clffw blll&8CI an .&lil.'ICUITIUlilllon ol'iOC: In tltDrmwater .arciund t:hn, UlC; Be& lilllld fcir-dllllilClrlptdan ' 
1d Cnlaulllled fr'olll thi, eqUiltl~ efRoy :and Griffin (1"005),, Whlelh re:tnln Kr. IC! Wil!IJI' &CIILlblrilty .arid Kc.., 11111, preul'lled In FeUM (19!iM-). 
11 Bi,01!1Uae, lhi,, l<'.a, r111p011Boi:I il'I tll!lld lltl.ldll!l•wetei a11 hlghlllll' than ~Ollllcullllled f,On'I K_(l,lll., t.lckludv K.ns wete ~ OOhllel'Vallwl'}, thl!I' tenanilb11!1 tn~Un'I 'lllllfflllriO t11,1111, the l<'.oalcuta'led by~~ and Onffln ,,ms, 
1~ TIMI IDwelll: Ka.i replMlad 1i:ic- NapMharom1 in hi EFl'A (100!S) NM111w of n.., 20 N111p11ltial111flll ~ tam lleld',,lntlng. Tho nmgo af~ wa■ 1130 Uka .. 1,1il50 Ulli.,. 

'P:1Pti!Ulhcf1231 .. atyar lll!l'ltl'Q'ICI. UC S9UIC&'Ral)lltfl.--Memm.lFl'adl1ntnld lllllmb'Cllm'ltO!a11.)7JULT~inlAP!ll!l~dlx C-11~d D..,Fl'urltlrld 

"""-"""' .... ""' OfJIDr.!011 



· 11 TllO Kc.for Pontllcihlaraphencll I• p-H-<le,endent. S<HI and gra1-1nclwater pH-1uo m •cruUlbnum: thlffllfofe, er;iil :pH 011n be owtlm111ted -ttoni grr;iundWllter pH. :pH hlffi bf111n m111aul'lld 11t C:11)' or fl:ecl~nd Tl'IUl'llolo,il 'IN!llll1o 4i.fi and e (the ,ahalloWHt cility woll111). ttnd l'lllt'ICl111d: fr'om 7,-93 ta 8.17. Th$ DIINl'l'lllge .groLlndWBlt:ir:pH In Rect:m~ kli. 
8.01, which cn)tl'-e&potida. wllh a Koo or 410 Ukg. 

:!II CalouCIIIK from «.1UD!I~ {71) In ~A C1!996), which ralat• :t<oc 1c, Kciw1or cortaln cNorlMted pllllk:id.., ThB 2(aw woa takon mllfTl SPA (2C0BIII>, 
:l'1 Th!! IDwi:,at Kaa :re,ortO(I for 2.4-CI ai:dd Jn :EPA (a)1Q'->· Too mn;o or1<;.a•11:20.011:1 10CM Ukg, 
:IC! CaiaLllatet:f frQrn oql.lQl:lon (71) ~ EPA (1000), 'Wt!loh fllll:doe. Koc to :t<ow for VOC.., -i:.htottiPel'll:lfflllll1 and ,c:e,rtahn chlann.iled p,ntli:;ldOI. Th~ 101:1 Kow kirT-olLlel'le (2.m} wa1 tnlMnfrom EPA. (20100) 
:=, Thei lowe■t ~ ""Jl'i:trled ~rT-olUl!IIIWI' 1,- EPA (2010o). 11,i,- tur,g& e,r I(,. Wl!lt!li :l7 -178 Uka, 
:a Mcidl11n ~ 1or c:opp111t or 11111d, catGulllt~d U1111119 !111:Mpl!toll'io d11ta and an equntlan fl'Om Brlolcnor ('t008►1 b■liCld on CJty cf Bend 2011 stocmwal« 11111mplng. 
:1(1 Mlnlm11.1n, l<.i 1or inoppar or IMd, ~0Llllt111d Ulll'IC tl~Cllflo da 111nd 111n 1qu1~c,n from Brlc:kMf {11il!;13), b11Mcf on. Clt\l' ot 8nnd 2::111 Bll)rm'l'IQWr 11o111msi,Ung. 
M "K.i, 01111e!.!1111ktd from 11'1a-foa0tw'lng equation: l(d .. (~ (e,.o,. W.11&, pg. Z'9, 1$1i18). W!!t aoft!WIMlll\lely e■M.1111111' that IKK1:lptlon only ocourti, on fflll, Ndir'nenlell'Y m1:1kirl1:1l ln!IIUng thl!t tn1e1urn, and nb 1111:1rpbcir,: ocoun.on fralm.lre 1il!ION, 

:rr H)tdm.ilic GOl'tlluatlwty aa)etLl~d Yriln; the pump,,lr, method ,qt 00 UIC.. ln-tl'II City of RciQfland, The pumJ>,ln 111111thad 1, 0Llt:lln111cf In USOI (pgs. a3 • :9S, 1800-J, ;a,ncl ftl. dleoulllillld 11'1 11101111' d111lall In th111 W:id:. Tl'le mt!ldlisn h~taulla. C1CtndL1al:l1tl1Y of the CHJDCl!trrtary &1111111 and .And1,aJim, ge~oglo unit ~.e., 1t., n'!Olill: Pl!ll'ITlnabl6 geologic IJl'llt 
hit WC11 and drm,'1111~ ant aomplD1,d In) WIii, aa~r ~IOd. 

:lt!t Hydn:iullc conducllvilly calouliHocl umng 1hn- pump-In me-tl'lo¢ at ;a UIC111 In t'1e City of Redmond, Tl'1• pump.In m1111h~ j1 autllntd jn Im~ ~POa. -83- !i15, 1:003), IU'ld Is dlaouaMd Inmon, dir!D:11 Jn 'lhn-tell'I. Th• h:,dna~na conductMl:y i:ifthe- 0Ult11!1tnB')' 6.a.~t and Andnil:11 91'Qli:iQifl. ur1111 ~.11t., tho mott porm111ill-bte ,g111olciglci 1.1r;i. "lhB1 
WCI and drJDholn ant C101'1'11,t~ed In) VIOi eoneoMlll~lf th:llld, Thci-9!5% UCL on 1het mHn h!I typJi:ianr ~and: forth" fOQIOnl!lblilt' nu1xlmum tran11pr.,rt 11r;ininarto, bi.rt 1hoo mlnliml.l'B wua uaed beaill.ll!ll'I> only:$- puml)-ln 1HWI Mr• aal'ldui;tad In lbC!I Quatomarv Bault a:r,d Andlll'Bkle-, 'WhlOh l• nat o taive, 1111na,1.1gh -..alTlpl& 1111:i!o lo i::i:il"clijlnlit a 
05% UCt.-on tha PIOIII\. 

:;a MFl:La biDHd an typJoaay al:thlevimbltli method f01)0111nll llmll11,-dutll'lll &IQ1m 'Mltor IIIElmpiijng In OfeQ(ll't. Sal'l'lpli,19 ani:111,1:ad woro colieot.d durlno :2007~1. 
:ia ECLafram the UIC VUPCF Municipal Stormwa!arTell'Jplala, 
3• Aw111gl!t ob1,1111'\1'trd 111011aan1rntlon cf 110.-nw&ter ¢WI CH:tUaotod-c:lunng th!!, ffttlmond 2007-2010 Wll'fflWlllilliraampllf'IIII lll'lll!ln1. \Mwo dlttll. Wllfe- nol"I-Cl111te,cm,, U 1M de:ldcin llmlt aflhD-1.pealfla aampl& anelriu& Wl!ll!l 'L11141iCii 1or CIIIC:'Llr.tlng 1he, a'ile,ago, 

ABBRIMATION& 
PAHa • Polynuoleall' Afomatlo Hv,ill"OClllr11crta 

SVOCa <'4 S&ml-~11~le OtQaniO: Compound• 
voes II Volat:Un- crcilQ'lla compauncl111 

?C? 11 Panta,c:hloropt,onnil 

\JSGS .. Unltltd SlaiH Oealc,pleal Survey 
E:PA ;a ~Rln1T1111~ Pl'Ot~nAg$My 
IJIC • Undar;round Injection. ConlrOI 

UCL • IJ:pi;ter CMOd,onao Level 

P:'ill'Gl'lllnd'i2:)7 •Cltllol DllndlOt0•UIC.19oaNIDM'IR,aorta-- r.t11~9dl!IQlld ~el'lla'IC!ltlnt Dnalt,)7JLl11'1A~!!IBMI~ 0 iMd D_Ro!IMIW!d 
~0~-~Rut 

MRI. • Method RtpOftlina l.lmll 
TOC .. Total OrfJ■nlc C■rblWI 

••cf¥ 
cfc:m~ • Ql'!llffll, p111r-oubl0 CCl!l'lllmlllM 

m ~IMl111m 
lfl/-d•mO"lera-percf.DV 

m:i-i!d • a,quaro mffl"" pe,rday 
mgll•mlUloal'llllll&-JJOrllter 

'"' MOr.!On 
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APPENDIXD 

Separation Distance Necessary to Meet MRl.s 
CityofRedmond, Oregon 

COMPUTED DISTANCE TO MEET MRl.s 
Input C,,na,ntration a A""""'• of Sl:otmwatcr Data lnpot Cona>ntrallon a EDL In pot Concentratlon a Redmond Proposod EDI.$ 

Pollutant 
MRL Input Distance Under Dlstance Under Reo..,nable Input Dlstllnce Under Distance Under Reasonoble Input 

lu&/LJ con=ratlon Aver0£e Scenario Maximum Scena rlo C<>ncentratlon Average Sceno ~o Maximum scenario concentration 
(ug/l,) (feet) (feet) [ug/1.) (feet) (feet) (ug/l,) 

Copper 0.2 4AO 0.0026 o.()()46 l,300 0.005 a.cos 1,300 
Lead 0.1 11.89 0.0010 0.0021 so 0.001 0.002 500 

Benzo(a lpvrene 0.01 No Detection, 0.2 0.001 0.00$ 2 

PCP (pH=B.01) o.04 No Detection., l 0.504 1.503 10 
DEHP 1.0 No Detection., 6 0.017 0.049 60 
2,4-0 0,1 No Aval la ble Data 70 l.539 13.075 70 
!Toluene o.s No Detection., 1,000 2.126 11.682 1,000 

ASSUMPTIONS 

1) 700 .!Jl'lml of p0Uut1m.t trtm,p"11' ,lm,r~d j(lt mr.tabi. In Bend, UJC, dmdtm'gr: icRkr lr.tr.o t~ IRHJSUrfatc 3., daJfti eadr !F'" for 1.00 ~ ""390drll.P of tr11m;port. lr, ~rmd, WO tiJ..'ldWF rottlL'r' b:rm lwtraW111'fa« .:.::! ddy:t $ti, yew far 100 ym,, -Z!! iktytof 
11rm:111pe11.t. • 

2) Iopulo,0"'1m,t/o"'"''''l"'I ID a..-•s,ccn"""""""" of,,.,.,,...,,...., a,11,&d !oy=lr City. lh, ED!. or 10:< 11,, ED!. WI"'" 111= ...,,""" r1,,,,,,,,, 1/2 /h,r/,J«#tm limit..., ""4farco/cr,/,,Hng 11r,...,_. &a,,,,, •qh/h.in,,doc, m,1 i.,.,.,, WLln t1r 
dmfl UIC WPCF p,,,,,11. th, EPA R,gi..,I S=i•g I,;,,I.,.. #"•• 
J)A/11"1"'1 p,,am,tcr. """d •• ""l•from th, Cltyo/8,od ,.4 Cityof/Wmo,rd (with U,,,xr,,ptioo ofm,wh ,,.._, ,,.,.,..Im. o,l,icl,.,, lw,d °" Pottf""" lfat,). 

4} Nkd/an ~deal 1rydr1111.1te oonduelilJity of tJr Qw.tmurry ba,mr Rmf andalte ls uM.4 far rN!rodty. 

Distance Under Ol~nce Under Reasonabfe 
Average Scenario Maximum Scenario 

(feet) (feet) 

0.005 0.008 
0.001 0.003 
0.00,. D.003 

0.786 2.088 

0.024 0.069 
1.639 13.075 
2.126 11.582 



Appendix E · 



PDl'tlmMa-r Symbol tJnlbl-

UIC.Propd1H1, CIWll'IOB Neeaod- ti:i- :flOlllc=h . ffl 
M~l.o . It 

Cot'IOBl"llnlh:;in c, mtilt. 
lnllllnltleinTlml!I ' • 

01'1mlcat F11'8M)l'd111rR1tt1aCon1tant • .,, -- .Halr..ut'l!I- h • Physlmland ~ollF'otaaltlr ff -
Chom/,:a1$«I SClll~~l(donaltv' "· ...... _ .. 

Fracucn or,:u,nla Catbon I. -
Or,111'110 Cell'tlOl'I Por111lan, Ko. 1.1kg eo..m01eint 
Oletrltiutlor,,CaeffNIH,nt I<,, L.lko 

Pol"l!I WM111rVlllo1WN V mid 
carcur.at.!Oh• Rmllfflatlon F.!let-Or • . 

CilllDaNli:in CO&fflalent D .,,,,. 
Norm111llzacl Ch11 enilOfl c· "'M 
NCMINlllzMVe ,, mid 

Nor'mallzad' o-r11UII0l'I .. . 
A, . 
A, . •.. . 

fflarA,} . ., . 
B, . •.. . 

orfc[B,) . 
Conoa~lon Bl Ol11118Plillct C ... 11. 

l""'F'flffOIY MR,_. """ Slllod- ED,_. """ . C ma/L 

Pesticides/ 
Herbicides 

2 

AWl'lllQcl R,1u1aonnti~ 
Mmdm,um -00&,rtcric, 
~n11tio 

4.27 •.21 
14,CD 14.0C 

7.ooe:<Q , 7,00E-02 , .... ' .. .. ; 

b.30E-D3 " 2.2DIE.OO."' 
130.8 315-.1 ... ,. . 0..1'1> . 
,.156 1,"6 , 

ll,001110 "' O.CICCJl5B8 .. 

:10, " :10 11 

, .. .. 0.070 ,. 
o.B< " ~., " , .. 1.3 

1.l7E-<11 1Jil5E-Q1 
1.B7E-02 , ....... , 
&,SE-02 ... ....,, 
7.ZE-04 ,,...,.,. 
-3.53E-02 ·•= 
1.00E+oi :I.OOE«l0 
9.fll!liE.01 DJID&Cl'I 
O.OOE..CC &Clll-M 
2,00E«l1 2.C:CE401 
1.,ae+01 S.OOE«l0 
E!-,03E-t08 .c.£l0E..Ol!I 
Q,OCE+oo ID.41&-13 
O.QOE,i,00 ~; 

1.CICll::.-04 ' 
7.00E-o2 " 

NoA"' '""" 

AppendixE 
Pollutant Fate and Transport 

Pollutant Attenuation After 14 Feet of Transport - City of Redmond 

voes 
TOllhln. 

Aval'lllge RIIHl.1!01'1~0-

Maximum SOl!Mrio 
$c1,.'m1'1,:i, 

4.27 4.2'1 
14.00 1-4.IXI 

,.oot-w 1.ooe:...00 1 

= ' = ' 3..3QE-01 ==. 
2.1 6.5 . . .,,. . o.:-:i1c;. . 
1.156 ,."6 

~M1'110 11, C.D03S58 "' 

162 
,, :r, " 

,.2 " 0,13 " 
0.64 " 0,91. " ,., , .. 

1.37E-a'I 1.s=iE-01 
2.24E.o2 1.23E-01 
1.0SE-al 5.77E-D1 
5,421;..1)2 11.,ae-02 

--2.0DE-+00 -3.;oe.o, 
IISaE<W :1.111E«l0 ·~- G.81E-01 
o.ooe..oo 7.141!,.0$ 
2,2CE«l1 :l.04E«i1 
1,0,E«l1 5,.31'.;E'f(IO 
:J,J:113E."'°8' 7;0ti~,t.Ql!I, 

O.DCIE.+00 3.NE,.14 
O.OOE+CO 3.79E"-00 

"""'"'"' 1:,00E-t-00 ,. 
Nol.l11'8Clll)M 

RlllltO or O&IMn'ed Coneontl'IIBon : m,ur 
Conconbdon - J!loAwba1Jr.0111D 'No0■1dcn,a 

NOT!:S 
~ Input CDnc.nlntli:M'! eci11111I la tho offl1.11nt clil<lh■'Cl• imlll (EnL} 11'1- 13,i, UMOrg,cund lnj•Gl:lon Cantrol {Ule) 'Walor Poll1,1~n Conlffll :Facillll)' (WPCF) Munldpal Slo,mWBtorTom.,-■to, 
~ In. Raclmond, ~r It. ou,1.1mDCI to lnflllnat• inla- UICa fi;ir II tcwl!II of2,ZI: clar-,. thl• ll'IIQl~1e1ntlmo wa• clot.Drmlna,d :by 11MUl'l'ln11 thD'I lnfll~Uon oeiaun whar, pr1!1alpltatlon ral11t I• OC!\,1111 to Clil' r.itt,1111eda C,04 lftllhH por hour, and aumm•nci lhit total hour.. In lbt yurthllil pr~alpltatlon ml11t I• OCILD( to or &XC81!11~Dd 0.04 inol'lo■ p,r hDur 

:bllr.ecl ,on MIQ ffl)ffl 2002 ■nd 2006 (Redrnr.incl 12111n gago a57DS:Z]. TI,e, QMIPl'l~rla m~n, lnQlntlon tlme1rcim ~~~h 2008 or 5:!I hours ,(2.22: da)'II~ WI!!• !Md Jn tho modal. 
' M11111U11n blodegr,M11ulcin !l'MCI fn:lm a 111\/lewcit 'IICl111ntlflo lltoraturw- (11111■ llllCtfClf r&fcl,111-ncoa), 
"'~ l)lllnlOrltl'°' b5Ddegrtld■llciri,ratefrc:im1 Nliti'lowoh~h11ntlllC1lileP■turo~1101!1Cl:ict1orni'loren0$•), 
on ClllaulE!lled 1"111'1 'Iha- roacwnng formula; Cr .. eoa--in, WMRI Ci• OOl'Kll!lfflrallon at th t, 0a, Is 1nltlal con0111ntretlon, t ID time, nnd k Ill ~l'Jo,g'2!dcwtlon ,Me, 
-~ et ma!11rlal lnnlllng fflloturi,d :f'Ollk buncii:ith tho tJtQ. Sece1,11e-1)'p!CIIII haeuro wldtt,1 In bl!ll!lft l!lte C.14 MIii (Ul'ldaait;, ,aoo, motn1Urvm111nts from lhD tolumb16 River E!l11&11lt Otoup), WO-IIIHUmill' that thdl irir,1ll'1!QI tnll!el'lal would bo-rine AnMlzed (0.076 mm lo 0.42 mm. T1!1bl111- 4.2,. PCI, 84of Fotlar, 19[1,1), 'ThEirefi,rv, ~liml 
pa,a■llyof a ■and (0,m) 1!'01'1'1 'Fl'lleia ar,d Ch11r,y (1C7D), P'Oe 37, Tlilbl& 2.4 1111.INd in Uil■ analyDI■, 

'C.~ul,.,. .,._ula8.20~ Froozo•nd Cho<ty(IG1'9)<., ■ :!.'35(1.,,). 
- ~m111of'f1111 1:11111111~ on aaQUmu1atlon ofTOC In n:,l'll'lwn'!flp ar'Oi.nd tho UIC; a.• t11e1 far denctlptlon , 
g Re&1aa111bla mnmurn tceni.r.lo l&clcll"l111C1rwtivol:,, 1t.i!: ol'th■ avenio111110&1'1ii11'1a-a11Um1a. ort11111 b■IIIDd on ii10tiumu111~c,n arroe In ■tormw.11111" &1rout1d t1,a, uto: ■e11t tom1 for dncrlp~on • 

,a Celiaul111ed: 1t,om thci eqlJBl:lon ,i;ifRo:,, and Griffin t,QSS}, whlal'I ntll!l11WJ, l<,;,a to wa'III~ 110lubllll1 ilntl I<., ,111111 p'1!1Mm«I In F111or (10i:M}. 
11 EIIIGlluae tt,111-~ reporbocl In fi■kl atucll11a wer11 .1131 l'llaher 11,an ~• c1lci1.1Cated frorn l(,.,(l.i,., 1lolc1-11tudv tc.• wer-a 111111a a~IMt}, th■ l'IIIIOn■bla m11X11T11,1rr, -l'lmio mn h K.c.:l01.1l1tec1 by Fli:i,y and Crlffin ~1!1:!BS) 
1~ '1"ha, krwD■t I(. r.pciltacl tcir NB~l'llhDleno In the SIA f'lSil~ Rl'llllll'VI' afn • 20 Napl'llhll.ns ~ from 11BtcMe■tlng, "!'hi rang• er I(... Wllla8301Jkg- 1 ,'£ISO LJkg, 
1~ T1Wi Km.for ~lilhlorophlmol I• pti,,dep•ndlllr,t. ac.11.Qi,d groundwlll■r pH are 111 eQLdliliorium: 1hor.t'or•, IOII pH o■n bill •UmQfm:I frClm ,;roundwm.r pH. :p,~ hn b111on mDDUr.d st city ct ~mol"lc:I munlCllpol w.1114,-S and G ~hill 11halltowe■t ell)' ...,.1111), ancl ranal!td tNffl 1.93to 8.17. Tt'I• awraae ,aro1.1ndw!l1Dr pH In ,:illdmo,i,ct la 

8,01, wl,IGhaol'Tftpond■ wlth l!I Koo af41D LJkO, 
1• 1<.t, aalaulated frClffl n,e- tollowlna equation: Kd • ~ (e,,,g., w■lh,. Pa~ ~9, 1:ljllil6), w,, c,onMrv■llwly 11111L1111i1t 0,i,t aoropUon, onty ocoura on thlll 11111~1monl111ry m111S.rl1I knlllllna- the fl'IICIMl'fl, .Qnd no IOfPllon occt.nan frar.ti.lte fll!GOt. 

,e. :Hyd'MJlla aol'ldl.lOI~ ,caj1,1,11Dted ui!llnc the ,PUl'l'IP,,ln mothad l!lt 00 Utc. lri lt'ID Cit)!' of Rllldmand. Thl!I pump.In motlt~d 111--outllnact In usor 'pgo. 83-05, 1Ql)3),i and ja, cl.cltlflMCI In more datbll In U1& text, The hydri.ullG. ODndU~vlly otthi,, CIU!ltl!ll'Nll"J SilDtih and .AndHl!llo geoloelo Ul'll! (I.e., lte moiit parmimbri. glllOlogl,o. unll lhlill 
1JIO■ and drlllhot.. or. com1:d~lllld In) W-11111 aor,■oM~Y UMG. 

P:\Porlllinai.zti'-Clti,CIIO.ndOl!lo. l)IQ IIMNIGIII.\Prflopll,M1•M11m~meind M1mo'a11oN:Clnrlt,ftJulll\l,Di)Dl'ldltin'IAppil'ldtr C ind ~md" 
COR_:!)01,vtRl.a "" r;u::11:ir.!l)llt 



,a Hydnlur«:i CC1nductlvlty c:atillulllihtd u11hr'9 thl, ,ump,,1n m11111hocl Ill: 00 UIC&. In tho City of Radfflond, The puml)-ln method I& -Dt&Hlnllld In USOI (pg._ 03 .. 95, 1:803}, .and l11dj11CU111111d In mcira, detall jn tt,i,, i.xt. Th• h)'Clmulla CH:lnductlvlt,J o1'tht Qun1etn111ty E!i11a111t 11nd Andnlte gcaln,glo unit (i.e., th• moll't perm1ilml• anolc:iala unit that 
UIC1 and drlllhDN 11re c,a,rnpGctod In)~• ODl'IHrva'INllljr ullld. i;Thll, OO"Xt tJCl. on 1lwl- ml)l!ln, II typl011ll!r' Ulllcl fortl'll!I realMlinob~ mamum iranepor,: l0fllnat1o, but tl'le me:iclmum 'WIii, tJ.Od" boor.iue oniv 15 pun,,p in tfrt!lm. Wfll'O ,conductod in the Ot1t11ernury B11&Blt ofld Andlll!ita. wl'llt1h ll!I :not a ki~e- eno~ 111i1PnpT,ci, st;ce 1o oi.lout.i.'IG r, 
95-% UCL-on tl'lo m1tM), 

11 MRI.Aboud on typlOl!lny aohlaveil~& llt'Hlthocl reporting tlmltl dutLl'lg atort11 WD!ar liiln'lp~l'IO Ii, Oregon;. Qamph!n!l .analyzed were a11llaae11d dlJl'lng :;:o01..z11. 
11 ECL.a1rom lhe UIC. WJICF Mur,lalpal l!lkin'nwnbl,r Tompllll•. 
19 Awmge obaBIVecl ,c~l(ll'I• of •fmwator dl!IID callectad durir.g itm R:edmi:il'ld 2007.-:2010 "1'10rmWDrlll!mpl•ni. 9Vlll!nt. \lyt,im, i:11111:D Wl8fO nofWl'ataiChli, ¾ tho de~i:ini lkmb ot'tho, ,poc:tflc:-sample analyala Wllli !,land" f'l!lf c:alciul111lmg :tho C1W111g11, 

AB6R.W.TIONS 
PAHa • Pol)rrd.lc:lel!f Ar'Qmalla. HyclrocarbOl'I■ 

$VOCa • S,,m,I.VolDtlll O~anlci Cclmpi:iurd11, 
voes II VolEltn• 0f(lill,1'llo Compo1.11'1da 

PCF' • P-111ntaohToropht'f'lol 

USO$ •Uni!ad Sllltill■ Gookl,glcal SUIW)I' 
EPA • l:afflronmonlad 'Prot111cllor, Agency 

UIC. .. Underg,ound lr'ljoatlon CQntrQI 
UCL .. UPP111t-Confldon0& Level 

P:\P'ioMll"trJM .. °"'alllend'OIO•Ulc:SIM111111R1pa,a,-Jlllfl!ll&'IR'aclrnancl M1!1111oltfltl!lil~Jd'l-t~pp.Ml~OMO~"'llftlli 
COPI_DD'l.,.,M~ 

M~L. • Mothod A:111portlng Urnlt 
roe ""r-atat orcr;snla. Cnrbon 

,cl .. clays 
gl'mn~ .. grom• peor cubic 1»nldnlill"IBr 

m •IMtllll'& 
IM:l•metnpord,iy 

m'ld • nqi.mNI' m"'8m l)'Jr dll)' 
ma,/L • mllllamn'ls pi,f t.let 

"" '11Qtll2011 



City of Redmond UICs within 500' Radius or 2 yr Time of Travel 

u1ce:JSlµn,Jiijf/, ·-· 

U.1.¢:Typif:a;;:x: 
UIC0108 Drillhole 

UIC0109 Drillhole 

UIC0118 Drillhole 

UIC0120 Drywell 

UIC0121 Drywell 

UIC0122 Drywell 

UIC0122c Drillhole 

UIC0136 Drywell 

UIC0160 Drywell 

UIC0163 Drywell 

UIC0166 Drywell 

UIC0166c Drillhole 

UIC0167 Drywell 

UIC0168 Drywell 

UIC0169 Drywell 

UIC0170 Drywell 

UIC0171 Drywell 

UIC0174 Drywell 

UIC0182 DryweH 

UIC0187 Drywell 

UIC0188 Drywell 

UIC0189 Drywell 

UIC0194 Drywell 

UIC0195 Drywell 

U!C0196 Drywell 

UIC0197 Drywell 

UIC0198 Drywell 

UIC0199 Drywell 

UIC0200 Drywell 

L!IC0201 Drywell 

UIC0202 Drywell 

UIC0255 Drywell 

UIC0292 Drywell 

UIC0297 Drywell 

UIC0300 Drywell 

UIC0301 Drywell 

UIC0302 Drywell 

UIC0303 Drywell 

UIC0304 Drywell 

UIC0305 Drywell 

UIC0306 Drywell 

UIC0307 Drywell 

UIC0308 Drywell 

UIC0309 Drywell 

UIC0310 Drywell 

UIC0311 Drywell 

September 22, 2011 



City of Redmond UICs within 500' Radius or 2 yr Time of Travel 

o,¢tNYmJ,er::::: y·Ictrvpij\I>Y; L 
UIC0312 Orywell 

UIC0313 Orywell 

UIC0315 Drywell 

UIC0316 Drywell 

UIC0317 Drywell 

UIC0320 Drywell 

UIC0321 Drywell 

UIC0322 Drywell 

UIC0323 Drywell 

UIC0385 Drywell 

UIC0386 Drywell 

UIC0390 Drywell 

UIC0391 Drywell 

UIC0392 Drywell 

UIC0393 Drywell 

UIC0398 Drywell 

UIC0403 Drywell 

UIC0404 Drywell 

UIC0405 Drywell 

UIC0412 Drywell 

UIC0427 Drillhole 

UIC0433 Drywell 

UIC0434 Drywell 

UIC0435 Drywell 

UIC0464 Drywell 

UIC0474 Drywell 

UIC0475 · Drywell 

UIC0476 Drywell 

UIC0477 Drywell 

UIC0483 Drywell 

UIC0484 Drywell 

UIC0485 Drywell 

UIC0493 Drywell 

UIC0494 Drywell 

UIC0496 Drywell 

UIC0524 Drywell 

UIC0543 Drywell 

UIC0544 Drywell 

UIC0545 Drywell 

UIC0546 Drywell_ 

UIC0547 Drywell 

UIC0548 Drywell 

UIC0549 Drywell 

UIC0SS0 Drywell 

UIC0551 Drywell 

UIC0552 Drywell 

September 22, 2011 



City of Redmond UICs within 500' Radius or 2 yr Time of Travel 

QiCINGmbeh': 9f¢/tvpij!XC:\/ 
UIC0553 Drywell 

UIC0619 Drywell 

UIC0653 Drywell 

UIC0654 Drywell 

UIC0655 Drywell 

UIC0656 Drywell 

UIC0657 Drywell 

UIC0658 Drywell 

UIC0676 Drywell 

UIC0679 Drywell 

UIC0689 Drillhole 

UIC0707 Drywell 

UIC0708 Drywell 

UIC0709 Drywell 

UIC0712 Drywell 

UIC0713 Drywell 

UIC0714 Drywell 

UIC0715 Drywell 

UIC0716 Drywell 

UIC0717 Drywell 

UIC0718 Drywell 

UIC0719 Drywell 

UIC0720 Drywell 

UIC0721 Drywell 

UIC0722 Drywell 

UIC0723 Drillhole 

UIC0724 Drillhole 

UIC0725 Drillhole 

UIC0737 Drywell 

UIC0738 Drywell 

UIC0739 Drillhole 

UIC0755 Drywell 

UIC0799 Drywell 

UIC0821 Drywell 

UIC0865 Drywell 

UIC0866 Drywell 

UIC0869 Drywell 

UIC0870. Drywell 

UIC0871 Drywell 

UIC0873 Drywell 

UIC0874 Drywell 

UIC0876 Drywell 

UIC0877 Drywell 

UIC0894 Drywell 

UIC0896 Drywell 

UIC0900 Drywell 

September 22, 2011 



City of Redmond UICs within 500' Radius or 2 yr Time of Travel _ 

01QNO:rnaer:::: ijlqlj'yp~'.;'/ i\: 

UIC0903 Drywell 

UIC0924 Drywell 

UIC0925 Drywell 

UIC0926 Drywell 

UIC0973 Drywell 

UIC0983 Drywell 

UIC0984 Drywell 

UIC0985 Drywell 

UIC0986 Drywell 

UIC0987 Drywell 

. UIC0988 Drywell 

UIC0989 Drillhole 

UIC0990 Drillhole 

UIC0991 Drillhole 

UIC0992 Drillhole 

UIC0993 Drillhole 

UIC0994 Drywell 

UIC0995 Drywell 

UIC0996 Drillhole 

UIC0997 Drillhole 

UIC0998 Drillhole 

UIC0999 Drillhole 

UIC1020 Drywell 

UIC1021 Drywell 

UIC1022 Drywell 

UIC1023 Drywell 

UIC1024 Drywell 

UIC1025 Drywell 

UIC1041 Drywell 

UIC1042 Drywell 

UIC1043 Drywell 

UIC1044 Drywell 

UIC1052 Drywell 

UIC1053 Drywell 

UIC1054 Drywell 

UIC1055 Drywell 

UIC1060 Drywell 

UIC1061 Drywell 

UIC1062 Drywell 

UIC1065 Drywell 

UIC1066 Drywell 

UIC1067 Drywell 

UIC1068 Drywell 

UIC1069 Drywell 

UIC1070 Drywell 

UIC1085 Drywell 

September 22, 2011 



City of Redmond UICs within 500' Radius or 2 yr Time of Travel 

QittNUrhijif'i: .· Q1¢ttvpe/tc · .. _; 

.-:•:::: 

UIC1091 Drywell 

UIC1092 Drywell 

UIC1096 Drywell 

UIC1097 Drywell 

UIC1098 Drywell 

UIC1099 Drywell 

UIC1100 Drywell 

UIC1101 Drywell 

UIC1102 Drywell 

UIC1103 Drywell 

UIC1104 Drywell 

UIC1105 Drywell 

UIC1106 Drywell 

UIC1107 Drywell 

UIC1108 Drywell 

UIC1109 DryWell 

UIC1110 Drywell 

UIC1111 Drywell 

UIC1112 Drywell 

UIC1117 Drywell 

UIC1118 Drywell 

UIC1119 Drywell 

UIC1120 Drywell 

UIC1121 Drywell 

UIC1122 Drywell 

UIC1123 Drywell 

UIC1126 Drywell 

UIC1135 Drywell 

UIC1136 Drywell 

UIC1146 Drywell 

UIC1149 Drywell 

UIC1190 Drywell 

UIC1197 Drywell 

UIC1198 Drywell 

UIC1217 Drywell 

UIC1218 Drywell 

UIC1220 Drywell 

UIC1223 Drywell 

UIC1241 Drywell 

UIC1242 Drywell 

UIC1245 Drywell 

UIC1255 French drain 

UIC1263 Drywell 

UIC1264 Drywell 

UIC1273 Drywell 

UIC1274 Drywell 

September 22, 2011 



City of Redmond UICs within 500' Radius or 2 yr Time of Travel 

vi:c:Ntjmhert: 
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vi•o;:rvPi>::c:;;ac 
UIC1300 Drywell 

UIC1323 Drywell 

UIC1324 Drywell 

UIC1325 Drywell 

UIC1331 Drywell 

UIC1334 Drywell 

UIC1335 Drywell 

UIC1383 Drywell 

UIC1389 Drywell 
UIC1392 Drywell 

UIC1480 Drywell 
UIC1481 Drywell 

UIC1482 Drywell 

UIC1484 Drywell 

UIC1485 Drywell 

UIC1486 Drywell 

UIC1488 Drywell 
UIC1510 Drywell 

UIC1513 Drywell 

UIC1518 Drywell 

UIC1529 Drywell 

UIC1530 Drywell 
UIC1533 Drywell 

UIC1535 Drywell 

UIC1536 Drywell 
UIC1539 Drywell 

UIC1541 Drywell 
UIC1542 Drywell 

UIC1560 Drywell 

UIC1561 Drywell 

UIC1562 Drywell 
UIC1593 Drywell 

UIC1594 Drywell 

UIC1595 Drywell 

UIC1596 Drywell 

UIC1597 Drywell 

UIC1598 Drywell 

UIC1599 Drywell 

UIC1600 Drywell 

UIC1602 Drywell 
UIC1604 Drywell 

UIC1628 Drywell 

UIC1629 Drywell 

UIC1636 Drywell 
UIC1646 Drywell 

UIC1665 Drywell 

September 22, 2011 



City of Redmond UICs within 500' Radius or 2 yr Time of Travel 

v1•¢N1J6it;'ett 01ctt~p'eI::rJ::· ' 
UIC1722 Drywell 

UIC1729 Drywell 

UIC1730 Drywell 

UIC1731 Drywell 

UIC1732 Drywell 

UIC1733 Drywell 

UIC1734 Drywell 

UIC1735 Drywell 

UIC1736 Drywell 

UIC1737 Drywell 

UIC1744 Drywell 

UIC1747 Drywell 

UIC1749 Drywell 

UIC1757 Drywell 

UIC1841 Drywell 

UIC1854 Drywell 

UIC1855 French drain 

September 22, 2011 



City of Redmond UICs within 500' Radius or 2 yr Time of Travel 

UIC0108 Drillhole 

UIC0109 Drillhole 

UIC0118 Drillhole 

UIC0120 Drywell 

UIC0121 Drywell 

UIC0122 Drywell 

UIC0122c Drillhole 

UIC0136 Drywell 

UIC0160 Drywell 

UIC0163 Drywell 

UIC0166 Drywell 

UIC0166c Drillhole 

UIC0167 Drywell 

UIC0168 Drywell 

UIC0169 Drywell 

UIC0170 Drywell 

UIC0171 Drywell 

UIC0174 Drywell 

UIC0182 Drywell 

UIC0187 Drywell 

UIC0188 Drywell 

UIC0189 Drywell 

UIC0194 Drywell 

UIC0195 Orywell 

UIC0196 Drywell 

UIC0197 Drywell 

UIC0198 Drywell 

UIC0199 Drywell 

UIC0200 Drywell 

UIC0201 Drywell 

UIC0202 Drywell 

UIC0255 Orywell 

UIC0292 Drywell 

UIC0297 Drywell 

UIC0300 Drywell 

UIC0301 Drywell 

UIC0302 Drywell 

UIC0303 Drywell 

UIC0304 Orywell 

UIC0305 Drywell 

UIC0306 Drywell 

UIC0307 Drywell 

UIC0308 Drywell 

UIC0309 Drywell 

UIC0310 Drywell 

UIC0311 Drywell 

September 22, 2011 



City of Redmond UICs within 500' Radius or 2 yr Time of Travel 

Qi¢{N1,1mb~f:L filC/fyp·~-/U\:H 
UIC0312 Drywell 

UIC0313 Drywell 

UIC0315 Drywell 

UIC0316 Drywell 

UIC0317 Drywell 

UIC0320 Drywell 

UIC0321 Drywell 

UIC0322 Drywell 

UIC0323 Drywell 

UIC0385 Drywell 

UIC0386 Drywell 

UIC0390 Drywell 

UIC0391 Drywell 

UIC0392 Drywell 

UIC0393 Drywell 

UIC0398 Drywell 

UIC0403 Drywell 

UIC0404 Drywell 

UIC0405 Drywell 

UIC0412 Drywell 

UIC0427 Drillhole 

UIC0433 Drywell 

UIC0434 Drywell 

UIC0435 Drywell 

UIC0464 Drywell 

UIC0474 Drywell 

UIC0475 Drywell 

UIC0476 Drywell 

UIC0477 Drywell 

UIC0483 Drywell 

UIC0484 Drywell 

UIC0485 Drywell 

UIC0493 Drywell 

UIC0494 Drywell 

UIC0496 Drywell 

UIC0524 Drywell 

UIC0543 Drywell 

UIC0544 Drywell 

UIC0545 Drywell 

UIC0546 Drywell 

UIC0547 Drywell 

UIC0548 Drywell 

UIC0549 Drywell 

UIC0550 Drywell 

UIC0551 Drywell 

UIC0552 Drywell 

September 22, 2011 



City of Redmond UICs within 500' Radius or 2 yr Time of Travel 

vJc:N9thijijft y(¢Jyp~'; ·~.>-;:;-_..-:: 
::-:·,:.::..:::::: 

UICOS53 Drywell 

UIC0619 Drywell 

UIC0653 Drywell 

UIC0654 Drywell 

UICOGSS Drywell 

UIC0656 Drywell 

UIC0657 Drywell 

UIC0658 Drywell 

UIC0676 Orywell 

UIC0679 Drywell 

UIC0689 Drillhole 

UIC0707 Drywell 

UIC0708 Drywell 

UIC0709 Drywell 

UIC0712 Drywell 

UIC0713 Drywell 

UIC0714 Drywell 

UIC0715 Drywell 

UIC0716 Drywell 

UIC0717 Drywell 

UIC0718 Drywell 

UIC0719 Drywell 

UIC0720 Drywell 

UIC0721 Drywell 

UIC0722 Drywell 

UIC0723 Drillhole 

UIC0724 Drillhole 

UIC0725 Drill hole 

UIC0737 Drywell 

UIC0738 Drywell 

UIC0739 Drillhole 

UIC0755 Drywell 

UIC0799 Drywell 

UIC0821 Drywell 

UIC0865 Drywell 

UIC0866 Drywell 

UIC0869 Drywell 

UIC0870 Drywell 

UIC0871 Drywell 

UIC0873 Drywell 

UIC0874 Drywell 

UIC0876 Drywell 

UIC0877 Drywell 

UIC0894 Drywell 

UIC0896 Drywell 

UIC0900 Drywell 

September 22, 2011 



City of Redmond UICs within 500' Radius or 2 yr Time of Travel 

· :Qi¢'1"ype:/Y:/i toc:N4mberY: 
UIC0903 Drywell 

UIC0924 Drywell 

UIC0925 Drywell 

UIC0926 Drywell 

UIC0973 Drywell 

UIC0983 Drywell 

UIC0984 Drywell 

UIC0985 Drywell 

UIC0986 Drywell 

UIC0987 Drywell 

UIC0988 Drywell 

UIC0989 Drillhole 

UIC0990 Drillhole 

UIC0991 Drillhole 

UIC0992 Drillhole 

UIC0993 Drillhole 

UIC0994 Drywell 

UIC0995 Drywell 

UIC0996 Drillhole 

UIC0997 Drillhole 

UJC0998 Drillhole 

UIC0999 Drillhole 

UIC1020 Drywell 

UIC1021 Drywell 

UIC1022 Drywell 

UIC1023 Drywell 

UIC1024 Drywell 

UIC1025 Drywell 

UIC1041 Drywell 

UIC1042 Drywell 

UIC1043 Drywell 

UIC1044 Drywell· 

UIC1052 Drywell 

UIC1053 Drywell 

UIC1054 Drywell 

UIC1055 Drywell 

UIC1060 Drywell 

UIC1061 Drywell 

UIC1062 Drywell 

UIC1065 Drywell 

UIC1066 Drywell 

UIC1067 Drywell 

UIC1068 Drywell 

UIC1069 Drywell 

UIC1070 Drywell 

UIC1085 Drywell 

September 22, 2011 



City of Redmond UICs within 500' Radius or 2 yr Time of Travel 

u1c1:N:ijmfiijf ::: QlPTvPe =->::•?>< 
:-.:;·-.. : ::.~ ;::·.: 

UIC1091 Drywell 

UIC1092 orywell 

UIC1096 Drywell 

UIC1097 Drywell 

UIC1098 Orywell 

UIC1099 Drywell 

UIC1100 Drywell 

UIC1101 Drywell 

UIC1102 Drywell 

UIC1103 Drywell 

UIC1104 Drywell 

UIC1105 Drywell 

UIC1106 Drywell 

UIC1107 Orywell 

UIC1108 Drywell 

UIC1109 Drywell 

UIC1110 Drywell 

UIC1111 Drywell 

UIC1112 Drywell 

UIC1117 Drywell 

UIC1118 Drywell 

UIC1119 Drywell 

UIC1120 Drywell 

UIC1121 Drywell 

UIC1122 Drywell 

UIC1123 Drywell 

UIC1126 Drywell 

UIC1135 Drywell 

UIC1136 Drywell 

UIC1146 Drywell 

UIC1149 Drywell 

UIC1190 Drywell 

UIC1197 Drywell 

UIC1198 Drywell 

UIC1217 Orywell 

UIC1218 Drywell 

u1c1no Drywell 

UIC1223 Drywell 

UIC1241 Drywell 

UIC1242 Drywell 

UIC1245 Drywell 

UIC1255 French drain 

UIC1263 Drywell 

UIC1264 Drywell 

UIC1273 Drywell 

UIC1274 Drywell 

September 22, 2011 



City of Redmond UICs within 500' Radius or 2 yr Time of Travel 

:u,crNi.imij~KI .0!9TVP~>:s··••-X 
UIC1300 Drywell 

UIC1323 Drywell 

UIC1324 Drywell 

UIC1325 Drywell 

UIC1331 Drywell 

UIC1334 Drywell 

UIC1335 Drywell 

UIC1383 Drywell 

UIC1389 Drywell 

UIC1392 Drywell 

UIC1480 Drywell 

UIC1481 Drywell 

UIC1482 Drywell 

UIC1484 Drywell 

UIC1485 Drywell 

UIC1486 Drywell 

UIC1488 Drywell 

UIC1510 Drywell 

UIC1513 Drywell 

UIC1518 Drywell 

UIC1529 Drywell 

UIC1530 Drywell 

UIC1533 Drywell 

UIC1535 Drywell 

UIC1536 Drywell 

UIC1539 Drywell 

UIC1541 Drywell 

UIC1542 Drywell 

u·1c1SG0 Drywell 

UIC1561 Drywell 

UIC1562 Drywell 

UIC1593 Drywell 

UIC1594 Drywell 

UIC1595 Drywell 

UIC1596 Drywell 

UIC1597 Drywell 

UIC1598 Drywell 

UIC1599 Drywell 

UIC1600 o·rvwell 

UIC1602 Drywell 

UIC1604 Drywell 

UIC1628 Drywell 

UIC1629 Drywell 

UIC1636 Drywell 

UIC1646 Drywell 

UIC1665 Drywell 

September 22, 2011 



City of Redmond UICs within 500' Radius or 2 yr Time of Travel 

U1¢.NUfrifaef/ U1<:TvP~ < . 
UIC1722 Drywell 

UIC1729 Drywell 

UIC1730 Drywell 

UIC1731 Drywell 

UIC1732 Drywell 

UIC1733 Drywell 

UIC1734 Drywell 

UIC1735 Drywell 

UIC1736 Drywell 

UIC1737 Drywell 

UIC1744 Drywell 

UIC1747 Drywell 

UIC1749 Drywell 

UJC1757 Drywell 

UIC1841 Drywell 

UIC1854 Drywell 

UIC1855 French drain 

September 22, 2011 






