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Sources and Transport of Phosphorus and Nitrogen 
During Low-Flow Conditions in the Tualatin River, 
Oregon,1991-93
By Valerie J. Kelly, Dennis D. Lynch, andStewart A. Rounds

Abstract

In the 1980s, significant nutrient-related 
water-quality problems that impacted beneficial 
uses were identified in the Tualatin River during 
the low-flow summer months, defined as May 1 to 
October 31. Nuisance algal blooms resulted in 
fluctuations in oxygen concentrations and pH con­ 
ditions; reduction of phosphorus concentrations 
was determined to be the most effective control 
mechanism for these conditions. Elevated ammo­ 
nia concentrations also contributed to low dis­ 
solved oxygen concentrations. Because standards 
for beneficial uses were not being met, the Oregon 
Department of Environmental Quality established 
Total Maximum Daily Loads (TMDLs) for phos­ 
phorus and ammonia in the Tualatin Basin, as 
required by the Clean Water Act. To provide nec­ 
essary context for the TMDL process, data were 
collected during the period 1991-93 to character­ 
ize the sources and transport of water, phosphorus, 
and major forms of nitrogen in the main-stem 
Tualatin River during the summer. A significant 
source of water to the river was not accounted for 
by surface-water inputs, and was consistent with 
direct discharge of ground water to the main-stem 
river channel. Ground water is also the primary 
source of water for the tributaries during the sum­ 
mer low-flow season. Because large natural sup­ 
plies of highly mobile phosphorus exist in the 
upper 500 feet of valley-fill sediments throughout 
the Tualatin Basin, ground water in the basin is 
naturally enriched with phosphorus. While 
improvement in wastewater treatment efficiencies

and land management practices have resulted in 
significant reductions in nutrient concentrations in 
the Tualatin River, phosphorus concentrations 
continue to exceed TMDL criterion concentra­ 
tions. The presence of significant geologic sources 
of phosphorus in the basin will confound the 
achievement of current TMDL criteria for phos­ 
phorus in the Tualatin River and its tributaries. In 
contrast, natural sources of all forms of nitrogen to 
the Tualatin River are insignificant relative to the 
effluent from the wastewater treatment plants in 
the basin. Efficient wastewater treatment is, there­ 
fore, an effective means for controlling ammonia 
concentrations in the main-stem river.

INTRODUCTION

The Tualatin River is located in northwestern 
Oregon and is one of the major tributaries to the Wil- 
lamette River. Land use in the Tualatin Basin is gener­ 
ally characterized by forestland along the perimeter 
and agricultural and urban land in the central valley. 
When light and temperature conditions are favorable 
during the low-flow summer months, large algal 
blooms develop in the meandering and sluggish 
reaches of the lower river. The biomass of phytoplank- 
ton (free-floating algae), as measured by the concentra­ 
tion of chlorophyll a, often exceeds 30 (ag/L 
(micrograms per liter) in the lower river and periodi­ 
cally exceeds 100 |J,g/L, surpassing the State of Oregon 
action level of 15 |J,g/L. Excessive growth of phy- 
toplankton in the Tualatin River is associated with ele­ 
vated levels of nutrients, especially phosphorus.

Introduction 1



Elevated nutrient concentrations not only help 
create aesthetic algal problems in the main-stem river, 
but also contribute to periodically low dissolved oxy­ 
gen (DO) concentrations when the algal community 
dies and sinks to the bottom. Organic matter formed 
during algal blooms can rapidly decay, consuming DO 
in the water column and periodically dropping DO con­ 
centrations below the minimum Oregon State standard 
of 6 mg/L (milligrams per liter). Large algal blooms in 
the lower river also result in periodic supersaturation of 
DO, occasionally exceeding 200 percent of saturation. 
High pH values frequently coincide with algal blooms 
as well. Values exceeding 8.5 (Oregon State standard 
for maximum pH) can occur during the summer when 
algal uptake of carbon dioxide from the water column 
exceeds the rate of replenishment. In addition, the high 
pH conditions associated with algal blooms can 
increase the toxicity of instream ammonia to aquatic 
organisms. Before the wastewater treatment plants 
(WWTPs) initiated advanced treatment procedures to 
remove ammonia, concentrations of total ammonia 
(un-ionized plus ionized ammonia) exceeded 3 mg/L 
on occasion during low-flow periods. Elevated concen­ 
trations of ammonia also contribute to oxygen deple­ 
tion under certain conditions that favor instream 
nitrification (oxidation of ammonia to nitrate).

Because most of these water-quality problems 
are related to elevated nutrient concentrations, efforts 
to improve conditions in the river have focused on 
reducing the loading of nutrients to the river from all 
identifiable sources. Nutrient sources to the river 
include its tributaries, WWTPs, ground water dis­ 
charge, tile drains, urban runoff, release from bottom 
sediments, and riparian vegetation (primarily leaf lit­ 
ter). Invoking the Total Maximum Daily Load (TMDL) 
provision of the Clean Water Act of 1972, the Oregon 
Department of Environmental Quality (ODEQ) has 
established maximum allowable concentrations of total 
phosphorus and ammonia in the main-stem river and 
various tributaries, and waste-load allocations for the 
WWTP effluents. These regulations are intended to 
bring the Tualatin River into compliance with Oregon 
State water-quality standards and to ensure protection 
of the river's designated beneficial uses. In 1990, the 
U.S. Geological Survey (USGS) entered into a cooper­ 
ative agreement with the Unified Sewerage Agency 
(USA) of Washington County, Oregon, to conduct a 
water-quality study of the Tualatin River, with an 
emphasis on the sources of phosphorus and ammonia 
(and other primary forms of nitrogen) to the river.

Purpose and Scope

The purpose of this report is to characterize the 
sources and transport of phosphorus and major forms 
of nitrogen in the main-stem Tualatin River during the 
low-flow periods of summer, where "summer" is 
defined as the period May 1 through October 31. Only 
the main-stem river between river mile (RM) 60 and 
the mouth is discussed in detail. This analysis of nutri­ 
ents is based primarily on information collected from 
1991 through 1993; data from other years are included 
at times to provide a more complete analysis. The 
report focuses on nutrients in the main-stem river; con­ 
sequently, inputs from tributaries and tile drains, 
ground water, and WWTP effluent, and losses from 
withdrawals are discussed primarily as sources or sinks 
of nutrients to the main-stem river.

A close accounting of nutrients entering and 
leaving the Tualatin River is needed by planning and 
regulatory agencies to design a nutrient-reduction plan 
that is attainable and cost effective. Without such an 
accounting, nutrient-reduction plans might target rela­ 
tively small nutrient sources while neglecting larger 
sources, which could delay the success of the plan and 
greatly increase its cost. Moreover, a thorough evalua­ 
tion of nutrients entering the river provides perspective 
as to which sources might result from human activities 
and perhaps be amenable to remediation efforts, and 
which sources are probably natural and very difficult to 
change. This report provides the data and understand­ 
ing of the sources of nutrients in the basin necessary to 
prepare a sound nutrient management plan, with the 
ultimate goal of improving the quality of the Tualatin 
River and its aquatic ecosystem.

Electronic records of the streamflow and water- 
quality data from this study have been published on 
CD-ROM (Doyle and Caldwell, 1996); data are also 
available through the U.S. Environmental Protection 
Agency's STORET database.
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DESCRIPTION OF STUDY AREA

The Tualatin River is a major tributary to the 
Willamette River and drains an area of 712 square 
miles (mi2) in northwestern Oregon, on the western 
side of the city of Portland metropolitan area (fig. 1). 
The basin is bounded by the Tualatin Mountains on the 
east and northeast, the Coast Range on the west and 
northwest, and Parrett Mountain and the Chehalem 
Mountains on the south. The river originates in a steep 
forested eastern slope of the Coast Range; for most of 
its length, however, the river meanders through a flat 
valley plain before emptying into the Willamette River 
at West Linn, Oregon. This study focused on the reach 
from the confluence with Scoggins Creek at RM 60.0 
to Weiss Bridge, near the river's mouth at RM 0.2.

Physical Setting

The Tualatin Basin trends northwest to southeast 
in approximately an oval shape, about 40 miles long 
and 20 to 30 miles wide (fig. 1). The boundary of the 
basin is nearly contiguous with the Washington County 
boundary but includes small portions of Clackamas, 
Multnomah, Tillamook, Yamhill, and Columbia Coun­ 
ties as well. The elevation of the basin ranges from 
nearly 3,000 feet above sea level at the western border 
in the Coast Range to about 60 feet near the river mouth 
in the southeast (Hart and Newcomb, 1965). The dom­

inant topographical feature is the broad and flat plain of 
the Tualatin Valley, bounded by the adjacent mountain 
slopes.

The major tributaries to the Tualatin River 
include Scoggins, Gales, Dairy, Rock, and Fanno 
Creeks. These creeks drain most of the basin north of 
the main-stem river. The Dairy Creek watershed is the 
largest, with a drainage area of 225 mi2 or about 30 per­ 
cent of the total area of the Tualatin Basin; the com­ 
bined drainage areas for the other four tributaries 
account for another one-third of the basin area. The 
remainder of the basin is drained by numerous smaller 
tributaries, as well as tile drains that collect shallow 
ground water and funnel it directly into the river and its 
tributaries.

The main-stem river is about 80 miles long and 
undergoes significant changes in geomorphology as it 
flows from its headwaters toward the mouth (fig. 1). At 
the headwaters, the river channel is narrow, about 15 
feet wide, and is heavily shaded by dense riparian veg­ 
etation. The channel alternates between steep riffles 
and quiet pools, with an average slope of 74 feet per 
mile until it flows out of the Coast Range near RM 
55.3.

After the river flows out of the mountains and 
enters the valley bottom, the channel widens to 40-50 
feet and begins to deepen to about 6-10 feet. The slope 
decreases sharply in this reach (RM 55.3-33.3) to an 
average of 1.3 feet per mile; water velocity decreases 
similarly and the river begins a meandering course. The 
streambed is a mixture of clay, occasional outcrops of 
bedrock, and soft silts and organic materials that are 
subject to transport during high streamflow. The 
streambank is susceptible to erosion in many areas; 
extensive slumping of the streambank occurs in some 
reaches.

Streamflow in the lower river (RM 33.3-3.4) is 
sluggish due to a very flat gradient (about 0.08 feet per 
mile), compounded by the presence of a low-head 
diversion dam at RM 3.4. Water temperatures increase 
during the summer as the water moves downstream due 
to a reduction in shading and a longer residence time 
(Risley, 1997; Risley and Doyle, 1997). The river in 
this reach widens to 100-200 feet and is more like a 
reservoir, characterized by almost-slack water and an 
uneven streambed. Several bedrock sills separate occa­ 
sional deep pools with depths of 20 to 30 feet. During 
the summer, some of these pools undergo thermal strat­ 
ification that may persist for days or weeks at a time. 
Extensive amounts of silt and organic material accu-
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Figure 1. Tualatin River Basin, Oregon.

mulate in the streambed in many areas. In the warm 
summer months when streamflow is low, this material 
exerts a significant sediment oxygen demand. This sed­ 
iment oxygen demand results in a significant reduction 
in DO concentrations in the water column as well as a 
potential influx of nutrients from the decay of organic 
material in the sediments (Rounds and Doyle, 1997).

Below the Oswego diversion dam at RM 3.4 to 
the river mouth, the channel is relatively constricted 
and the gradient increases considerably to an average of 
13 feet per mile, resulting in greatly increased water 
velocities. This reach is characterized by small pools 
and riffles and a streambed composed of exposed bed­ 
rock, boulders, and cobbles.
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Climate

The Tualatin Basin is characterized by a modi­ 
fied maritime climate, with seasons clearly defined by 
patterns in precipitation. Winters are cloudy and wet, 
with most of the storms moving in from the west, 
where they accumulate moisture from the Pacific 
Ocean. Annual precipitation at Forest Grove, near the 
center of the basin, averages about 45 inches per year, 
with approximately 80 percent occurring as rain during 
the months of November through April. Cloudy skies 
predominate during this season as a consequence of the 
rainy conditions. In contrast, conditions during the 
months May through October are generally dry, with 
less than 1 inch of rain typically falling during the mid­ 
summer months of July and August. Summer skies 
tend to be clear and sunny, with light intensity gener­ 
ally peaking from May through July and gradually 
decreasing as the season progresses.

Land Use

Land use in the Tualatin Basin is mostly forest 
and agricultural, accounting for more than 80 percent 
of the total area. Nearly one-half of the basin is for­ 
ested, predominantly in the mountainous western 
region; timber production from public and private 
industrial lands comprises about 20 percent of land use 
(Unified Sewerage Agency, 1990). The areas of the 
basin dominated by forested land are the upper Tualatin 
River subbasin, in the vicinity of the headwaters and 
downstream to about RM 65, and the Scoggins and 
Gales Creek watersheds.

Agriculture constitutes about one-third of land 
use in the basin, and is most prominent on the smaller 
hills and in the central valley. Major agricultural uses 
include specialty horticulture, fruit and nut orchards, 
berries, vegetable crops, small grains, grass seed, dairy 
products, and hay. Agriculture is concentrated in the 
Tualatin River valley in areas adjacent to the main-stem 
river and in the Dairy Creek watershed, as well as por­ 
tions of the Rock Creek watershed.

Urban land use in the basin is concentrated in the 
eastern part of the valley, which includes parts of Port­ 
land and many of its suburbs. Urban land use in the 
western valley is relatively sparse, except in the cities 
of Hillsboro and Forest Grove (fig. 1). The areas most 
urbanized include the region adjacent to the lower 
main-stem river below about RM 10, the Fanno Creek 
watershed, and portions of the Rock Creek watershed. 
These areas experienced very rapid growth during the 
1980-95 period. The total population within the Tual­

atin Basin was approximately 312,000 in 1990, and is 
projected to be about 440,000 by 2010 (USA, Wash­ 
ington County, unpub. data, 1994). Although the 
regions of high population density comprise a rela­ 
tively small percentage of the overall land use in the 
basin (less than 15 percent), the effect on water quality 
in the river can be significant because of the effect of 
municipal wastewater as well as urban runoff.

Soils

Undisturbed soils in the Tualatin valley contain 
concentrations of phosphorus that are high relative to 
other soils in the United States. Total phosphorus con­ 
centrations greater than 1,000 mg/kg (milligrams per 
kilogram) have been measured in the Dairy Creek sub- 
basin, compared to the national mean concentration of 
600 mg/kg (Abrams and Jarrell, 1995). Additionally, 
relatively high concentrations of phosphorus were 
found to be labile or water-extractable, that is, weakly 
adsorbed onto the surface of soil particles rather than 
embedded in minerals or humic material. Concentra­ 
tions of soil-solution phosphorus in equilibrium with 
sorbed phosphorus were found to range from 0.01 to 
0.29 mg/L for soils from upland benches, and from 
0.07 to 0.82 mg/L in soils from the central valley 
(Abrams and Jarrell, 1995).

Elevated concentrations of phosphorus in the 
lowland soils of the Tualatin Basin cause considerable 
concern about the effect of erosion. Soils in the valley 
plain, characterized by the highest extractable phos­ 
phorus concentrations and relatively low affinities for 
phosphorus, are generally poorly drained and fre­ 
quently flooded in the winter (Washington County, 
1982). These soils are highly susceptible to erosion, 
especially when subject to cultivation. Upland soils are 
probably less important as potential sources of phos­ 
phorus to streams in the Tualatin Basin because they 
are generally more permeable and undisturbed. None­ 
theless, these soils may contribute phosphorus to sur­ 
face waters in the basin if they are eroded from steep 
hillslopes after timber harvest.

If soil particles are retained within the system 
after they enter the streams, they can rapidly release 
dissolved phosphorus to the water column, or they can 
settle to the bottom of the channel and release phospho­ 
rus to the overlying water more slowly over a longer 
period of time. Much of the soil phosphorus that is 
available for release to water is associated with small- 
grained silt and clay particles because they have large 
surface areas and tend to be more readily eroded than
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larger silt and sand particles. Soil particles that are 
eroded to a stream, therefore, may be significantly 
enriched in phosphorus relative to the parent soil. As a 
consequence, these enriched stream bottom sediments 
may produce equilibrium phosphorus concentrations in 
the overlying water that are greater than expected based 
on the phosphorus content of the streambank or eroded 
field sediment.

Geology

The general shape of the Tualatin River valley is 
similar to a bowl; the valley is surrounded by moun­ 
tains and underlain entirely by Columbia River Basalt, 
dating from the middle Tertiary period. This basalt 
forms the uppermost consolidated rock or bedrock of 
the basin. The basalt layer is dense and resistant, and is 
composed of an aggregation of lava flows which vary 
in thickness from zero to more than 1,000 feet. The 
depth from the surface to the basalt layer ranges from 
zero to several feet along the basin boundaries, where 
outcrops occur occasionally, to nearly 1,500 feet in the 
center of the valley, near Hillsboro.

This "bowl" of basalt is partially filled with 
unconsolidated sedimentary material which has been 
described in several different ways. The valley fill 
deposits were grouped together by Hart and Newcomb 
(1965) as undifferentiated Tertiary and Quaternary val­ 
ley fill. Trimble (1963) distinguished two basic layers: 
the lower or pre-Quaternary sediments, which he 
termed the "Troutdale Formation and Sandy River 
Mudstone equivalent," and the upper layer of lacustrine 
deposits dating from the Missoula Floods during the 
Pleistocene. In this report, the sediment layers are clas­ 
sified according to Madin (1990), who described the 
older, deeper deposits simply as the Sandy River Mud- 
stone equivalent on the basis of similarity to the Sandy 
River Mudstone of Trimble. This material consists of 
quartzo-micaceous silts, clays, and fine grained sands 
with occasional interbeds of gravel, as well as consid­ 
erable deposits of woody debris and peat. The upper­ 
most Missoula Flood deposits are described as the 
catastrophic flood deposits, composed of coarse facies 
of gravel and fine facies of lacustrine sands, clays, and 
silts. These deposits range in thickness from zero feet 
around the valley perimeter to about 60 to 100 feet in 
the center of the basin (Madin, 1990). In many loca­ 
tions, this uppermost layer has been cut deeply by the 
major tributaries and the main stem of the Tualatin 
River. This layer corresponds to the terrace, sand and 
silt, and lacustrine deposits of Trimble (1963), and con­

tains very little organic material. The interface between 
the two layers, in contrast, is characterized by extensive 
amounts of organic matter.

Hydrology

Streamflow in the Tualatin River is responsive to 
precipitation in the basin, mainly in the form of winter 
rain, and exhibits a distinct pattern of high flow during 
the winter and low flow during the summer (fig. 2). 
Mean daily streamflows in the Tualatin River at RM 1.8 
are characterized by a series of peaks ranging from 
2,000 to 4,000 ft3/s (cubic feet per second) during the 
period November through April (water years 1976-93). 
With the end of the rainy season in the late spring, 
mean daily flows decrease significantly, and remain 
less than 500 ft3/s throughout the summer.

A major factor governing summer streamflow 
patterns in the Tualatin River is the release of water 
from Henry Hagg Lake, located in the Scoggins Creek 
subbasin. Henry Hagg Lake was created behind Scog­ 
gins Dam, constructed by the U.S. Bureau of Reclama­ 
tion in the mid-1970s, to satisfy various water rights in 
the basin during the summer low-flow season. The 
operational plan for Scoggins Dam calls for full-pool 
conditions to exist in Henry Hagg Lake by the first of 
May of each year. This plan ensures that water in ade­ 
quate quantities is available for irrigation, drinking, 
and flow augmentation during the summer season. The 
initiation of flow augmentation via Scoggins Creek 
from Henry Hagg Lake in 1976 significantly increased 
the streamflow in the river during the summer (fig. 3). 
During the late summer (July through September), 
mean monthly streamflow increased three- to fivefold. 
Since 1987, USA has ordered water releases from 
Henry Hagg Lake to maintain a minimum flow of 150 
ft3/s at RM 33.3.

Ground water provides the major source of 
streamflow to the other tributaries during the summer; 
surface runoff is limited because of the scarcity of rain­ 
fall. Local flow systems, percolating through the cata­ 
strophic flood deposits filling the valley, are probably 
the primary route for discharge of ground water to the 
tributaries (Hart and Newcomb, 1965). In general, local 
flow systems are characterized by short flow paths 
(with residence times on the order of days to years) (fig. 
4), and tend to be relatively shallow and responsive to 
recharge events. Consequently, ground water in local 
flow systems is usually not highly mineralized, and 
conditions tend to be oxidizing rather than reducing,
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Figure 2. Mean daily streamflow in the Tualatin River, Oregon, at river mile 1.8 (West Linn) for water years 1976-93.
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Figure 3. Mean monthly streamflow in the Tualatin River, Oregon, at river mile 1.8 (West Linn) for the period prior to flow 
augmentation from Henry Hagg Lake (water years 1942-70) and after flow augmentation (water years 1976-93).
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Figure 4. Conceptual diagram of ground-water flow lines in regional and local ground-water systems in the Tualatin River 
Basin, Oregon (adapted from Heath, 1983). Also shown aretwo hypothetical pairs of domestic wells and in-channel 
piezometers.

especially in systems characterized by little organic 
material, such as the catastrophic flood deposits in the 
Tualatin Basin.

In contrast, the main-stem river below about RM 
55 is fed by a combination of shallow and regional 
ground water. The regional flow moves through the 
deeper strata (Sandy River Mudstone equivalent) and 
discharges more toward to the center of the basin. 
Flowpaths are relatively long in regional systems, are 
well insulated from events on the surface, and generally 
are characterized by slow velocities (fig. 4). Residence 
times tend to be long as a result, on the order of centu­ 
ries. In deeper ground-water flow systems that contain 
large amounts of organic matter, like the Sandy River 
Mudstone equivalent, regional ground water tends to be 
more mineralized and more chemically reducing than 
shallow ground water.

Four major WWTPs are operated by USA within 
the Tualatin Basin, and they vary considerably in size 
and impact on streamflow and water quality in the river 
(table 1). Two of these plants are small and are located

in the western part of the valley at Forest Grove and 
Hillsboro. Treated effluent from these plants is diverted 
to irrigated land from May 1-October 31; during the 
rest of the year, the effluent is discharged directly to the 
river. Primary and secondary treatment is used in these 
smaller plants. The two larger plants, at Rock Creek 
(RM 38.1) and Durham (RM 9.3), are located in more 
densely populated areas, and discharge treated effluent 
to the river throughout the year. Primary and secondary 
treatment is maintained all year, with advanced tertiary 
treatment designed for nutrient removal during the 
summer.

One of the smaller surface-water sources to the 
Tualatin River is a large natural wetland (approxi­ 
mately 450 acres) known as Jackson Bottom, located 
near the low point of the basin south of Hillsboro. Dur­ 
ing the summer, treated effluent from the Hillsboro 
WWTP (RM 43.8) historically was diverted to wet­ 
lands at Jackson Bottom for the purpose of enhance­ 
ment of wetland habitat as well as additional nutrient 
removal. To reduce the influence of Jackson Bottom on
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Table 1. Characteristics of effluent discharge for the major wastewater treatment plants in the Tualatin River Basin, Oregon, 
during May-October 1991-93
[Map number, see fig. 10; discharge in cubic feet per second (million gallons per day);  , effluent discharge to land; data from Unified Sewerage Agency]

Map 
number

33

34

35

36

USGS station 
number

453037123051700

453040123052000

452938122565500

452359122454500

Wastewater 
treatment 
plant name

Forest Grove

Hillsboro

Rock Creek

Durham

Discharge 
point 

(river mile)

55.2

43.8

38.1

9.3

Population 
served 
(1990)

14,000

19,100

135,000

142,000

Mean daily 
effluent 

discharge

--

--

24.1 (15.6)

23.8(15.4)

Minimum 
daily effluent 

discharge

-

--

19.0(12.3)

18.3(11.8)

Maximum 
daily effluent 

discharge

--

-

43.0 (27.8)

39.4 (25.5)

the Tualatin River, the acres available for irrigation 
were doubled in 1991 and again in 1993. Drainage 
from Jackson Bottom into the Tualatin River is prima­ 
rily via Jackson Slough (RM 43.8) and an unnamed 
tributary informally named "Miller Swale" (RM 43.5). 
Additionally, in 1989, USA established the Jackson 
Bottom Experimental Wetland on about 15 acres in the 
eastern portion of the wetland, adjacent to Miller 
Swale, to explore the potential for the wetlands to 
remove phosphorus and nitrogen from treated waste- 
water. The use of the Jackson Bottom Experimental 
Wetland was discontinued after the summer of 1992.

The withdrawals from the Tualatin River for irri­ 
gation and municipal water supply divert a significant 
amount of water from the river. Irrigation withdrawals 
from the river occur at multiple points. Approximately 
25,000 acres are irrigated by surface water in the basin, 
with about 10,500 of these serviced by the Tualatin 
Valley Irrigation District directly from the main-stem 
river by a pipeline at the Springhill Pumping Plant (RM 
56.1). In addition, approximately 10,000 acres are irri­ 
gated directly from the river by individual farmers, pri­ 
marily between RM 55 and 16.2. Peak withdrawals for 
irrigation generally occur during July and August 
because the weather is hot and dry and most of the land 
has an actively growing crop. Drinking water for the 
cities of Hillsboro, Forest Grove, and Beaverton is also 
provided from the Springhill Pumping Plant by the 
Joint Water Commission. Withdrawals for municipal 
use are more constant than withdrawals for irrigation, 
although there may be wide diel and day-to-day varia­ 
tions.

Water is also diverted from the Tualatin River at 
RM 6.7 by the Lake Oswego Corporation into a canal 
that empties into Lake Oswego. The river is impounded 
by a low-head diversion dam located on a natural geo­ 
logic sill at RM 3.4, which raises the surface elevation 
by several feet to allow adequate flow to enter the canal

via gravity. During the summer, when the streamflow is 
low, flashboards are installed on the dam to raise the 
water level slightly higher. The dam at RM 3.4 affects 
water surface elevation in the Tualatin River for nearly 
25 miles upstream, and contributes to the distinct reser­ 
voir-like character of the lower river. The increased 
water elevation is most pronounced (about 4 6 feet) 
downstream of a natural sill at RM 10; upstream from 
this sill, the increase in water elevation is less (about 1- 
2 feet). Water velocities are low throughout the lower 
river, especially during summer low-flow periods. 
Additionally, the streambed is irregular and character­ 
ized by pools more than 12 feet deep that are inter­ 
rupted by relatively shallow sills, especially 
downstream of RM 12. As a consequence, thermal 
stratification can occur in this region of the lower river 
during the summer months during periods of high solar 
insolation.

WATER-QUALITY ISSUES

During the summer, when streamflow is low and 
light and nutrient conditions are favorable for algal 
growth, the relatively long residence time in the lower 
reservoir-like reach of the river supports the growth of 
large populations of phytoplankton. These populations 
begin to develop below RM 30, and increase by up to 
eightfold (as measured by concentrations of chloro­ 
phyll a) over the course of the next 25 miles (fig. 5). 
Chlorophyll a concentrations reach their maximum in 
the lower river, observed at RM 5.5, and exceed 30 jag/ 
L for long periods during the summer in violation of 
the State action level of 15 |ag/L (fig. 6). Peaks in chlo­ 
rophyll a concentrations often exceed 50 |ag/L at this 
site, and occasionally exceed 100 |ag/L. Generally, 
extended periods of streamflow less than 300 ft3/s are 
necessary for the growth of large algal blooms. When
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Figure 5. Mean concentration of chlorophyll a (averaged over top 10 feet of water column) at sample sites in the Tualatin 
River, Oregon, during May-October 1991-93.

flow, light, and nutrient conditions are favorable, these 
blooms persist for long periods, sometimes several 
months.

Concentrations of DO exhibit a distinct diel 
cycle during the summer as a result of algal photosyn­ 
thesis and respiration. A range of 3 to 5 mg/L between 
minimum and maximum values is commonly observed 
in the lower river during the height of an algal bloom 
(fig. 7). Supersaturated concentrations of DO can result 
from the high rates of photosynthesis and the slow rate 
of reaeration; peaks as high as 200 percent of saturation 
have been observed on occasion. When skies are over­ 
cast, however, phytoplankton populations decline sub­ 
stantially, resulting in a precipitous drop in concentra­ 
tions of both chlorophyll a and DO. As a consequence, 
violations of the Oregon State minimum DO standard 
of 6 mg/L (the standard in effect during the 1991-93 
period) periodically occur in the lower river (fig. 7), For 
example, in July 1991, chlorophyll a concentrations 
dropped from greater than 120 to less than 10 |ig/L in 
one week; these values were associated with a concom­ 
itant reduction in maximum DO concentrations from 
21 to 5.6 mg/L during the same period. Inriver nitrifica­ 
tion can also contribute to oxygen depletion when 
WWTP ammonia loads are large and water tempera­ 
tures are warm enough to stimulate the growth of nitri­ 
fying bacteria.

The effect of algal decline and nitrification on 
DO is augmented by sediment oxygen demand result­ 
ing from bacterial decay of the organic-rich bottom 
sediments, a major sink for DO in the Tualatin River 
(Rounds and Doyle, 1997; Rounds and others, 1999). 
Several interacting factors are involved: First, the

reduced rate of streamflow in the lower river during the 
summer increases the exposure of the overlying water 
column to the sediment, both in terms of exposure time 
and the ratio of water volume to bottom surface area. 
Second, the effect of sediment decay is compounded by 
warm water temperatures characteristic of the summer, 
often greater than 20° C, which support rapid growth 
and metabolism of benthic bacterial communities. 
Finally, the rate of reaeration from the atmosphere is 
low as a result of the sluggish water velocities.

Other water-quality issues in the Tualatin River 
include excessively high pH and potential ammonia 
toxicity. Under algal bloom conditions (low stream- 
flow, sunny skies, and the coincident warm water tem­ 
peratures), pH values increase in the lower river and 
occasionally violate the Oregon State maximum pH 
standard of 8.5 (fig. 8). Depletion of carbon dioxide 
from the water column by the high rate of algal growth 
is exacerbated by the low reaeration rate, which limits 
the replenishment of carbon dioxide from the atmos­ 
phere. Ammonia toxicity becomes a problem when 
inriver concentrations of ammonia increase to about 2 
mg/L. The amount of ammonia (NH3 + NH4+) that is 
not ionized (NH3) depends upon pH and water temper­ 
ature, and poses a threat to aquatic organisms, espe­ 
cially fish, under certain conditions. This situation can 
occur during an algal bloom when there is incomplete 
nitrification of ammonia in the WWTPs. Concentra­ 
tions of ammonia at RM 8.7, just below the Durham 
WWTP, occasionally exceeded 1.5 mg/L under sum­ 
mer flow conditions during 1991 and 1993, and once 
exceeded 3 mg/L (fig. 9). On several occasions, the cal­ 
culated values for concentrations of un-ionized ammo-
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Figure 6. Concentrations of chlorophyll a in the Tualatin River, Oregon, at river mile 5.5 and streamflow at river mile 1.8 
during May-October 1991-93.
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nia at this site exceeded the U.S. Environmental 
Protection Agency toxicity criteria for 4-day average 
concentrations (U.S. Environmental Protection 
Agency, 1986) (fig. 9).

The Tualatin River was listed in 1984 and 1986 
as "Water-Quality Limited" by the Oregon Department 
of Environmental Quality (ODEQ) in response to the 
Federal Clean Water Act. The rationale for the listing 
was nuisance algal blooms and low concentrations of 
DO. Total maximum daily loads (TMDLs) were devel­ 
oped for total phosphorus and ammonia in the Tualatin 
River by the ODEQ in September 1988 (Oregon 
Department of Environmental Quality, 1997). The 
phosphorus TMDL was designed to limit the growth of 
algae in the river, and thereby protect the aesthetic 
qualities of the river and reduce the exceedances of the 
pH standard. The TMDL for ammonia was designed to 
reduce oxygen demand within the river by limiting the 
extent of inriver ammonia nitrification.

In response, the designated management agen­ 
cies in the basin, including USA, the various counties 
and cities in the basin, and the Oregon Departments of 
Forestry and Agriculture, developed management 
plans to meet the TMDL load allocations. Between 
1988 and 1990, USA upgraded the Rock Creek WWTP 
to meet its point-source wasteload allocation for 
ammonia and total phosphorus. In 1992, a pilot project 
was implemented at the Durham WWTP that allowed 
it to meet its wasteload allocation for both ammonia 
and total phosphorus that year. During 1993, the per­ 
manent upgrades were being installed at the Durham 
WWTP; as a consequence, the wasteload allocations 
were not met at the Durham WWTP until construction 
was complete in 1994. In addition to the point-source 
reductions, Best Management Practices were devel­ 
oped by the designated management agencies in an 
attempt to meet the nonpoint-source total phosphorus 
TMDL by minimizing the delivery of total phosphorus 
to the streams in the basin.

METHODS OF STUDY

The sampling approach was designed to quantify 
the sources and transport of nutrients in the Tualatin 
River during summer low-flow conditions. Complete 
documentation of sampling sites, streamflow measure­ 
ment, and techniques of field-measurement, sampling, 
and laboratory analysis are provided in Doyle and 
Caldwell (1996).

Streamflow and Withdrawals

Streamflow sites were chosen at key locations in 
the basin to describe major inputs and withdrawals of 
water throughout the length of the main-stem river (fig. 
10). Continuous streamflow gaging stations were main­ 
tained at 5 main-stem river sites and 4 major tributary 
sites (table 2). In addition, Oregon Water Resources 
Department (OWRD) maintained gaging stations at 
Rock Creek and Chicken Creek; staff gages were 
located at these stations, and periodic discharge mea­ 
surements were made by OWRD personnel to develop 
rating tables. Incidental gage height readings at these 
sites were made concurrent with the collection of 
water-quality samples and reflect instantaneous 
streamflow. Streamflow in Jackson Slough and Miller 
Swale was measured at the time of sample collection 
using a pygmy flow meter. Streamflow in other selected 
tributaries was based on biweekly to monthly stream- 
flow measurements, with intermittent values estimated 
by hydrographic comparison with similar streams in 
the basin. Daily mean effluent discharge data from the 
two large WWTPs (Rock Creek and Durham) were 
provided by USA from continuous discharge monitors; 
during the summer low-flow season, effluent from the 
smaller WWTPs was diverted to land for irrigation pur­ 
poses.

Large withdrawals of water occur at the Spring- 
hill Pumping Plant (RM 56.1), and at Oswego Canal 
(RM 6.7) (table 2). Withdrawals of water by Tualatin 
Valley Irrigation District at the Springhill Pumping 
Plant were monitored by an acoustic velocity meter; 
measured values were used directly in this study. 
Streamflow in the Oswego Canal was measured by 
OWRD.

Measurements of the volume of water with­ 
drawn by direct pumping from the main-stem river for 
irrigation were not available. Estimates of these with­ 
drawals were calculated based upon the observed ratio 
between the rate of water withdrawal and the number 
of acres irrigated by pipeline from the Springhill 
Pumping Plant. It was assumed that this ratio was sim­ 
ilar for all the acreages with water rights within the 
basin. Two groups of water rights were identified: those 
defined by permits from Tualatin Valley Irrigation Dis­ 
trict, and those administered by OWRD (Watermaster 
District 19). The calculations assumed that 100 percent 
of Tualatin Valley Irrigation District acres and 50 per­ 
cent of OWRD acres were irrigated with Tualatin River 
water (Jerry Rodgers, OWRD, oral commun.,1992). 
For the purpose of the water budgets, the water vol-
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123°15' 123°00' 122°45'

45° 45' -

45° 30'

RM 
70.

Base modified from U.S. Geological Survey 
1:100,000, topographic quadrangles, 1978-84

Urban area 

River mile

River site
1 Tualatin River at Dilley (RM 58.8)
2 Tualatin River at Golf Course Road 

near Cornelius (RM 51.5)
3 Tualatin River above Jackson Bottom 

near Hillsboro (RM 44.4)
4 Tualatin River at Rood Bridge at 

Hillsboro (RM 38.4)
5 Tualatin River at Meriwether 

irrigation pump (RM 36.8)
6 Tualatin River at Farmington (RM 33.3)
7 Tualatin River at Highway 210 bridge 

near Scholls (RM 26.9)
8 Tualatin River near Scholls (RM 23.2)
9 Tualatin River at Elsner Road near 

Sherwood (RM 16.2)
10 Tualatin River near Highway 99W 

bridge near King City (RM 11.7)

EXPLANATION

11 Tualatin River at Boones Ferry Road 
at Tualatin (RM 8.7)

12 Tualatin River at Stafford Road near 
Lake Oswego (RM 5.5)

13 Tualatin River at West Linn (RM 1.8)
14 Tualatin River at Weiss Bridge (RM 0.2)

15A Tributary site
15 Scoggins Creek at Old Highway 47 

(RM 60.0)
16 Gales Creek at Route 47 at Forest 

Grove (RM 56.7)
17 Dairy Dreek at Highway 8 near 

Hillsboro (RM 44.8)
18 Jackson Slough at mouth near 

Hillsboro (RM 43.8)
19 Unnamed tributary near Hillsboro (RM 43.5)
20 Rock Creek near Hillsboro (RM 38.1)
21 Butternut Creek at River Road near 

Farmington (RM 35.7)
22 Christensen Creek near Farmington (RM 31.9)
23 Burris Creek near Farmington (RM 31.6)

32,

33;

24 McFee Creek near Scholls (RM 28.8)
25 Baker Creek near Scholls (RM 28.2)
26 Chicken Creek near Sherwood (RM 15.2)
27 Rock Creek (South) near Sherwood 

(RM 15.2)
28 Fanno Creek at Durham (RM 9.3)
29 Nyberg Creek at Tualatin (RM 7.5)

Withdrawal site
30 Springhill Pumping Station on 

Tualatin River (RM 56.1)
31 Joint Water Commission Plant (RM 56.1)
32 Oswego Canal near Lake Oswego

(RM 6.7) 
Discharge site

33 Forest Grove Wastewater Treatment 
Plant at Forest Grove (RM 55.2)

34 Hillsboro Wastewater Tratment Plant at 
Hillsboro (RM 43.8)

35 Rock Creek Wastewater Treatment Plant 
at Hillsboro (RM 38.1)

36 Durham Wastewater Treatment Plant 
near Durham (RM 9.3)

Figure 10. Tualatin River Basin, Oregon, with water-quality sampling sites.
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Table 2. Sampling sites and periods of record for continuous discharge and water-quality sampling in the main-stem 
Tualatin River, Oregon, its tributaries, and major diversions during May-October in 1991-93
[Map number, see fig. 10; tributary river miles represent the river mile in the Tualatin River main stem at the confluence; Q, continuous discharge record; 
WQ, water-quality sampling record]

Map 
number

USGS station 
number Station name River mile Q WQ

Main stem

1

2

3

4

5

6

7

8

9

10

11

12

13

14

14203500

14204800

14206250

14206440

14206460

14206500

14206690

14206700

14206740

14206785

14206960

14207050

14207500

14207600

Tualatin River near Dilley

Tualatin River at Golf Course Road near Cornelius

Tualatin River above Jackson Bottom near Hillsboro

Tualatin River at Rood Bridge at Hillsboro

Tualatin River at Meriwether irrigation pump

Tualatin River at Farmington

Tualatin River at Highway 210 bridge, near Scholls

Tualatin River near Scholls

Tualatin River at Elsner Road near Sherwood

Tualatin River at Highway 99W bridge near King City

Tualatin River at Boones Ferry Road at Tualatin

Tualatin River at Stafford Road near Lake Oswego

Tualatin River at West Linn

Tualatin River at Weiss Bridge

58.8

51.5

44.4

38.4

36.8

33.3

26.9

23.2

16.2

11.7

8.7

5.5

1.8

.2

91-93 91-93

92-93 91-93

91-93

91-93 91-93

91-93

91-93

91-93

91-93

91-93

91-93

91-93

91-93

91-93

91-93

Tributaries

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

14203000

14204530

14206200

14206255

14206270

14206450

14206490

14206600

14206650

14206670

14206680

14206750

14206760

14206950

14206970

Scoggins Creek at Old Highway 47

Gales Creek at Route 47 at Forest Grove

Dairy Creek at Highway 8 near Hillsboro

Jackson Slough at mouth near Hillsboro

Unnamed tributary near Hillsboro (Miller Swale)

Rock Creek near Hillsboro

Butternut Creek at River Road near Farmington

Christensen Creek near Farmington

Burns Creek near Farmington

McFee Creek near Scholls

Baker Creek near Scholls

Chicken Creek near Sherwood

Rock Creek (South) near Sherwood

Fanno Creek at Durham

Nyberg Creek at Tualatin

60.0

56.7

44.8

43.8

43.5

38.1

35.7

31.9

31.6

28.2

28.2

15.2

15.2

9.3

7.5

91-93 91-93

91-93 91-93

91-93 91-93

91-93

91-93

91-93

91-92

91-93

91-93

91-93

91-93

91-93

91-93

91-93 91-93

91-92

Diversions

30

31

32

14204650

14204648

14207000

Springhill Pumping Plant

Joint Water Commission Plant

Oswego Canal near Lake Oswego

56.1

56.1

6.7

91-93

91-93

91-93
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umes for these withdrawals were summed over several 
subreaches.

Seepage Measurements

To determine whether ground water discharges 
to the main stem of the Tualatin River during summer 
low-flow periods, and to roughly measure that dis­ 
charge rate, seepage meters were installed at five main- 
stem sites in September of 1993. Measurement sites 
were located at RMs 43.4, 36.8, 27.0, 20.3, and 11.7; 
these locations were both within and above the reser­ 
voir reach of the river, and were within a reach that was 
suspected to receive regional ground-water discharge. 
Three seepage meters were placed in different loca­ 
tions at each site: (1) in shallow water near the river 
bank; (2) in deep water at the middle of the channel; 
and (3) in medium-depth water between the first two. 
Measurements of seepage were obtained from each 
meter throughout the months of September and Octo­ 
ber, 1993.

The difficulty of accurately measuring seepage 
rates is compounded by the problems inherent to 
extrapolating measurements to the entire sediment sur­ 
face area of the river. A simple seepage meter design 
was chosen because the primary task was to detect 
seepage rather than measure its rate precisely. Fifteen 
seepage meters were constructed from the ends of 55- 
gallon steel drums, using a design similar to that of 
drum-type meters from other studies (Carr and Winter, 
1980; Woessner and Sullivan, 1984). Each seepage 
meter used half of a 55-gallon drum. On top of the half- 
drum, a short length of 3/8- inch (outside diameter) 
steel tubing was attached to a Swagelok fitting that was 
tapped into the drum-top and sealed on the outside with 
silicone epoxy. Other ports on top of the meter were 
sealed shut with silicone epoxy. A length of 3/8-inch 
(inside diameter) plastic tubing was connected to the 
steel tube with a tubing clamp. A 2-liter plastic bag was 
attached to the other end of the plastic tube using 
another tube and clamp assembly. Large U-bolts were 
attached to the drum-top as handles; silicone was used 
to seal the drum-top around the handles. The diameter 
of each meter was roughly 1.8 feet (0.56 meters), giv­ 
ing a cross-sectional area of 2.7 square feet (0.25 
square meters).

The seepage meters were installed by scuba 
divers. Each meter was pushed into the sediment to a 
depth of at least 4 inches, leaving the drum-top at a 
higher level than the sediment surface. Excellent seals

to the sediment were obtained in all cases. Care was 
taken to make sure that no air pockets remained in the 
seepage meter before it was installed. A rope was 
attached to one handle so that the meter could be 
retrieved at a later date. The plastic tube leading from 
the drum-top to the plastic bag was long enough so that 
the bag could be accessed from the river surface. The 
bag was attached to the tubing while both were under 
the river surface; the bag was initially empty of both 
water and air. To prevent the river current from exerting 
a back-pressure on the bag, the bag was shielded inside 
a bottomless, plastic milk jug. The rope and the plastic 
tubing were both tied to a buoy with a length of cord to 
provide easy access from the river surface.

These seepage meters measure ground-water 
discharge by simple displacement. Water that enters the 
drum displaces water into the tube and then into the 
bag. The time of bag attachment was recorded. After a 
period ranging from minutes to days, the bag, while 
still underwater, was removed from the end of the tube, 
taking care not to allow the captured water to escape. 
After measuring the volume of water in the bag, the 
seepage rate was calculated based upon the elapsed 
time and the area of sediment intercepted by the drum.

Water-Quality Sampling

Because flow measurements are required for the 
calculation of nutrient loads, water-quality sampling 
sites were colocated with streamflow sites wherever 
possible. The water-quality sampling strategy was 
designed to provide a comprehensive survey of the 
nutrient inputs from surface-water sources, and esti­ 
mates of inputs from ground-water sources to the river.

Most of the water-quality samples were col­ 
lected by the joint efforts of personnel from the USGS 
and USA. Other agencies that were involved with cer­ 
tain components of the sampling program on occasion 
included Tualatin Valley Irrigation District, the City of 
Beaverton, and the Oregon Department of Agriculture. 
Surface-water sampling included a fixed-station rou­ 
tine for main-stem and tributary sites, which was main­ 
tained throughout the 3-year study period, and a 
synoptic survey of small tributaries, tile drains, and sur­ 
face seeps, which occurred during 1992. Ground-water 
sampling included data collected during the study 
period, as well as data collected in 1990 and 1994.
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Fixed Stations

Twelve sites on the main-stem Tualatin River 
and 1 site each near the mouths of the 5 major tributar­ 
ies and 10 smaller tributaries were sampled throughout 
the 3-year period of the project (fig. 10, table 2). In 
addition, composite daily mean effluent samples were 
obtained for the WWTPs by USA personnel. The fixed- 
station sites were chosen on the basis of their location 
upstream and downstream from major WWTP and trib­ 
utary sources, as well as their accessibility for sam­ 
pling from bridges. Samples were collected in the 
morning and afternoon at most sites in the lower river 
to estimate any diel variations of WWTP loading or 
algal productivity on nutrient and chlorophyll a con­ 
centrations.

Vertically and horizontally integrated samples 
were collected by USGS personnel, sampling at five 
points in a cross section primarily using a weighted 
bottle sampler. Because of sluggish streamflow (even 
in the tributaries), and the lack of sand in the samples, 
weighted bottle samples were considered to be repre­ 
sentative. When wading sections were available, and 
streamflow velocity was less than 1 foot per second, a 
D81 sampler was used (Edwards and Glysson, 1988). 
Sampling was integrated from the surface to within 1 
foot from the bottom in shallow sections and limited to 
the upper 10 feet in deeper sections. Integration below 
10 feet was avoided to prevent sampling cooler, 
hypolimnetic waters that may not have been represen­ 
tative of the free-flowing part of the river. Samples 
were composited in a churn splitter and dispensed 
directly into bottles, which were field rinsed with 
native water before being filled. Periodically, hypolim­ 
netic water was sampled separately with a Van Dorn 
bottle and filtered immediately.

During 1991, single samples from the river cen- 
troid, integrated over the top 3 feet only, were collected 
by USA personnel, whereas USGS personnel used the 
method described above. USA samples were dispensed 
directly from the 2-liter sampler bottle after shaking. 
Although these USA samples were not ideal, nutrient 
concentrations in samples collected by the two agen­ 
cies during 1991 were essentially identical. During 
1992 and 1993, USA personnel switched to the sam­ 
pling techniques used by the USGS.

Field measurements of pH, water temperature, 
specific conductance, and DO were taken by USGS 
personnel using a Hydrolab  multiparameter water- 
quality sensor. Readings were taken in the centroid, 
with vertical profiles at 3-foot intervals measured when

the depth was sufficient. Periodically, cross-sectional 
measurements were made to verify that centroid mea­ 
surements were representative of the river. Generally, 
measurements were within 0.2 units for pH, 0.5 °C for 
water temperature, 0.5 mg/L for DO, and 2 |j.S/cm 
(microsiemens per centimeter) for specific conduc­ 
tance. Field instruments were calibrated prior to each 
sampling trip, and post-calibrations were done within 
one day following every trip. Calibration for pH and 
specific conductance was checked against standards 
that bracketed the anticipated values in the river; cali­ 
bration for DO was done using an air-calibration tech­ 
nique. In addition to the weekly field measurements, 
continuous measurements of pH, water temperature, 
specific conductance, and DO were obtained from a 
four-parameter field monitor that was installed and 
maintained at RM 3.4.

During 1991 only, field measurements of pH, 
water temperature, specific conductance, and DO were 
taken from the surface (3-foot depth) by USA person­ 
nel with separate instruments as follows: pH, Orion  
model 250; water temperature and specific conduc­ 
tance, YSI  model 3000; DO, YSI  models 57 and 
58. Field measurements during 1992 and 1993 by USA 
personnel were taken using a Hydrolab  multiparam­ 
eter water-quality sensor, as previously described.

Sites at Jackson Bottom were not included in the 
original sample design, although sampling was initi­ 
ated in July 1991 to assess the importance of the area 
as a source of nutrients to the main-stem river. Samples 
were taken by USGS personnel from Jackson Slough 
and Miller Swale once per month during July through 
October in 1991, and once or twice per month during 
May through October in 1992 and submitted to the 
USGS National Water Quality Laboratory in Denver, 
Colorado. During the summer of 1993, Jackson Slough 
and Miller Swale became part of the fixed-station sam­ 
pling program and were sampled biweekly; these sam­ 
ples were submitted to the USA Water Quality 
Laboratory.

Synoptic Survey

A synoptic survey of surface-water inputs to the 
upper river (RM 51.6 to 27.0) was conducted between 
June 1-8, 1992 to determine the importance of tile 
drain inputs, small tributaries, and visible ground- 
water seeps on the nutrient budget of the river. An effort 
was made to sample most surface-water inputs that 
entered the river in that reach. Although not all inputs 
could be found or sampled (some were too small), 57
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samples were obtained to characterize the quality of 
inputs to this stretch of the river.

Seeps were easily identified as diffuse inputs 
from the banks. Most were too small to sample, seen 
only as damp banks located most often along the out­ 
side bends of the river. When possible, larger seeps 
were sampled using a 2-foot piece of stainless steel 
flashing that was folded into a "V" shape and pushed 
into the bank to funnel adequate water into a bottle for 
analysis. This method of collecting water also allowed 
quantification of seeps when they were localized. 
Seeps often occurred continuously along banks over 
tens to hundreds of feet, however, and thus their flow 
rates could not be quantitatively measured.

Water from small tributaries and tile drains could 
generally be collected directly into a bottle or beaker. 
Typically, the smaller inputs would enter the river by 
dropping several feet down the bank, thus allowing a 
"clean" sample to be easily collected and discharge to 
be measured volumetrically. Larger inputs were 
obtained by dipping the sample bottle into the stream. 
Discharge of larger inputs were measured using a 
pygmy meter on a wading rod.

Tile drains and small tributary inputs sometimes 
could not be readily distinguished from each other dur­ 
ing the synoptic survey. In some cases, a pipe could be 
seen directly discharging to the river; these were obvi­ 
ously tile drains. But small surface-water inputs could 
be found that were probably fed by tile drains or repre­ 
sented a mixture of natural drainage and tile drains.

Ground Water

Ground-water quality in the Tualatin Basin was 
investigated during the 1990-94 period to assess the 
importance of ground-water inputs on the nutrient bud­ 
get, with particular emphasis on concentrations of 
phosphorus. Fifty-one relatively shallow (20-200 ft) 
wells were sampled once during this period to deter­ 
mine the regional distribution of phosphorus (Doyle 
and Caldwell, 1996) and to ascertain any relation 
between phosphorus concentration and geology. After 
it was determined that regional ground water could be 
a large source of phosphorus to the river, 15 piezome­ 
ters (in-channel wells) were installed in the Tualatin 
stream bed between RM 52 and 20 to determine con­ 
centrations of phosphorus in ground water just below 
the river bed (Doyle and Caldwell, 1996) and, by mea­ 
suring water levels, the potential for ground-water dis­ 
charge into the river channel. To evaluate the local 
effect of ground-water drainage from the Jackson Bot­

tom wetland, several in-channel wells were installed at 
the edge of the channel at two sites, RM 43.5 and 44.2. 

Most wells sampled during this survey were used 
for domestic or agricultural purposes. Driller's logs 
were examined to determine screen depths and local 
geologic strata. Samples were obtained by pumping at 
least three well volumes and were rapidly filtered and 
processed. In-channel wells that were installed in the 
stream bed were constructed of stainless steel screens 
and PVC casing. A peristaltic pump was used to collect 
the sample, taking care to prevent exposing the sample 
to air so as not to oxidize the sample before filtration.

Sample Preparation and Analysis

Filtered samples were obtained for the USA 
Water Quality Laboratory using 12 mL (milliliter) plas­ 
tic syringes and Gelman nylon Acrodisc filters (0.45 
jam (micrometer) pore size). All samples were immedi­ 
ately placed on ice and transported to the laboratory 
within 5 hours for preservation (if necessary) and 
analysis. WWTP samples were 24-hour flow-weighted 
composite samples collected by personnel from the 
respective WWTP and analyzed by the USA Water 
Quality Laboratory. Filtered samples sent to the USGS 
National Water Quality Laboratory were filtered 
through a 0.45 jam membrane filter that had been pre- 
treated with deionized water and sample water. Nutri­ 
ent samples sent to USGS National Water Quality 
Laboratory were preserved with mercuric chloride; 
samples for cations and dissolved iron and manganese 
were acidified to less than pH 2.0 with nitric acid. 
Details on laboratory methods are provided in Doyle 
and Caldwell (1996).

Quality Assurance

The laboratory quality assurance (QA) program 
was designed to quantify estimates of bias and variabil­ 
ity in the sampling and analytical processes. The QA 
program was administered by USGS Oregon District 
personnel and consisted of weekly quality-control 
(QC) samples that were submitted to the three USA 
laboratories responsible for generating the chemical 
data. A mix of laboratory and field QC samples were 
included to test both the methods of laboratory analysis 
and field sample collection.

The potential for bias or systematic error in the 
analytical methods was measured with blank samples, 
field-spiked samples, and standard reference samples. 
Results indicate that little bias occurred for total phos-
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phorus, orthophosphate, nitrate, or ammonia. Positive 
bias, on the order of 25 to 35 percent, was occasionally 
observed for total phosphorus and ammonia at concen­ 
trations less than 0.05 mg/L. Nonetheless, the data for 
these constituents were considered acceptable because 
the errors were small (generally less than 0.01 mg/L) 
and sources with concentrations in this low range did 
not contribute large loads so that analytical uncertain­ 
ties had a negligible effect on the budget calculation.

Large biases, on the order of 100 percent or 
more, were observed for total Kjeldahl nitrogen (TKN) 
in the low-level range (approximately 0.1 mg/L and 
below), although no bias was measured in the mid- to 
high-level samples. These data reflect the considerable 
analytical "noise" for TKN analyses near the reporting 
limit. Despite these observed biases, the quality of the 
ambient TKN data was considered to be adequate for 
the purpose of this study because ambient TKN con­ 
centrations tend to be much larger than those in the 
low-level QC samples.

Variability or precision in the sampling and ana­ 
lytical process was defined by field duplicates, and was 
generally found to be within 10 percent for most con­ 
stituents, slightly higher (within 20 percent) for TKN 
and total phosphorus.

A complete discussion of the results from the 
laboratory QA program is contained in Appendix A.

STREAMFLOW CONDITIONS

Streamflow in the Tualatin River during the 
months May through October is typically characterized 
by higher flows in the early season, followed by an 
extended period of low flow that often persists through 
the end of October. A comparison of median stream- 
flow (May through October) in the Tualatin River at 
RM 1.8 in 1991, 1992, and 1993 with the years 1976-

93 provides context for the evaluation of hydrologic 
conditions during the period of this study (table 3). 
Median streamflows were consistently highest during 
May and June, fed by late spring rains and snowmelt in 
the upper regions of the basin. The reduction of flow 
later in the summer was most pronounced in August 
and September. Streamflow conditions during 1991 
were most similar to the longer period of record; after 
the unusually wet spring of 1993, conditions later in the 
summer of that year were also fairly typical. Median 
streamflows during 1991 and 1993 were 214 and 236 
ft3/s, only slightly higher than the median for the refer­ 
ence period of 193 ft3/s. In contrast, hydrologic condi­ 
tions during 1992 were significantly drier relative to the 
other 2 years in the study. The median flow of 118 ft3/s 
during 1992 represents nearly a 40 percent reduction 
from the median of the reference period.

The proportion of streamflow volume contrib­ 
uted by the major tributaries to the Tualatin River typi­ 
cally varies over the course of the summer. During 
1991-93, Dairy Creek contributed the largest volume 
of streamflow during May and June, occasionally 
exceeding the streamflow in the main-stem river at RM 
58.8 (table 4). Scoggins Creek contributed a relatively 
small component of streamflow during this period, and 
inputs from the other tributaries also comprised a lesser 
proportion of main-stem flow. Later in the summer 
(July-September), during the period of low rainfall and 
intense irrigation, tributary input to the upper river was 
dominated by water released from Henry Hagg Lake 
via Scoggins Creek. The proportion of streamflow con­ 
tributed by Dairy Creek was much reduced, frequently 
less than 20 percent of the main-stem flow at RM 58.8. 
Inflow from the upper main-stem river and Gales and 
Rock Creeks was similarly reduced.

The contribution of WWTP effluent to the water 
volume in the Tualatin River during the summer low- 
flow period also tends to vary as the summer

Table 3. Median streamflow in the Tualatin River, Oregon, at river mile 1.8 (West Linn) for May-October for the years 1976-93, 
and 1991,1992, and 1993
[Streamflow in cubic feet per second]

Years May June July August September October May-October

1976-93

1991

1992

1993

548

676

330

1,200

263

338

142

580

149

244

110

235

130

147

84

141

166

131

96

176

187

139

110

172

193

214

118

236
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Table 4. Monthly mean streamflow in major and minor tributaries and at gaged sites in the main-stem Tualatin River, Oregon, 
during May-October for the years 1991, 1992, and 1993
[ 'Mean of miscellaneous streamflow measurements made during the month;  , no data available; river mile for tributaries equals location of confluence 
with Tualatin River]

Site

Tualatin 
River 
mile

Monthly mean streamflow (cubic feet per second)

May June July August September October

1991

Scoggins Creek

Tualatin River near Dilley

Gales Creek

Dairy Creek

Tualatin River at Rood Bridge

Rock Creek

Butternut Creek 1

Tualatin River at Farmington

Christensen Creek 1

Burns Creek l

McFee Creek l

Baker Creek l

Chicken Creek 1

Rock Creek (South) l

Fanno Creek

Nyberg Creek 1

Tualatin River at West Linn

60.0

58.8

56.7

44.8

38.4

38.1

35.7

33.3

31.9

31.6

28.2

28.2

15.2

15.2

9.3

7.5

1.8

49

156

99

185

523

39

-

636

-

-

-

-

18

-

40

-

751

25

74

52

102

242

52

3.1

302

6.8

3.5

7.1

7.7

11

2.9

36

1.4

366

141

153

26

42

145

16

-

188

.8

.9

3.4

2.4

4.2

1.1

8.3

1.1

236

190

193

15

19

146

12

-

181

.2

.5

1.2

1.0

2.5

.7

8.2

1.1

156

150

161

8.6

19

135

8.7

-

172

.2

.5

.9

.9

2.2

.7

3.9

-

141

113

121

6.7

23

140

12

-

180

.1

.5

1.7

1.0

2.2

.7

12

1.1

189

1992

Scoggins Creek

Tualatin River near Dilley

Gales Creek

Dairy Creek

Tualatin River at Rood Bridge

Rock Creek

Butternut Creek 1

Tualatin River at Farmington

Christensen Creek l

Burns Creek l

McFee Creek l

Baker Creek l

Chicken Creek 1

Rock Creek (South) l

Fanno Creek

Nyberg Creek l

Tualatin River at West Linn

60.0

58.8

56.7

44.8

38.4

38.1

35.7

33.3

31.9

31.6

28.2

28.2

15.2

15.2

9.3

7.5

1.8

30

112

72

92

301

19

1.0

374

1.6

2.5

5.7

4.0

7.9

2.7

15

1.2

444

121

143

21

37

120

14

.3

160

.2

2.1

4.2

2.6

3.4

.9

8.6

1.0

147

153

148

14

22

120

9.4

.8

152

.2

1.1

2.0

1.7

2.4

.5

5.6

1.3

118

174

154

6.1

10

113

4.6

.2

138

-

.9

.4

.62

1.7

.2

3.4

.9

90.2

110

109

7.7

14

111

11

-

127

.04

.6

1.3

.9

1.6

.8

6.7

.9

112

68

86

13

20

105

14

--

151

-

-

-

 

2.9

-

18

-

142
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Table 4. Monthly mean streamflow in major and minor tributaries and at gaged sites in the main-stem Tualatin River, Oregon, 
during May-October for the years 1991,1992, and 1993 Continued
t 'Mean of miscellaneous streamflow measurements made during the month;  , no data available; river mile for tributaries equals location of confluence 
with Tualatin River]

Site

Tualatin 
River 
mile

Monthly mean streamflow (cubic feet per second)

May June July August September October

1993

Scoggins Creek

Tualatin River near Dilley

Gales Creek

Tualatin River at Golf Course

Dairy Creek

Tualatin River at Rood Bridge

Rock Creek

Butternut Creek l

Tualatin River at Farmington

Christensen Creek 1

Bums Creek ]

McFee Creek l

Baker Creek [

Chicken Creek '

Rock Creek (South) l

Fanno Creek

Nyberg Creek ]

Tualatin River at West Linn

60.0

58.8

56.7

51.5

44.8

38.4

38.1

35.7

33.3

31.9

31.6

28.2

28.2

15.2

15.2

9.3

7.5

1.8

92.5

251

182

470

312

890

85.4

--

1,040

8.6

8.0

31

23

15

8.8

49

-

1,280

39

125

114

216

220

464

74

-

569

4.1

3.4

10

6.2

6.8

4.5

25

--

686

52

92

36

90

67

168

22

-

222

.3

1.5

4.9

3.0

6.0

1.9

12

-

229

123

125

17

82

40

124

12

-

162

.5

1.0

1.6

1.5

4.8

1.1

4.8

-

145

206

206

16.5

169

22.4

172

10.3

-

218

.4

1.2

1.5

1.1

4.5

1.5

3.6

--

202

115

135

16

115

27

148

17

-

199

.4

.7

1.6

1.4

1.1

1.2

9.9

-

173

progresses. When streamflow is naturally higher in the 
Tualatin River in the early summer, effluent from the 
WWTPs generally contributes only a small component 
of the streamflow in the river. Later in the summer, 
however, when streamflow is greatly reduced and with­ 
drawals for irrigation are high, effluent discharge typi­ 
cally constitutes a larger fraction of main-stem river 
flow. During May and June in 1991-93, mean effluent 
discharge from the Rock Creek WWTP (RM 38.1) 
equalled 18 Mgal/d (million gallons per day), or 28 ft3/ 
s, which was about 5 percent of the mean streamflow 
measured in the river at RM 33.3. Similarly, daily mean 
effluent discharged from the Durham WWTP (RM 9.3) 
during the same period equalled 17.5 Mgal/d (27 ft3/s) 
or 3 percent of the main-stem river flow leaving the 
basin. In contrast, effluent from these WWTPs each 
averaged about 10-15 percent of the streamflow in the 
river during July-October in 1991-93.

Monthly mean withdrawals for irrigation by 
Tualatin Valley Irrigation District from the Springhill

Pumping Plant (RM 56.1) ranged from less than 10 ft3/ 
s in May and June to greater than 40 ft3/s during July 
and August for 1991-93 (table 5). Similarly, withdraw­ 
als for drinking water supply by the Joint Water Com­ 
mission tended to be smallest in May, averaging 23.3 
ft3/s for the years 1991-93, and largest in August, aver­ 
aging 35.0 ft3/s (table 5). Nearly 40 percent of the vol­ 
ume of water in the upper river was removed by the 
combined withdrawals at the Springhill Pumping Plant 
during July and August in 1991-93. In the lower river, 
streamflow in the Oswego Canal was generally in the 
range of 50 to 60 ft3/s throughout the summer (table 5). 

Time-of-travel estimates for the range of stream- 
flow characteristic of summer low-flow conditions 
were determined from dye studies conducted by USA 
during the summers of 1987 and 1988 (Jan Miller, 
USA, unpub. data, 1994) and by the USGS during the 
summer of 1992 (Lee, 1995). These estimates provide 
a useful general description of the relation between 
streamflow and travel time within the various river
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Table 5. Monthly mean flow in the major withdrawals from the Tualatin River, Oregon, during May-October 1991-93
[TVID, Tualatin Valley Irrigation District]

Withdrawals

Tualatin 
River 
mile

Monthly mean flow (cubic feet per second)

May June July August September October

1991

TVID

Joint Water Commission

Oswego Canal

56.1

56.1

6.7

1.6

16.6

56.2

12.1

21.0

54.4

46.1

31.5

55.6

44.5

32.4

50.1

25.3

27.9

59.3

13.1

24.7

57.9

1992

TVID

Joint Water Commission

Oswego Canal

56.1

56.1

6.7

20.4

29.9

44.3

40.5

37.4

56.1

48.6

33.0

63.0

45.9

37.9

64.7

20.6

30.9

61.6

8.3

25.6

51.8

1993

TVID

Joint Water Commission

Oswego Canal

56.1

56.1

6.7

2.5

23.3

35.5

6.2

26.1

35.9

26.5

27.4

51.6

43.1

34.6

51.7

31.0

32.9

51.2

9.2

23.0

52.1

reaches. For streamflow between 300 and 100 ft3/s, 
travel times from RM 58.8 to the mouth vary by more 
than twofold, from 10 days to 24 days (fig. 11). The 
increase in travel time at low streamflow is especially 
pronounced in the lower river, between RM 26.9 and 
the diversion dam at RM 3.4. Within this reach, when 
streamflow decreases from 300 to 100 ft3/s, the travel 
time increases from about 6 days to more than 14 days.

Water Balance

Because of the variability of streamflow during 
higher flow conditions, data from high-flow periods 
during the early summer were not suitable for the cal­ 
culation of a water budget. Additionally, water-quality 
problems are more pronounced during the periods of 
relatively low flow. For the purpose of the water and 
nutrient budgets, therefore, low-flow periods ranging 
from 12 to 17 weeks in length were identified for each 
year (fig. 12). These periods were defined by stream- 
flow that was predominantly less than the median sum­ 
mer flow for that year. The water balances were 
calculated from site to site in a pseudo-Lagrangian 
manner, taking the approximate time of travel between 
main-stem river sampling sites into consideration. 
Mean streamflows during the selected low-flow periods 
were determined for tributary and WWTP inputs, irri­ 
gation withdrawals and other diversions, as well as 
gaged sites along the main-stem river.

Calculated streamflow was determined by the 
sum of measured sources and diversions, including 
estimates for irrigation withdrawals directly from the 
main-stem river. Surplus streamflow was determined as 
the difference between the flow rate of water actually 
measured in the river at gaged sites and the calculated 
flow rate for that site. Comparisons of observed and 
calculated flows indicate that consistent streamflow 
surpluses occur over the length of the river from RM 
58.8 to the mouth (table 6). Streamflow surpluses rang­ 
ing from 25 to 44 ft3/s occurred during the selected low- 
flow periods in 1991,1992, and 1993, and represent 17, 
36, and 24 percent of the observed streamflow, respec­ 
tively. In all 3 years, the surpluses were largely estab­ 
lished upstream of RM 33.3. Possible sources for the 
streamflow surpluses include unmeasured inputs such 
as small tributaries, surface seeps, tile drains, and direct 
ground-water discharge.

For the purpose of calculating loads for the nutri­ 
ent budget, it was necessary to estimate streamflow for 
main-stem river sample sites that were ungaged. 
Observed streamflow was routed downstream, bal­ 
anced by measured inputs and withdrawals. To account 
for the surplus flows, it was necessary to estimate addi­ 
tional water input which was not accounted for by the 
measured sources and sinks. Estimates of surplus flows 
at ungaged sites were made by interpolating between 
observed surplus flows at the gaged sites (fig. 13). Con­ 
fidence intervals for the observed mean streamflows 
were determined based on the standard error of the

24 Sources and Transport of Phosphorus and Nitrogen During Low-Flow Conditions in the Tualatin River, Oregon, 1991-93



EXPLANATION

100 cubic feet per second 

150 cubic feet per second 

- 200 cubic feet per second 

300 cubic feet per second

RIVER MILES ABOVE MOUTH

Figure 11. Estimated times-of-travel from river mile 58.8 to selected downstream locations in the Tualatin River, Oregon, 
for a range of streamflows characteristic of summer flow conditions.

mean (a=0.05). The error in the calculated streamflow 
was defined by standard propagation of error tech­ 
niques (Miller and Miller, 1988).

Flow data from the synoptic survey in June 1992 
were summed to evaluate the importance of the various 
unmeasured surface-water inputs in the water budget. 
This survey covered nearly 25 miles of the river, 
between RMs 51.6 and 27.0, incorporating the reach 
where the largest proportion of the surplus flows were 
observed. The combined input from 48 surface-water 
sources (excluding inputs that were regularly sampled 
during the routine sampling program) totalled approx­ 
imately 3 ft3/s. While these results represent conditions 
during an unusually dry year, they clearly suggest that 
inputs from unmeasured surface seeps, tile drains, and 
small tributaries do not account for more than a small 
fraction of the surplus streamflow in the main-stem 
river.

In contrast, the potential for direct ground-water 
discharge to the main-stem river channel was observed 
to be high. Positive upward pressure was observed in 
all the in-channel wells, although the amount of water 
actually entering the river remains difficult to quantify 
because of the physical characteristics of the streambed

in the Tualatin River. Bottom characteristics are some­ 
what variable, but in most places the bed has a large 
amount of silt and organic material on top of a tighter 
material composed in part of clays. These sediments 
tend to retard ground-water movement because the 
hydraulic conductivity of the clays and silts is very low. 
The low hydraulic conductivity contributes to the pos­ 
itive heads observed in the in-channel wells, several 
feet above the river surface in many cases.

The actual movement of ground water into the 
main-stem river was measured with in-channel seepage 
meters in 1993. While positive seepage was observed at 
every site, rates ranged over several orders of magni­ 
tude, from greater than 200 L/m2/d (liters per square 
meter per day) to less than 0.1 L/m2/d (fig. 14). The 
observed rates were significantly higher at the upper­ 
most site, and tended to decrease in the downstream 
direction, which is consistent with the observed 
streamflow surpluses that developed in the upper river 
above RM 38.4. It is impossible to describe the seepage 
trend with any certainty based upon these seepage data; 
however, the bottom surface area that was sampled dur­ 
ing this survey was only a small fraction (about 0.0003 
percent) of the total surface area of the river bottom in
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Figure 12. Daily mean streamflow in the Tualatin River, Oregon, at river mile 1.8 during May-October 1991-93, and the 
corresponding low-flow periods designated for calculation of water and constituent budgets in this study.
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Figure 13. Comparison of measured streamflow in the Tualatin River, Oregon, with streamflow calculated from measured 
inputs and withdrawals during selected low-flow periods in 1991, 1992, and 1993.
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Figure 14. Seepage into the Tualatin River, Oregon, during the late summer and fall of 1993. Minimum values were obtained 
when the collection apparatus was full at the time of sampling, so that the actual seepage rate could not be measured.

the reach. Nonetheless, these data indicate that seepage 
into the river channel does occur, although it is clearly 
not an easily characterized phenomenon. Localized 
regions of high seepage are likely to be separated by 
many regions of lower seepage.

Results from the water balance clearly indicate 
that a large source of water to the Tualatin River during 
summer low-flow conditions, between 20 and 31 per­ 
cent of flow leaving the basin during the period of this 
study, cannot be accounted for by inputs from surface 
water. Ground-water discharge directly to the main- 
stem river channel is a credible source for the missing 
water. Positive upward pressure of ground water 
beneath the channel indicates that the potential for 
direct ground-water discharge is high. Additionally, the 
measurement of positive seepage over a wide range of 
rates suggests that local zones of higher permeability or 
conductivity can deliver large volumes of ground water 
directly to the main-stem river, despite the tendency for 
the hydraulic characteristics of the channel bed to 
retard ground-water movement in many areas. Not­ 
withstanding the difficulty in quantifying ground-water 
inputs, it is clear that ground water must be considered 
as an important source of water to the Tualatin River 
during summer low-flow conditions.

SOURCES AND TRANSPORT OF 
PHOSPHORUS AND NITROGEN

Nutrient supply to the Tualatin River during the 
summer months is affected by many factors. While the 
underlying geology is a primary factor determining the 
quality of ground water in the basin, the quality of 
water in tributaries is determined by the interaction 
between the characteristics of ground-water discharge, 
soils, and land-use practices. Effluent discharged from 
WWTPs also contributes potentially large nutrient 
loads to the main-stem river. Conversely, withdrawals 
of water for irrigation, drinking water supplies, and 
hydroelectric power (diversion through the Oswego 
Canal) are important sinks for water and nutrient loads 
in the river. Finally, the release of nutrients from 
decomposition processes in the bottom sediments dur­ 
ing thermal stratification in the deep reaches of the 
lower river is potentially an important nutrient source 
during the hot summer months. This section contains a 
discussion of each of these factors, followed by a mass 
balance or nutrient budget including all measured 
inputs of phosphorus and nitrogen to the Tualatin 
River. These budgets provide a summary of the sources 
and transport of these constituents through the river
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system, so that the relative importance of the various 
inputs can be evaluated for the purpose of effective 
water-quality management in the basin.

The regulated instream concentrations (TMDL 
criterion concentrations) that have been established by 
Oregon Department of Environmental Quality 
(ODEQ) for the Tualatin River provide an important 
context for considering nutrient concentrations within 
the various sources to the main-stem river. These crite­ 
rion concentrations were set in 1988 when TMDLs 
were defined for both total phosphorus and ammonia in 
selected tributaries and sites on the main stem. For total 
phosphorus within the main-stem river reach, the 
TMDL criterion concentration is 0.04 mg/L at RM 
58.8, incrementally increasing to 0.07 mg/L at RM 
33.3 and points downstream. Criterion concentrations 
for total phosphorus in the major tributaries are defined 
as follows: Scoggins Creek (0.06 mg/L), Gales and 
Dairy Creeks (0.045 mg/L), Rock and Fanno Creeks 
(0.07 mg/L). The TMDL criterion concentrations for 
ammonia nitrogen are more varied over the river's 
length: 0.03 mg/L at RM 58.8, increasing gradually to 
0.05 mg/L at RM 38.5 with a sharp increase to 1.0 mg/ 
L at RM 33.3, and decreasing to 0.85 mg/L at RM 16.2 
and downstream. In the tributaries, the TMDL criterion 
for ammonia nitrogen is set at 0.04 mg/L for Gales and 
Dairy Creeks, and 0.10 mg/L for Rock and Fanno 
Creeks (Oregon Department of Environmental Quality, 
1997). All of these TMDL criteria were set as monthly 
median concentrations.

Ground Water

Because the quality of ground water is affected 
by the chemical and biological processes that occur in 
the soils and rock beds through which the water moves, 
the residence time of the water and the mineral compo­ 
sition influence the chemical characteristics of ground 
water. As a consequence, the two layers of valley fill 
deposits in the Tualatin Basin, the shallow catastrophic 
flood deposits and the deeper Sandy River Mudstone 
equivalent, are important controlling factors in deter­ 
mining ground-water quality in the basin.

The survey of 51 domestic wells indicated that 
elevated concentrations of phosphorus are found in 
ground water throughout the basin. In nearly every 
sample, concentrations were higher than 0.07 mg/L, 
the TMDL criterion concentration for total phosphorus 
in the lower main-stem river (fig. 15). The wells were 
categorized by depth relative to the interface between

the catastrophic flood deposits (top) and the Sandy 
River Mudstone equivalent (bottom) using data both 
from well logs and geological data summarized by 
Madin (1990). Wells with the highest concentrations of 
total dissolved phosphorus, ranging up to 2.5 mg/L, 
tended to be completed at depths relatively close to the 
interface. Median total dissolved phosphorus concen­ 
trations ranged from 0.15 mg/L in shallow wells (com­ 
pleted within the catastrophic flood deposits) to 0.34 
mg/L in the deep ground water (wells completed at the 
interface or below the catastrophic flood deposits).

These results were corroborated by a chemical 
and mineralogical analysis of drilling cores collected 
throughout the basin by researchers at Oregon Gradu­ 
ate Institute and Portland State University (Wilson, 
1997). In that study, core subsamples were extracted 
with distilled water (at saturation) to determine the 
equilibrium concentrations of water-soluble phospho­ 
rus, thereby simulating pore-water phosphorus concen­ 
trations as a function of core depth. The results from 
most of their core extractions were very similar to those 
obtained in the USGS domestic well survey. The 
extractable phosphorus concentrations produced by 
core samples of the catastrophic flood deposits were in 
the range of 0.1 to 0.2 mg/L. Near the interface of the 
flood deposits with the Sandy River Mudstone equiva­ 
lent, extractable phosphorus concentrations ranged 
from 0.4 to 0.7 mg/L. The deepest core, obtained near 
the center of the basin at the Hillsboro airport, pro­ 
duced extractable phosphorus concentrations as high as 
3.2 mg/L within the Sandy River Mudstone equivalent. 
These results indicate that large amounts of highly 
mobile phosphorus exist in the upper 500 feet of val­ 
ley-fill sediments throughout the Tualatin Basin. Min­ 
eralogical analysis of the cores obtained during the 
same study clearly showed the presence of vivianite, a 
ferrous phosphate mineral (Fe3(PO4)2 8H2O) at differ­ 
ent depths in the cores, generally below 500 feet.

Ammonia concentrations observed in the USGS 
domestic well survey also tended to be higher in wells 
finished near the interface between the flood deposits 
and the Sandy River Mudstone equivalent, although 
most of the observed values were less than the TMDL 
criterion concentration for the lower main-stem river 
(fig. 15). The median ammonia concentration in the 
shallow wells was 0.22 mg/L, accounting for approxi­ 
mately 60 percent of the median concentration of total 
nitrogen (0.35 mg/L). The balance of total nitrogen was 
split between organic nitrogen and nitrate in most of 
the shallow wells. In the deeper wells, the median
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Figure 15. Concentrations of total dissolved phosphorus and ammonia nitrogen in shallow domestic wells finished in 
unconsolidated materials throughout the Tualatin River Basin and sampled during 1990 and 1993. The depth below the 
flood deposits was determined for each sample from well logs and geological data summarized by Madin (1990). (A) Total 
dissolved phosphorus and (B) Ammonia nitrogen.

ammonia concentration was higher, 0.55 mg/L, and 
comprised more than 90 percent of the total nitrogen 
(0.60 mg/L). In general, nitrate concentrations were 
less than 0.1 mg/L in all the wells, although elevated 
concentrations (>3.0 mg/L) were observed in a few 
samples.

Decomposition of organic material in the sedi­ 
ments below the catastrophic flood deposits filling the 
Tualatin River valley is probably a key element govern­ 
ing the elevated concentrations of total phosphorus and 
ammonia in deep ground water. Extensive amounts of 
organic matter were buried at the interface between the 
two geologic strata during the catastrophic Missoula 
Floods. Oxygen is the preferred electron acceptor for 
the process of organic decomposition, and oxygen is 
not replenished in deep ground-water systems that are 
isolated from the surface. Ammonia is typically 
released during the decay process and will accumulate

under anoxic conditions, when nitrate is commonly 
used as an electron acceptor. Nitrification, a common 
sink for ammonia under oxic conditions, does not 
occur in anoxic water. The combination of these 
decomposition processes results in the depletion of 
oxygen and nitrate, the attainment of anoxic condi­ 
tions, and the accumulation of ammonia. Such condi­ 
tions were commonly observed in water samples 
collected from deeper wells during the domestic 
ground-water survey.

The presence of vivianite in the valley sediments 
provides a mineral source for phosphorus that can be 
mobilized under these anoxic conditions. The presence 
of vivianite, as well as concentrations of total dissolved 
iron observed in both the shallow and deep ground 
water (median concentrations equalling 0.195 mg/L 
and 0.320 mg/L, respectively), suggests that vivianite, 
rather than siderite (FeCO3) controls the solubility of
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iron in these ground waters. Concentrations of phos­ 
phorus also suggest equilibrium with a vivianite min­ 
eral phase. In addition, phosphorus concentrations 
observed in ground water reflect the relative abundance 
of phosphorus in the basin as a whole. The larger values 
for total phosphorus and dissolved iron in the deep 
ground water, relative to shallow ground water, proba­ 
bly reflect the longer flow paths characteristic of 
regional flow systems, which increase the potential for 
geochemical alteration of water quality and the solubi- 
lization of minerals present in the aquifer. In addition, 
the longer flow paths are more likely to bring the water 
through a zone that is affected by the decomposition of 
buried organic material.

The results from the survey of in-channel wells 
located in the middle of the channel characterize nutri­ 
ent concentrations in regional ground water that dis­ 
charges to the main-stem river. In contrast, the data 
from the edge-of-channel wells located near the Jack­ 
son Bottom wetland provide insight on the local effect 
of the wetland on the quality of ground water discharg­ 
ing to the river. Concentrations of total phosphorus sig­ 
nificantly greater than the lower main-stem TMDL 
criterion concentration of 0.07 mg/L were observed in 
all samples from the in-channel wells (table 7). In gen­ 
eral, the lowest mean concentrations of total phospho­ 
rus, ranging from 0.56 to 0.74 mg/L, were observed in 
the edge-of-channel wells, coincident with elevated 
mean concentrations of dissolved iron (frequently >15 
mg/L). Mean concentrations of total phosphorus in all 
the wells located in the middle of the streambed chan­ 
nel, on the other hand, were consistently on the order of 
1.0 mg/L or greater, occasionally exceeding 2.0 mg/L. 
Mean concentrations of dissolved iron were much less 
in the midchannel wells, typically less than 1.0 mg/L, 
although somewhat higher values were observed at RM 
27.0.

Concentrations of ammonia nitrogen also tended 
to be high in many wells relative to the instream TMDL 
criteria, and the highest concentrations were generally 
observed in those wells located near the edge of the 
channel at Jackson Bottom. The mean ammonia con­ 
centration in the midchannel wells was 0.99 mg/L, 
compared to the mean from the channel edge of 4.42 
mg/L. The highest ammonia concentrations were 
observed at RM 43.5, where ammonia concentrations 
were greater than 6.0 mg/L in the two wells located at 
the channel edge. In contrast, the ammonia concentra­ 
tion in the midchannel well at this site was 1.90 mg/L.

Mean concentrations of nitrate nitrogen were consis­ 
tently low (0.02 mg/L) in all of the in-channel wells.

The variability in nutrient concentrations 
observed in the in-channel wells is a likely conse­ 
quence of the complexity of flow lines converging in 
zones of regional ground-water discharge (fig. 4). 
Ground-water flow to regional discharge areas is deliv­ 
ered from both regional and local flow systems in rela­ 
tive proportions that depend upon hydraulic gradient 
and conductivity. In a stream that is the center for 
regional ground-water discharge, midchannel wells 
would be expected to intercept ground water at the end 
of a regional flow path. In the Tualatin Basin, this water 
corresponds to the deep ground water that flows 
through the Sandy River Mudstone equivalent. In fact, 
the pattern of data from the midchannel wells was sim­ 
ilar to that of the deep-ground-water data from the 
domestic well survey, supporting this assumption, 
although actual concentration ranges for both phospho­ 
rus and ammonia in the midchannel wells were higher 
(table 7 and fig. 15). In this respect, the midchannel 
wells were most comparable to wells finished at depths 
close to the interface between the two geologic strata. 
The relatively high phosphorus concentrations are con­ 
sistent with the discharge of regional ground water that 
has had the opportunity to be affected by the dissolu­ 
tion of vivianite and the general reducing conditions of 
the deeper strata. Even relatively small input volumes 
of such water during low-flow conditions can result in 
disproportionate effects on the water chemistry of the 
system.

In contrast, the quality of water from wells at the 
channel edge near Jackson Bottom reflects the quality 
of shallower ground water, indicating that these wells 
probably intercept more water from the local ground- 
water system in the Jackson Bottom area (fig. 4). The 
relatively shallow edge-of-channel wells (RMs 43.5 
and 44.2, depths less than 9 feet) showed elevated val­ 
ues for chloride and specific conductance, reflecting 
the influence of WWTP effluent used for irrigation in 
that area (table 7). Concentrations of total phosphorus 
measured in these wells were among the lowest, possi­ 
bly reflecting the efficiency of phosphorus removal by 
the wetland soils. Ammonia concentrations were large 
relative to the other wells, suggesting that nitrification 
was blocked by oxygen depletion in this local ground- 
water system. A lack of nitrate, as well as the high con­ 
centrations of total iron, are also a consequence of 
anoxic conditions.
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Surface Water

Surface-water inflows from tributaries are 
important sources of phosphorus and nitrogen to the 
Tualatin River. For the purpose of this analysis, tile 
drains are included in the discussion of surface-water 
sources, even though they essentially serve to drain 
shallow ground water from agricultural fields. The 
inputs from WWTPs in the basin must also be consid­ 
ered as major sources of nutrient loads, especially 
nitrate, to the river. Surface-water sinks in the basin 
include the many diversions of water, which act to 
reduce both streamflow volume and nutrient loads at 
the point of diversion. The effect of these reductions on 
water quality downstream as other inputs enter the river 
varies with the location of the diversion point within 
the river.

Tributaries and Tile Drains

The range in concentration of total phosphorus 
in the tributaries during the study period spanned sev­ 
eral orders of magnitude, with median concentrations 
less than the TMDL criterion concentrations only in 
Scoggins Creek and occasionally in Gales Creek (fig. 
16). Median concentrations in the other major tributar­ 
ies (Dairy, Rock, and Fanno Creeks) and all the smaller 
tributaries and tile drains were consistently greater than 
0.07 mg/L, the TMDL criterion concentration for the 
lower main-stem Tualatin River (fig. 16, table 8). Val­ 
ues ranged between 0.10 and 0.30 mg/L for most 
streams. Higher concentrations were observed in Jack­ 
son Slough, Miller Swale, Christensen, and Burris 
Creeks, especially during 1991 and 1992. The highest 
total phosphorus concentrations were observed in Jack­ 
son Slough and Miller Swale, both of which drain Jack­ 
son Bottom; median concentrations ranged from 0.70 
to nearly 2 mg/L. A large fraction of the total phospho­ 
rus in all the streams was in the form of orthophos- 
phate, from 25 to more than 60 percent.

Median concentrations of total nitrogen in the 
major tributaries ranged from about 0.4 mg/L to greater 
than 1.0 mg/L, while concentrations in the smaller trib­ 
utaries and tile drains were generally larger, ranging up 
to greater than 5.0 mg/L (fig. 16, table 8). Concentra­ 
tions of TKN and nitrate were lowest in Scoggins and 
Gales Creeks, similar to the pattern observed for phos­ 
phorus. In general, organic nitrogen and nitrate 
accounted for more than 90 percent of total nitrogen. 
Ammonia concentrations were fairly consistent and 
generally less than the TMDL criteria at all sites except

for Jackson Slough, Miller Swale, and Christensen 
Creek. At these three sites in 1991 and 1992, ammonia 
was an important component of total nitrogen (more 
than 50 percent) and median concentrations were gen­ 
erally greater than 1.0 mg/L, exceeding the TMDL cri­ 
terion concentration for the lower main-stem river.

A comparison of chloride and nutrient concen­ 
trations among the various categories of sources pro­ 
vides insight into the relation between surface-water 
and ground-water sources in the Tualatin Basin (fig. 
17). For the purpose of this analysis, the tributary cate­ 
gory combines data from small unnamed tributaries 
sampled during the synoptic survey with data for the 
larger tributaries, sampled on June 4 and 2 in 1992, 
respectively, within the same river reach as the synoptic 
survey (RMs 51.6 to 27.0). Drainage from Jackson 
Bottom is excluded from this analysis and is discussed 
separately. The ground-water categories include all the 
domestic well data.

Large differences in chloride concentrations 
were observed, ranging over several orders of magni­ 
tude (fig. 17A). Median chloride concentrations were 
highest in the tile drains and surface seeps, about 10 
mg/L or greater. The median chloride concentration in 
the tributaries was approximately 7 mg/L, comparable 
to the median concentration in shallow ground water. 
Chloride concentrations tended to be less in deep 
ground water, with a median of about 3.5 mg/L. The 
largest chloride concentration observed for ground 
water (>300 mg/L) was associated with a specific con­ 
ductance measurement of more than 1,500 juS/cm, sug­ 
gesting the influence of localized brines.

Considerable variability was also observed in 
nutrient concentrations among the various sources. The 
range between the highest and lowest concentrations of 
total phosphorus spanned more than two orders of 
magnitude (fig. 17B). Despite that wide range, the dis­ 
tributions of total phosphorus concentrations in the 
tributaries, tile drains, and shallow ground water were 
similar (medians between 0.1 and 0.2 mg/L). Phospho­ 
rus concentrations in the seeps were lower (median of 
approximately 0.05 mg/L), while those in the deeper 
ground water were higher (median of about 0.3 mg/L).

In contrast to the phosphorus concentrations, 
ammonia concentrations in the tributaries were much 
lower than those found in the shallow ground water 
(fig. 17C). Ammonia concentrations in the tile drains 
and seeps were similar to those in the tributaries, while 
concentrations in both the shallow and deep ground 
water were significantly higher. Nitrate concentrations
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Figure 16. Concentrations of nutrient species in the major and minor tributaries to the Tualatin River, Oregon, during May- 
October 1991-93. (A) Total phosphorus.
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Figure 16. Continued. Concentrations of nutrient species in the major and minor tributaries to the Tualatin River, Oregon, 
during May-October 1991-93. (B) Orthophosphate phosphorus.
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Figure 16. Continued. Concentrations of nutrient species in the major and minor tributaries to the Tualatin River, Oregon, 
during May-October 1991-93. (C) Total Kjeldahl nitrogen (TKN).
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Figure 16. Continued. Concentrations of nutrient species in the major and minor tributaries to the Tualatin River, Oregon, 
during May-October 1991-93. (D) Ammonia nitrogen.
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Figure 16. Continued. Concentrations of nutrient species in the major and minor tributaries to the Tualatin River, Oregon, 
during May-October 1991-93. (£) Nitrite plus nitrate nitrogen.
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Table 8. Summary of nutrient data from small tributaries and tile drains into the Tualatin River, Oregon, observed during the 
synoptic survey between river miles 51.6 and 27.0 in June 1992
[N, number of observations; small tributaries, tributaries mapped on a scale of 1:24,000; tile drains, tile drains plus tributaries too small to be mapped at 
1:24,000 scale; specific conductance in microsiemens per centimeter at 25 degrees Celsius; concentrations in milligrams per liter]

Constituent N Median 25th Percentile 75th Percentile

Small tributaries

Specific conductance

Chloride

Total phosphorus

Orthophosphate phosphorus

Total Kjeldahl nitrogen

Ammonia nitrogen

Nitrite plus nitrate nitrogen

9

13

16

16

9

16

16

304

7.00

.132

.100

.40

.040

.395

276

5.50

.106

.055

.30

.035

.265

331

9.30

.252

.150

.50

.080

1.24

Tile drains

Specific conductance

Chloride

Total phosphorus

Orthophosphate phosphorus

Total Kjeldahl nitrogen

Ammonia nitrogen

Nitrite plus nitrate nitrogen

33

21

36

36

36

36

36

306

12.0

.125

.095

.40

.045

2.15

259

6.30

.095

.065

.20

.030

.800

338

21.0

.290

.190

.70

.105

5.55

generally followed the pattern of DO. Ground water 
was typically low in oxygen; therefore, nitrogen was 
most likely to be found in a reduced form (ammonia) 
rather than in an oxidized form (nitrate) (fig. 17D). 
Similarly, water in the tributaries and tile drains was 
usually well oxygenated, and nitrogen, therefore, was 
more likely to be found in an oxidized form.

The similarity between total phosphorus concen­ 
trations in the tributaries and shallow ground water, 
corresponding to the similarity in chloride concentra­ 
tions, is indicative of the direct link between shallow 
ground water and tributaries in the Tualatin Basin dur­ 
ing summer low-flow conditions. The relatively large 
proportions of total phosphorus as dissolved phosphate 
that were observed in the tributary data is also consis­ 
tent with large inputs of phosphorus from ground water, 
transported predominantly in the dissolved phase. Con­ 
centrations of total phosphorus in the tile drains were 
comparable to the tributaries. In fact, these data indi­ 
cate that percolation from agricultural fields was essen­ 
tially identical to that from shallow ground water with 
respect to phosphorus concentrations, although it was 
elevated in other constituents such as chloride and 
nitrate. These data suggest that agricultural practices in

the Tualatin Basin did not significantly increase con­ 
centrations of phosphorus in water entering streams 
during the low-flow period of this study.

In contrast, these result suggest that the form of 
the nitrogen species in the tributaries is influenced pri­ 
marily by other factors, especially oxygen status, rather 
than by conditions in the shallow ground water. The 
ammonia delivered to the tributaries from ground water 
probably is nitrified quickly by bacteria growing in the 
shallow stream beds. Nitrate generated by this process 
tends to be retained in oxygenated surface waters, and 
be augmented by nitrate from the tile drains, resulting 
in the observed nitrate concentrations that were inter­ 
mediate between those found in ground-water and sur­ 
face-water sources to the tributaries.

The low total phosphorus concentrations in the 
surface seeps is a plausible consequence of several pro­ 
cesses, including plant uptake and, especially, adsorp­ 
tion by or coprecipitation with ferric hydroxides. In 
ground water that is depleted of oxygen, the dominant 
form of iron is ferrous iron (Fe+2), which is highly sol­ 
uble. When ground water is exposed to the atmosphere 
in a seep, however, ferrous iron is rapidly oxidized to 
the ferric form (Fe+3) and insoluble ferric hydroxides
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Figure 17. Comparison of chloride and nutrient concentrations in various sources to the Tualatin River, Oregon, during early 
June 1992. (Shallow GW, ground water from catastrophic flood sediments; deep GW, ground water from the interface and 
the deeper Sandy River Mudstone equivalent). (A) Chloride, (B) Total phosphorus, (C) Ammonia nitrogen, and (D) Nitrite plus 
nitrate nitrogen.
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precipitate. Phosphorus is easily removed from the 
water as phosphate ions adsorb readily onto the surface 
of precipitating ferric hydroxides. Phosphate may also 
coprecipitate with the ferric hydroxides (Mayer and 
Jarrell, 1995). Additional phosphorus may be removed 
in ground water that is close to the surface by plant 
uptake, similar to the effect observed in soils.

The oxygen gradient that develops in a surface 
seep is also an important factor regulating the cycling 
of the nitrogen species in the water. Ammonia concen­ 
trations are decreased in the presence of oxygen by the 
process of bacterial nitrification, which transforms 
ammonia to nitrate. Although nitrate typically accumu­ 
lates in a surface system under these conditions, when 
oxygenated conditions exist in close proximity to 
anoxic conditions, nitrate can be removed to the atmo­ 
sphere by denitrification. Because this process acts as a 
sink for total nitrogen, it is consistent with the observed 
reduction in total nitrogen in the seeps relative to the 
shallow ground water.

Effect of land use

The effect of land use on nutrient concentrations 
in streams in the Tualatin Basin is superimposed on the 
influence of geology and ground water, and is probably 
less important during the low-flow summer season 
because of low surface runoff. The lowest nutrient con­ 
centrations were associated with Scoggins and Gales 
Creeks, which are located primarily in the mountainous 
regions of the basin. Because these upland regions in 
the basin serve as regions of ground-water recharge, 
the extent of ground-water inflow to these streams is 
limited and local. In addition, nutrient inputs to these 
streams are small because their drainage basins are 
mostly forested and contain few point sources of nutri­ 
ents. Finally, the soils in the upland regions of the basin 
also tend to have higher affinities to sorb phosphorus 
than soils in the valley.

The other major tributaries, Dairy, Rock, and 
Fanno Creeks, and all the smaller tributaries sampled 
during this study flow through the valley plain and con­ 
tain relatively high nutrient concentrations. The influ­ 
ence of ground water during summer low-flow 
conditions is largest on these flatland streams, which 
are the primary recipients of shallow ground-water dis­ 
charge in the basin. Still, agricultural and urban land 
use predominates in these watersheds, so the potential 
for surface runoff and erosion to contribute large nutri­ 
ent loads to these streams during periods of higher 
streamflow is a concern. While streamflow in the Tual­

atin Basin is much reduced during the summer relative 
to the rest of the year, periods of stormy weather in the 
early summer occasionally result in flows much higher 
than those typically observed later in the summer. As a 
result, summer flows typically range over several 
orders of magnitude. For example, measured stream- 
flow ranged from 6 ft3/s to 576 ft3/s in Dairy Creek, and 
from 1 ft3/s to 384 ft3/s in Fanno Creek during the sum­ 
mer season in the years 1991-93.

Little correlation between streamflow and nutri­ 
ent concentrations in the tributaries was observed dur­ 
ing this period, however, despite the wide range of 
flow. Total phosphorus concentrations increased with 
increasing streamflow only in Fanno Creek, and that 
increase was less than twofold. The primary effect was 
an increase in the proportion of particulate phosphorus; 
the fraction of particulate phosphorus increased from 
about one-half to two-thirds of the total phosphorus at 
the highest ranges of streamflow. Early summer storms 
are associated with increased surface runoff that 
washes particulate phosphorus into the streams or 
resuspends bed-sediment material, although the con­ 
centrations of total phosphorus are not necessarily 
increased. Under baseflow conditions later in the sum­ 
mer, dissolved phosphate becomes the predominant 
form of phosphorus, reflecting the primary influence of 
ground-water discharge to streams under these condi­ 
tions.

Similarly, little increase in concentrations of 
total nitrogen was observed with increased streamflow 
in any of these streams except for Dairy Creek. The 
fraction of total nitrogen as nitrate also tended to be 
consistently larger with higher streamflow in Dairy 
Creek. The increase in nitrate with higher flows is prob­ 
ably associated with the migration of nitrate derived 
from nitrogen fertilizer. Because nitrate is very soluble 
in oxygenated waters, it is highly mobile in shallow 
ground water and tile drains.

The most significant effects of land use on nutri­ 
ent concentrations in the Tualatin Basin occurred in 
small tributaries characterized by the highest nutrient 
concentrations: Christensen and Burris Creeks, Jack­ 
son Slough, and Miller Swale. These streams received 
relatively large nutrient loads as a result of specific 
land-use activities within their subbasins during the 
period of study.

The elevated concentrations of total phosphorus 
and ammonia in Christensen Creek were partly due to 
improper handling of manure used for fertilizer in a 
single confined animal feeding operation that caused
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large loads of both constituents to enter the stream 
(Mike Wolf, Oregon Department of Agriculture., oral 
commun, 1995). Similarly, surface runoff of irrigation 
water from a container nursery in the Burris Creek sub- 
basin was part of the cause of the high concentrations 
of total phosphorus observed there (Mike Wolf, Oregon 
Department of Agriculture, oral commun., 1995). The 
significant concentration decrease in these constituents 
that was observed in Christensen and Burris Creeks 
over the period of this study can be attributed to the 
adoption of improved management practices within 
these individual facilities. Median concentrations of 
total phosphorus in both tributaries ranged between 
0.45 and 0.60 mg/L in 1991, but dropped to about 0.20 
mg/L during 1993. The median concentration of 
ammonia in Christensen Creek decreased from approx­ 
imately 3.0 mg/L in 1991 to less than 0.1 mg/L in 1993. 
The data are limited by the fact that only 6 samples 
were collected in 1993, compared to more than 20 sam­ 
ples each in 1991 and 1992. Nonetheless, these results 
suggest that poorly handled nutrient sources can result 
in high instream nutrient concentrations, and that Best 
Management Practices can improve water quality in 
streams in the Tualatin Basin.

Because of the irrigation of effluent from the 
Hillsboro WWTP onto the Jackson Bottom experimen­ 
tal wetland, nutrient concentrations in Jackson Slough 
and Miller Swale reflect the efficiency of the wetland 
system in filtering and retaining nutrients from the 
wastewater. Several changes in the management of 
Hillsboro WWTP effluent during the study period 
resulted in significant overall reductions in nutrient 
loading to the river, especially from Miller Swale (table 
9). The management changes included an increase in 
the number of acres irrigated between 1992 and 1993, 
from 168 to 338, and a reduction in the volume of efflu­ 
ent diverted through the cells of the Jackson Bottom

Experimental Wetland (Jan Miller, USA, written com­ 
mun., 1994).

Loading from Jackson Slough was relatively sta­ 
ble throughout most of the study period, with median 
concentrations of total phosphorus ranging from about 
0.7 to 1.0 mg/L and median total nitrogen concentra­ 
tions from 1.6 to 2.5 mg/L (fig. 16). The median ammo­ 
nia concentration was consistently about 1.0 mg/L. 
Because the volume of streamflow was so small, gen­ 
erally less than 0.5 ft3/s, nutrient loads remained rela­ 
tively low throughout the period of this study (table 9). 
In contrast, median concentrations of total phosphorus 
in Miller Swale decreased significantly over the 3-year 
period, from 2.5 mg/L in 1991 to 0.73 mg/L in 1993 
(fig. 16). Total nitrogen concentrations were also 
reduced, mostly due to a decrease in ammonia. An 
increase in nitrate concentrations was observed over 
the same period. The elevated concentrations of total 
phosphorus and ammonia in Miller Swale during 1991 
were a consequence of problems in the experimental 
wetland that caused effluent to flow directly into the 
swale with minimal treatment (Jan Miller, USA, oral 
commun., 1994). In 1992 and 1993, the reduction in 
effluent volume passing through the experimental cells, 
coupled with an increase in the number of acres irri­ 
gated, resulted in greater effectiveness of nutrient 
removal by wetland processes. Streamflow in Miller 
Swale was also reduced by these changes, which fur­ 
ther reduced the loads of both phosphorus and nitrogen 
(table 9).

Wastewater Treatment Plants

Effluent discharge from the two large WWTPs, 
Rock Creek (RM 38.1) and Durham (RM 9.3), to the 
Tualatin River constitutes a significant component of 
main-stem streamflow during the late-summer low- 
flow period. In addition, nutrient concentrations in

Table 9. Mean streamflow and nutrient loads in streams draining Jackson Bottom during May-October in 1991, 1992, and 
1993
[""Excludes 2 weeks in June, when Hillsboro Wastewater Treatment Plant effluent was diverted through Jackson Slough; streamflow in cubic feet per 
second; loads in pounds per day]

Jackson Slough

Constituent

Streamflow

Total phosphorus

Total nitrogen

Ammonia nitrogen

Nitrite plus nitrate nitrogen

1991

0.38

1.4

3.1

1.5

.09

1992

0.30

1.7

3.9

1.8

.22

1993*

0.51

2.4

9.3

5.7

.39

1991

1.4

19

65

49

.73

Miller Swale

1992

0.92

7.8

20

11

2.5

1993

0.91

3.7

8.7

3.4

1.9
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WWTP effluent historically had been very high, result­ 
ing in large loads to the river. Improvements in treat­ 
ment efficiencies during recent years produced 
considerable reductions in nutrient loads as a result of 
lower concentrations in the effluent (fig. 18). Nonethe­ 
less, effects of the WWTPs on nutrient concentrations 
in the river remained large during the period of this

study. Appendix B contains figures that show the com­ 
posite daily mean concentrations of chloride, nitrogen, 
and phosphorus in WWTP effluent during the study 
period.

Advanced tertiary treatment for phosphorus 
removal, using a two-step alum addition, was added to 
the treatment process at the Rock Creek and Durham
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Figure 18. Concentrations of total phosphorus and ammonia nitrogen in effluent from the Rock Creek (RC) and Durham (DH) 
Wastewater Treatment Plants during May-October 1986-93. (A) Total phosphorus and (B) Ammonia nitrogen.
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WWTPs in response to the establishment of the phos­ 
phorus TMDL in the Tualatin Basin. The upgrades at 
the Rock Creek WWTP were completed prior to the 
summer of 1991, and resulted in a significant decrease 
in total phosphorus concentrations in Rock Creek 
WWTP effluent (fig. ISA). Prior to the initiation of 
advanced treatment, daily mean concentrations were 
typically greater than 2.0 mg/L, while concentrations 
decreased to generally less than 0.10 mg/L during the 
period of this study. In fact, daily mean total phospho­ 
rus concentrations in Rock Creek effluent were less 
than the TMDL criteria concentration of 0.07 mg/L for 
most of 1991 and 1992. Because the concentrations of 
total phosphorus in the main-stem river typically 
exceeded the TMDL criteria, the Rock Creek WWTP 
effluent was actually diluting the receiving waters dur­ 
ing those years.

Pilot testing of the advanced treatment process at 
the Durham WWTP was ongoing through the summer 
of 1992, when effluent concentrations were also gener­ 
ally less than 0.10 mg/L (fig. ISA). During 1991, and 
again in 1993 while the upgrades were being installed 
at the Durham WWTP, phosphorus concentrations in 
effluent were higher by up to one order of magnitude. 
The upgrades at the Durham WWTP were completed 
by the summer of 1994, allowing it to consistently dis­ 
charge effluent with phosphorus concentrations less 
than 0.10 mg/L.

Similarly, additional treatment processes 
(termed biological nutrient removal, including inplant 
nitrification) were implemented at both the Rock Creek 
and Durham WWTPs for ammonia removal in 
response to the ammonia TMDL. The schedule for 
these upgrades at both WWTPs was approximately the 
same as for the two-stage alum process for phosphorus 
removal. With this additional treatment process in 
place, ammonia concentrations in effluent from the 
Rock Creek WWTP were reduced by more than an 
order of magnitude (fig. 18B). Median concentrations 
decreased from over 10.0 mg/L in 1986 to less than 1.0 
mg/L during 1991-93. With the maximum treatment in 
effect at Durham during 1992, the median ammonia 
concentrations were about 0.10 mg/L, although they 
ranged much higher during 1991 and 1993.

Effluent concentrations of nitrate are very high 
when these WWTPs maintain nitrification for ammo­ 
nia removal, making nitrate the largest component of 
total nitrogen in the effluent. As a consequence of the 
nitrification process, effluent from the Rock Creek 
WWTP consistently contained nitrate nitrogen concen­

trations around 10 mg/L; similar concentrations of 
nitrate were observed in the Durham WWTP effluent 
during 1992 (Appendix B). In 1991 and 1993, however, 
nitrate concentrations fluctuated over an order of mag­ 
nitude according to the efficiency of the WWTP nitrifi­ 
cation process.

Specific conductance and chloride concentra­ 
tions in WWTP effluent tend be relatively high com­ 
pared to other major sources to the main-stem river. 
Because these constituents are associated primarily 
with WWTP effluent, they function as a useful signa­ 
ture for the influence of the WWTPs. In effluent from 
the Rock Creek and Durham WWTPs during this study, 
specific conductance was generally in the range 
between 500 and 800 |iS/cm. Similarly, chloride con­ 
centrations were also elevated, ranging between 30 and 
50 mg/L in effluent from the Rock Creek WWTP, and 
between about 40 to 70 mg/L in effluent from Durham.

Diel Variability

In addition to fluctuations in daily or seasonal 
nutrient loads, WWTPs also exhibit a diel fluctuation in 
loading. WWTP diel variability is primarily tied to 
variability in effluent discharge over the 24-hour 
period, although nutrient concentrations also vary 
throughout the day. During a 24-hour survey at the 
Durham WWTP on July 10-11,1991, both the volume 
of effluent discharge and the concentrations of total 
phosphorus and ammonia were largest during the day­ 
light hours between 0800 and 1900 (table 10). As a 
result, the largest loads of both constituents were 
observed during this time. During the night, between 
2000 and 0700, discharge and concentrations were less, 
with a concomitant reduction in loading.

Diel variability in nutrient loading from WWTPs 
can be a potential sampling issue during low-flow peri­ 
ods when streamflow is sluggish, preventing longitudi­ 
nal dispersion of loads for several miles downstream. 
To evaluate the extent of this effect, data were com­ 
pared from morning and afternoon samples taken at 
four main-stem river sites during the low-flow period in 
1992 (fig. 19). Large differences were observed in the 
median values for those constituents primarily associ­ 
ated with WWTP effluent at RM 8.7, just downstream 
of the Durham WWTP. A difference of about 25 fiS/cm 
in the median measurement of specific conductance 
was observed, with higher values measured in samples 
taken during the afternoon. A similar difference was 
observed at this site for chloride (approximately 2.5 
mg/L) and nitrate nitrogen (about 1 mg/L). The travel
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Table 10. Summary of hourly effluent discharge measurements, and concentrations and loads of total phosphorus and 
ammonia nitrogen, from a 24-hour survey at the Durham Wastewater Treatment Plant (The survey began at 0800 on 
July 10, 1991 and ended at 0700 on July 11, 1991.)
[Discharge in million gallons per day; mg/L, milligrams per liter; Ib/d, pounds per day]

Time period

0800-1300

1400-1900

2000-0100

0200-0700

Mean discharge

15.9

17.3

15.2

10.0

Total phosphorus 
(mg/L)

2.80

1.30

.890

1.13

Total phosphorus 
(Ib/d)

372

188

113

94

Ammonia nitrogen 
(mg/L)

15.9

13.4

13.0

12.7

Ammonia nitrogen 
(Ib/d)

2,110

1,940

1,650

1,060

0 GO 0 
t-> O uJ 
0 OC CC.

300

250

150

100

(55) (57) (47) (41) (55) (54) (55) (57)

AM PM 
RM5.5

AM PM 
RM8.7

AM PM 
RM 16.2

AM PM 
RM 26.9

22 
20 -

"-1 ic 
o_ lb
oo
^ 14 
<
c| 12 

=! 10

(14) (14) (14) (14) (14) (14) (14) (14)

AM PM 
RM5.5

AM PM 
RM8.7

AM PM 
RM 16.2

B

AM PM 
RM 26.9

0.5 
cc
UJ

ri 0.4
cc.
UJ 
Q_
oo 0.3

o 0.2

i 0.1

(14) (14) (14) (14) (14) (14) (14) (14)

AM PM 
RM5.5

AM PM 
RM8.7

AM PM 
RM 16.2

AM PM 
RM 26.9

0.5 
cc

. UJ

2^ O-4

o £

(14) (14) (14) (14) (14) (14) (14) (14)

AM PM 
RM5.5

AM PM 
RM8.7

AM PM 
RM 16.2

AM PM 
RM 26.9

(14) (14) (14) (14) (14) (14) (14) (14)

t:5 4 
z cc
UJ UJ

!< oo 3

AM PM 
RM5.5

AM PM 
RM8.7

AM PM 
RM 16.2

AM PM 
RM 26.9

90th 
75th 

Median 
25th 

10th

EXPLANATION

Percentile

° Data values outside the 10th and 
90th percentiles

(14) Number of observations

Figure 19. Comparison of specific conductance, chloride, total phosphorus, ammonia nitrogen, and nitrite plus nitrate from 
morning (AM) and afternoon (PM) samples taken at selected river miles (RM) in the Tualatin River, Oregon, May-October 
1992. (A) Specific conductance, (B) Chloride, (C) Total phosphorus, (D) Ammonia nitrogen, and (£) Nitrite plus nitrate nitrogen.
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time between Durham and RM 8.7 during this period 
was about 7 hours, so that samples taken during the 
morning reflected effluent discharged during the mid­ 
dle of the night, when loads from the WWTP were rel­ 
atively small. In contrast, samples taken during the 
afternoon reflected effluent discharged around 0900 in 
the morning, when nutrient loads were relatively large. 

Differences were not observed at any of the other 
sites for any of the nutrient species, with one exception. 
Median concentrations of ammonia and nitrate were 
reduced in the afternoon compared to the morning at 
RM 26.9. It is unclear that these differences were a 
result of diel variability in WWTP loading, however, 
because no significant diel differences were observed 
at this site for specific conductance or chloride.

Diversions

Diversion of water from a water body results in a 
net loss of water and nutrients from the system. The 
largest diversion of water in the Tualatin River, ranging 
from 30 to 40 percent of the water volume in the upper 
river, occurs at the Springhill Pumping Plant (RM 
56.1). Total nutrient concentrations are relatively low 
in this region of the river because the sources of water 
are typically the most dilute in the basin: the headwa­ 
ters of the main-stem river, Gales Creek, and stored 
water from Henry Hagg Lake through Scoggins Creek. 
Below this point, inflows of water from Dairy Creek, 
Rock Creek, and the Rock Creek WWTP, as well as 
numerous smaller tributaries, are characterized by rel­ 
atively large nutrient concentrations. As a result of the 
removal of such a large proportion of water volume in 
the upper main-stem river, the effect of the sources far­ 
ther downstream on phosphorus concentrations in the 
river is increased. Diversion of water through the 
Springhill Pumping Plant, therefore, reduces the poten­ 
tial for dilution of nutrient sources farther downstream.

The second major diversion occurs in the lower 
river, at RM 6.7, where the Oswego Canal transfers 
water into Lake Oswego. At this point in the main-stem 
river, below all the major WWTP and tributary sources, 
nutrient concentrations are relatively high, especially 
phosphorus. Consequently, diversion of this water 
serves as a significant reduction in the phosphorus load. 
The overall effect on water quality in the main-stem 
river is slight, however, because the withdrawal does 
not directly affect nutrient concentrations.

Similarly, withdrawal of water directly from the 
river by individual water users has a negligible effect 
on nutrient concentrations because the total volume of

water withdrawn is relatively small and is distributed 
over many miles instead of concentrated in one loca­ 
tion.

Main-Stem River

Water samples were routinely collected at main- 
stem river sites from the upper 10 feet of the water col­ 
umn. Data from these samples provide an overview of 
concentration patterns in the river over the length of the 
study reach and demonstrate the influence of major 
inputs, including tributaries and WWTPs. The extent of 
thermal stratification in the lower river, and the poten­ 
tial effect of stratification on loading of nutrients from 
the bottom sediments, were assessed with data from 
samples collected from the deeper water in the lower 
river during specific time periods.

Chloride concentrations in the surface waters of 
the Tualatin River during the summer months were 
governed primarily by effluent from the Rock Creek 
and Durham WWTPs (fig. 20A). The median value for 
chloride was low at RM 58.8 (less than 5 mg/L) 
because of the influence of water from Henry Hagg 
Lake. Farther downstream at RM 36.8, however, just 
below the Rock Creek WWTP, the median chloride 
concentration increased to about 10 mg/L. Median val­ 
ues remained fairly steady downstream until RM 8.7, 
below the Durham WWTP, where they increased again 
to nearly 15 mg/L or more.

In contrast, concentrations of total phosphorus in 
the upper 10 feet of the main-stem river during this 
study were governed largely by inputs between RMs 
58.8 and 38.1, with negligible influence from the 
WWTPs (except for Durham in 1991 and 1993). 
Median concentrations of total phosphorus increased 
steadily in the upper river from 0.03 mg/L at RM 58.8 
to approximately 0.1 mg/L at RM 38.4, exceeding the 
TMDL criterion concentration for the lower river of 
0.07 mg/L during all 3 years (fig. 20B). Downstream of 
RM 38.4, the median concentration of total phosphorus 
remained nearly constant at about 0.1 mg/L during 
1992, increasing to about 0.15 mg/L with the inflow of 
effluent from Durham in 1991 and 1993. A parallel pat­ 
tern of increase in soluble orthophosphate in the upper 
river was observed (fig. 20C). Median concentrations 
of orthophosphate decreased somewhat in the lower 
river, especially during 1992, presumably as a conse­ 
quence of algal uptake. The low streamflows and prev­ 
alent sunny skies during that year generated highly 
favorable conditions for the growth of algae in the
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lower river below RM 26.9, consistent with the 
observed depletion of orthophosphate concentrations. 

Concentrations of nitrogen, on the other hand, 
were closely tied to WWTP effluent in a pattern similar 
to that for chloride. Nitrate was consistently the pri­ 
mary component of total nitrogen, comprising approx­ 
imately 60 to 80 percent (fig. 20D, E, and F). Median 
nitrate nitrogen concentrations increased from about 
0.3 mg/L at RM 58.8 to greater than 1 mg/L below the 
Rock Creek WWTP, increasing still further down­ 
stream of the Durham WWTP to 2 to 3 mg/L. Ammo­ 
nia concentrations, in contrast, were generally low 
relative to the TMDL criterion concentrations through­ 
out the river (fig. 20E). Between RM 5.5 and the 
mouth, a distinct decline in median ammonia concen­ 
tration was observed, more pronounced in 1991 when 
ammonia concentrations were relatively large, suggest­ 
ing nitrification in the shallow reach below the diver­ 
sion dam at RM 3.4. The corresponding increase in 
nitrate was not clearly detectable, however, because it 
was small relative to the nitrate concentration already 
present.

Thermal Stratification

In the lower river (RM 33.3-3.4), thermal strati­ 
fication can occur during the summer as a result of high 
solar insolation and sluggish streamflow. The stream 
depth is irregular in this reach of the river, especially 
downstream of RM 12, and is characterized by pools 
deeper than 12 feet that are separated by relatively shal­ 
low sills. The extent of thermal stratification in these 
pools was estimated by the degree of oxygen depletion 
with depth, because sediment oxygen demand tends to 
deplete oxygen in the deeper water during extended 
periods of thermal stratification in the water column. 
To gauge the persistence of stratification through the 
night, oxygen measurements taken during the morning 
only were examined at four main-stem sampling sites 
(RMs 16.2, 11.6, 8.7, and 5.5). Depth profiles indicate 
that the streambed at these sites represents typical con­ 
ditions within their respective regions of the river.

No evidence for persistent thermal stratification 
was observed at two of the sites, RM 16.2 and RM 8.7. 
At the other two sites, RM 11.6 and RM 5.5, morning 
concentrations of DO near the river bottom were 
observed on occasion to be less than 1 mg/L. The fre­ 
quency of oxygen depletion was significantly greater at 
RM 5.5, observed on 46 percent of the sampling visits, 
compared to 10 percent of the sampling visits at RM 
11.6. Streambed conditions at RM 5.5 generally repre­

sent average conditions for the reach between RM 3.8 
and 6.5; the stratification observed at RM 5.5, there­ 
fore, presumably affects most of the 3-mile reach 
upstream of the diversion dam. Although shallow areas 
less than 12 feet in depth do occur periodically 
throughout this reach, they are uncommon. Most of this 
reach has depths greater than 15 feet, with some depths 
extending below 18 feet just upstream of the dam.

Routine temperature measurements taken 
throughout the study indicate that the duration of ther­ 
mal stratification at RM 5.5 varied from year to year, 
with the longest period observed during 1992 (fig. 21). 
The maximum temperature difference that was 
observed was not large, with temperatures ranging 
between 22°C at the surface to 18°C near the stream 
bottom. Nonetheless, the density gradient was stable 
enough to create a distinct hypolimnion that was sepa­ 
rated from the upper water for prolonged periods of 
time during June, July, and August in 1992. The length 
of time was less in 1991, although it extended through 
most of July and August. The period of stratification 
was limited to only a few weeks in August in 1993, pre­ 
sumably because of the higher streamflow early in the 
summer during that year. During these periods of ther­ 
mal stratification, oxygen depletion in the deeper water 
was significant, typical of eutrophic systems (fig. 22). 
The extent of the anoxic zone was generally confined 
to depths below 12 feet.

Loading from Sediments

Water samples were collected from the hypolim­ 
nion at six sites between RM 11.6 and the diversion 
dam at RM 3.4, on July 20,1992, to evaluate the poten­ 
tial for significant loading of nutrients from the bottom 
sediment during stratified conditions (table 11). Dis­ 
crete samples from various depths were taken at a num­ 
ber of sites in this reach. Thermal stratification and 
oxygen depletion in the deep water were well estab­ 
lished at RM 5.5 on this date (fig. 21 and 22). Elevated 
concentrations of total phosphorus greater than 1.5 mg/ 
L were observed at two sites, RM 5.5 and RM 4.0, at 
depths of 18 and 21 feet respectively. These anoxic 
samples also contained elevated concentrations of 
ammonia nitrogen (>3 mg/L) and iron (13.0 and 7.9 
mg/L, respectively), most of which was in the dis­ 
solved or ferrous form. Nitrate concentrations were 
very low.

In samples taken higher in the water column, 
near the upper boundary of the oxygen-depleted water 
(about 12 feet depth), phosphorus concentrations were

54 Sources and Transport of Phosphorus and Nitrogen During Low-Flow Conditions in the Tualatin River, Oregon, 1991-93
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Figure 21. Water temperature (in degrees Celsius) in the Tualatin River, Oregon, at river mile 5.5 during May-October 
1991-93. Darker shading indicates higher temperatures.
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Figure 22. Dissolved oxygen concentration (in milligrams per liter) in the Tualatin River, Oregon, at river mile 5.5 during May- 
October 1991-93. Darker shading indicates higher concentrations.
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much lower (0.10 mg/L at RM 5.5). At RM 4.0, con­ 
centrations in the upper water were reduced still fur­ 
ther, by more than an order of magnitude (0.22 mg/L at 
17 feet and 0.03 mg/L at 13 feet). Similarly, concentra­ 
tions of total iron were significantly less in the samples 
collected from more shallow depths at both sites; con­ 
centrations decreased by more than one order of mag­ 
nitude in samples collected higher in the water column, 
with a larger proportion of particulate iron. Ammonia 
concentrations decreased in the same fashion, whereas 
nitrate concentrations increased considerably.

A comparison of concentration data from surface 
and hypolimnetic samples from RM 5.5 during the 
months of July and August in 1991 and 1992 confirms 
these results (fig. 23). Concentrations of total phospho­ 
rus were consistently on the order of 0.1 to 0.2 mg/L in 
the surface samples, whereas the median concentration 
in the hypolimnion samples was 0.5 mg/L and some 
values ranged up to 1.9 mg/L. A similar pattern was 
observed for iron. Ammonia concentrations were also 
much smaller in the surface waters, while nitrate 
showed the reverse pattern.

These results suggest that significant release of 
phosphorus and ammonia from the sediment into the 
Tualatin River does occur under anoxic conditions, 
although loading is apparently limited to water within 
a few feet of the river bottom when the water column is 
stratified. A clear concentration gradient is established 
in the hypolimnion, with higher concentrations of 
phosphorus and ammonia near the bottom sediments 
that progressively decline in the upper regions near the 
transition to the overlying epilimnetic waters. In the 
regions of the river that undergo stratification, there­ 
fore, loading of these constituents from the sediments 
is confined to a small volume of water in the bottom of 
deep pools, which are isolated from one another and do 
not circulate extensively with the overlying water. In 
addition, persistent stratification occurs in relatively 
limited reaches of the river, mostly within a few miles 
just above the Oswego diversion dam. The potential for 
nutrient loading from the sediments in other areas was 
not measured, although it is probably limited by the 
absence of persistent stratification.

MASS BALANCE

Mass balances for chloride, total phosphorus, 
orthophosphate, total nitrogen, TKN, ammonia, and 
nitrate were generated for the main-stem Tualatin River 
based upon all the routinely measured surface-water

sources to the river. The balances were determined 
using data only from the selected low-flow periods (fig. 
12) in order to minimize the effect of streamflow vari­ 
ability. For sites with measured streamflow data, the 
daily load associated with every sample was calculated 
by multiplying the measured concentration by the 
streamflow; these values were averaged over the low- 
flow period to determine the mean load for the site for 
each period. For main-stem sites with estimated 
streamflow, the measured concentration values were 
averaged for each low-flow period to produce a mean 
concentration, which was multiplied by the estimated 
streamflow to determine the estimated mean load. For 
the purpose of this analysis, concentration values less 
than the minimum reporting limit (MRL) were 
assumed equal to one-half of the MRL.

Measured and estimated mean loads, described 
as observed loads, at the main-stem sampling sites 
were compared to the calculated sum of mean inputs 
and withdrawals (fig. 24). Error bars in the figures were 
defined for the observed loads (a=0.05); errors in the 
calculated loads were based upon the standard error of 
the mean for the various sources, and propagated 
downstream using standard propagation of error tech­ 
niques (Miller and Miller, 1988). From these figures, it 
is possible to ascertain whether significant (a=0.05) 
sources or sinks are unaccounted for in the budget for 
each constituent and to estimate the range of missing 
loads. A tabular summary of the total phosphorus bud­ 
get is also included because it is a constituent of pri­ 
mary interest in the Tualatin River (table 12).

Chloride

Chloride was chosen as a conservative tracer 
because it is not involved in processes of transforma­ 
tion or loss as it moves through the river system. As a 
consequence, the chloride balance provides a relatively 
unambiguous measure of how accurately the sources 
are accounted for in the budget. Loading of chloride 
was clearly dominated by effluent from the WWTPs, 
which discharged loads between 5,000 and 7,000 Ib/d 
(pounds per day), while chloride loading from other 
sources was comparatively low (fig. 24A). In general, 
observed chloride loads were larger than calculated 
loads for much of the river during all 3 years, suggest­ 
ing that not all the sources of chloride were accounted 
for by the budget. Significant differences between the 
observed and calculated loads were consistently 
detected in the upper river, especially for 1993. These
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differences, defined as surplus or observed loads that 
are not accounted for by the sources in the budget, 
equalled about 700 Ib/d at RM 38.4 in 1991 and 1992, 
andl,0001b/dinl993.

The observed load at RM 36.8 that was less than 
the calculated load in 1991 is almost certainly the result 
of sampling bias and the diel variability in effluent 
from the Rock Creek WWTP, located less than 2 miles 
upstream. This site was sampled only in the morning, 
thereby only capturing the influence of effluent dis­ 
charged during the middle of the night. Because the 
calculated loads are based upon mean daily data from 
the WWTPs, they tend to be larger. Significant surplus 
chloride loads ranging from about 1,000 to 2,000 Ib/d 
were maintained throughout the lower river during 
1991 only; although chloride surpluses remained 
apparent in the lower river during 1992 and 1993, they 
were not statistically significant.

Phosphorus and Nitrogen

In contrast to the conservative nature of chloride, 
the balances for phosphorus and nitrogen depend upon 
a complex variety of biological and chemical processes 
that occur as the water moves downstream. Observed 
loads represent the net effect of these various transfor­ 
mations. The balances for total phosphorus and total 
nitrogen provide a description of the overall transport 
characteristics for these constituents. Finer detail con­ 
cerning the transformation processes that shift the 
forms of phosphorus and nitrogen during passage 
downriver, and which vary in importance in different 
regions of the river, is provided by analysis of the bal­ 
ances for the individual nutrient species (orthophos- 
phate, TKN, ammonia, and nitrate).

Significant surplus loads of total phosphorus 
were observed for many of the main-stem sites during 
all 3 years, indicating that an important source for 
phosphorus was missing from the budget (fig. 24B). 
These surplus loads were generally well established in 
the upper river at RM 44.4 at around 10 to 20 Ib/d; the 
largest surpluses were observed between RMs 16.2 and 
11.6 and ranged between 24 and 51 Ib/d (table 12). 
During 1992, significant phosphorus surpluses were 
maintained throughout the length of the river down­ 
stream to the mouth. It was not possible to statistically 
distinguish between observed and calculated loads 
downstream of RM 9.3 during 1991 and 1993, how­ 
ever, because of the large and highly variable phospho­ 
rus loads with their associated uncertainties that were

discharged from the Durham WWTP during those 
years. The mass balance for orthophosphate in the 
upper river was similar to that for total phosphorus; sig­ 
nificant surplus loads were detected at RM 44.4 and 
gradually increased to 13 to 18 Ib/d at RM 26.9 (fig. 
24C). These surpluses were not maintained farther 
downstream, however, but decreased until they were no 
longer detectable, generally by RM 11.6.

A primary source of phosphorus that is not 
included in these nutrient budgets is the input of phos­ 
phorus-enriched ground water directly to the main- 
stem river. The significant surpluses that were observed 
in the water budgets for the upper river and the high 
concentrations of phosphorus that were detected in 
ground water are consistent with the significant surplus 
loads of phosphorus that were generally well estab­ 
lished by RM 38.4. Additionally, the fraction of total 
phosphorus load as soluble orthophosphate increased 
between RMs 58.8 and 26.9 from about 30 to 50 per­ 
cent. Because phosphorus is transported in ground 
water predominantly as inorganic orthophosphate in 
the dissolved phase, these results are consistent with an 
input of phosphorus from ground water to the upper 
river. The surplus chloride loads that were observed at 
RM 38.4 also suggest the influence of ground water in 
the upper river; elevated chloride concentrations 
(greater than 300 mg/L) were observed in two domestic 
wells, indicating the presence of some saline ground 
water in the basin (fig. 17).

Downstream of RM 26.9, the decline of the sur­ 
plus loads of orthophosphate is an effect of phy- 
toplankton uptake, which is associated with the 
concomitant rise in chlorophyll a concentrations that 
was consistently observed downstream of that site (fig. 
5). The percentage of total phosphorus as orthophos­ 
phate typically decreased from about 50 percent to 30 
percent by RM 11.6, reflecting the incorporation of sol­ 
uble phosphorus into algal particulates. Surplus loads 
of total phosphorus in the downstream direction to RM 
16.2 or 11.6 were generally stable, indicating that any 
losses of algae by settling were offset by phosphorus 
inputs from ground-water discharge or sediment 
release. Farther downstream of RM 11.6, the large 
loads of phosphorus that were discharged from the 
Durham WWTP (RM 9.3) in 1991 and 1993 obscured 
the clear algal signal that was observed in the surplus 
loads of total phosphorus upstream. Only in 1992 were 
these surplus loads preserved throughout the length of 
the lower river.
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Significant surplus loads of total nitrogen gener­ 
ally did not occur, indicating that the major sources and 
sinks of nitrogen were included in the budget (fig. 
24D). The major process influencing the transport of 
total nitrogen in the Tualatin River was the simple 
advection of inputs downstream. Observed nitrogen 
loads were significantly different from the calculated 
loads at only two sites, RMs 5.5 and 0.2 during 1992, 
suggesting an unaccounted sink for nitrogen in that 
region of the river during that period. The observed dis­ 
crepancy for total nitrogen at RM 36.8 in 1991 was an 
artifact of diel loading variability from the Rock Creek 
WWTP, similar to the anomalous chloride load at that 
site previously discussed.

While total nitrogen acted essentially as a con­ 
servative constituent, significant differences were 
found between observed and calculated loads for the 
different forms of nitrogen. Significant surpluses of 
TKN occurred at one or more sites during all 3 years, 
and were especially pronounced in 1992 (fig. 24E). In 
contrast, observed ammonia loads were significantly 
less than calculated loads at a number of sites for every 
year (fig. 24F). Although only a few significant differ­ 
ences occurred between observed and calculated loads 
for nitrate, losses of nitrate were also observed in 1992 
and 1993 (fig. 24G). A complex interplay of factors is 
associated with the distribution of nitrogen among 
these different forms. These include the dynamics of 
algal and bacterial processes in addition to the charac­ 
ter of nitrogen loads in effluent from the WWTPs, 
clearly the dominant source for nitrogen.

The effect of the incorporation of inorganic 
nitrogen into algal populations is reflected in the sur­ 
plus TKN loads that develop in the reaches where phy- 
toplankton populations are large (fig. 24E). The effect 
of algal growth on ammonia, frequently the preferred 
form of nitrogen for algal uptake, is less straightfor­ 
ward. The initial decline in ammonia loads that consis­ 
tently developed in the region between RMs 23.3 and 
16.2 is similar to the pattern observed for orthophos- 
phate (fig. 24F). The subsequent increases in ammonia 
loads farther downstream at RM 11.6, however, sug­ 
gests that uptake of ammonia by algae was being coun­ 
terbalanced by another ammonia source. Although 
influx of ground water to the lower river cannot be dis­ 
counted as a contributing factor, the water budgets indi­ 
cate that little surplus water enters the river 
downstream of RM 33.3. Furthermore, a significant 
sediment oxygen demand has been observed through­ 
out the lower river (Rounds and Doyle, 1997). These

sediment decomposition processes may be a source for 
a small amount of ammonia to this region of the river, 
too small to be significant relative to the much larger 
loads of total nitrogen already present. Farther down­ 
stream, below the large loads of ammonia that were 
discharged from the Durham WWTP in 1991 and 1993, 
the observed losses of TKN and ammonia were proba­ 
bly the result of nitrification in the shallow reach below 
RM 3.4.

The balances for nitrate (fig. 24G), typically the 
primary nitrogen constituent in WWTP effluent, are 
generally similar to those for total nitrogen. The nitrate 
losses that were observed may be attributed to some 
combination of algal uptake and denitrification in the 
anoxic regions of the sediment. Significant nitrate 
losses persisted as far upstream as RM 16.2 in 1992, 
concomitant with the low streamflow and generally 
warm and sunny conditions that occurred during that 
year. In 1993, significant nitrate losses were observed 
only at RM 8.7 and 5.5, and the pattern was reversed by 
RM 0.2. This increase in nitrate load may be associated 
with nitrification of the large ammonia load from the 
Durham WWTP late in 1993, when ammonia com­ 
prised about 45 percent of the total nitrogen load.

Relative Importance of Phosphorus and 
Nitrogen Sources

Perspective on the relative importance of the var­ 
ious measured and unmeasured nutrient sources to the 
river is necessary for effective water-quality manage­ 
ment within the basin. This perspective is provided by 
pie charts that represent the sources of water, phospho­ 
rus, total nitrogen, and ammonia in proportion to one 
another. Pie charts were generated for the reach extend­ 
ing from RMs 51.5 to 16.2 during the low-flow period 
in 1992, including data from the synoptic survey (fig. 
25). The synoptic reach was extended from RM 26.9 to 
RM 16.2 assuming conditions were comparable to 
those observed upstream. The entire "pie" in the charts 
represents the values for streamflow and loads of total 
phosphorus, nitrogen, and ammonia observed at RM 
16.2, plus the addition of estimates for water and loads 
that were withdrawn for irrigation within the specified 
reach.

The volume of missing streamflow input to the 
main-stem channel between RM 51.5 and RM 16.2 was 
determined to be 10 ft3/s, a relatively small fraction (6 
percent) of the total volume of streamflow input to the 
reach (fig. 25A). In contrast, the load of missing phos-
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A. Streamflow
Other sources 

Tile drains 10 (60%) 
2.1 (1.3%) 

Small tributaries 
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Rock Creek
Waste water

Treatment Plant
21.7(13%)

Rock Creek 
9.8(5.9%)

Jackson Slough'
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1.2(0.7%)

B. Total phosphorus

Other sources 
23(24%)

Upstream inflow
at river mile 51.5

96(57%)

Dairy Creek 
20(12%)

Tile drains 
3.5(3.6%)

Small tributaries 
6.3 (6.6%)

Rock Creek
Wastewater

Treatment Plant
3.7(3.9%) Rock Creek 

12.6(13%)

Upstream inflow
at river mile 51.5

25 (26%)

Dairy Creek 
12.7 (13%)

Jackson Slough
plus Miller Swale

9.2(9.6%)

C. Total nitrogen
Tile drains

Small tributaries 50(2.6%) 
60(3.1%)

Upstream inflow 
at river mile 51.5 

200(10%)
Dairy Creek 
100(5.1%)

Jackson Slough 
plus Miller Swale

20(1.0%) 
Rock Creek 

50 (2.6%)

Rock Creek
Wastewater

Treatment Plant
1480(76%)

D. Ammonia nitrogen
Tile drains 
1.6(3.0%! 

Small tributaries 
6.7(13%)

Upstream inflow
at river mile 51.5

9.3(18%)

Rock Creek
Wastewater

Treatment Plant
19.8(37%)

Dairy Creek 
4.2(7.9%)

rJackson Slough
plus Miller Swale

9(17%)

Rock Creek 
2.3(4.3%)

Figure 25. Budgets for streamflow, total phosphorus, total nitrogen, and ammonia nitrogen in the Tualatin River, Oregon, 
between river miles 51.5 and 16.2 during the summer low-flow period, 1992. The entire pie represents the estimated value at 
river mile 16.2 plus withdrawals for irrigation. (A) Streamflow, in cubic feet per second; (B) Total phosphorus, in pounds per 
day; (C) Total nitrogen, in pounds per day; and (D) Ammonia nitrogen, in pounds per day.

phorus was approximately 23 Ib/d, accounting for 
nearly 25 percent of the total phosphorus load (fig. 
25B). The load contributed from the Rock Creek 
WWTP, the source which is most amenable to manage­ 
ment control, was among the smallest fractions of the 
total load (about 4 percent). Inputs from the Hillsboro 
WWTP via Jackson Bottom represented nearly 10 per­ 
cent, reflecting the relatively high loads in Miller Swale 
during 1992. Loadings from the two major tributaries 
(Dairy and Rock Creeks) were slightly larger, 13 per­ 
cent of the total each. Although no single source dom­ 
inated the phosphorus budget during this period, the

unaccounted load, presumably from ground water, was 
nearly the largest component in the budget, comparable 
to the incoming loads from the upstream reach. In con­ 
trast, loading of nitrogen was overwhelmingly domi­ 
nated by effluent from the Rock Creek WWTP (fig. 
25C). About 75 percent of the total nitrogen in the river 
was contributed from this one source, which was pre­ 
dominantly in the form of nitrate. Loading of ammonia, 
less than 3 percent of the total nitrogen load during this 
period, was roughly equivalent between point and non- 
point sources (fig. 25D). A small fraction, about 1 per­ 
cent, of the Rock Creek nitrogen load was in the form
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of ammonia during this period, reflecting the efficiency 
of the WWTP nitrification process.

These results highlight a critical difference 
between managing the sources of phosphorus and of 
nitrogen by enforcement of TMDLs in the Tualatin 
River. Reduction in nutrient loads depends upon iden­ 
tification of the important sources; furthermore, these 
sources must be subject to influences that can be reme­ 
died. The results of this study demonstrate that the 
most significant source of phosphorus to the main-stem 
river may be direct input of a relatively small volume 
of ground water, naturally enriched with phosphorus by 
the geologic characteristics of the basin. Additionally, 
the close correspondence that was observed between 
the tributaries and ground water suggests naturally 
enriched "background" conditions for phosphorus in 
the streams throughout the basin that are not amenable 
to management control. As a consequence, while appli­ 
cation of Best Management Practices have been appro­ 
priate and effective in reducing phosphorus loads that 
exceed background levels, they are not likely to result 
in significant future reductions in phosphorus loads 
during low-flow conditions. Similarly, additional mea­ 
sures to restrict loading of phosphorus from the 
WWTPs are likely to have a negligible effect since the 
WWTP contribution is already small.

In contrast, the influence of the WWTPs is 
clearly the most important factor determining the load­ 
ing of ammonia to the Tualatin River. Ground water is 
not a significant source of nitrogen in general, and 
other surface-water sources contribute relatively small 
proportions of the total nitrogen load. Consequently, 
implementation of TMDLs that limit the discharge of 
nitrogen as ammonia from the WWTPs to the river is 
the most effective means to control ammonia within the 
main-stem river.

SUMMARY

In the late 1980s, the Tualatin River, a major trib­ 
utary to the Willamette River in northwest Oregon, 
experienced significant water-quality problems that 
impacted the designated beneficial uses during May 
through October. Nuisance algal blooms resulted in 
fluctuations in oxygen concentrations and pH condi­ 
tions; reduction of phosphorus concentrations was 
determined to be the most effective control mechanism 
for these conditions. Elevated ammonia concentrations 
also contributed to low dissolved oxygen concentra­ 
tions. Because designated beneficial uses were not

being met, the Oregon Department of Environmental 
Quality (ODEQ) established Total Maximum Daily 
Loads (TMDLs) for phosphorus and ammonia in the 
Tualatin Basin, as required by the Clean Water Act. As 
a consequence, the U.S. Geological Survey and the 
Unified Sewerage Agency cooperated in a study during 
1991-93 to evaluate sources and loading of phosphorus 
and ammonia to the main-stem river during the sum­ 
mer. The maximum TMDL criterion concentrations 
established for total phosphorus and ammonia were 
used to determine the significance of the various 
sources to the river.

Detailed mass balances for water during summer 
low-flow conditions showed that significant (a=0.05) 
surpluses of water occurred when observed conditions 
in the main-stem river were compared to measured 
sources and sinks. More water was consistently deliv­ 
ered to the main-stem river than could be accounted for 
by surface-water sources in the basin. The potential for 
ground-water discharge directly to the main-stem river 
channel was demonstrated by positive upward pres­ 
sure, which was widely observed in ground water adja­ 
cent to and underneath the river. Although the high silt 
and clay content of the channel bottom tends to retard 
ground-water influx, direct seepage of ground water in 
the main-stem river was observed. Measured seepage 
rates ranged from 0.1 L/m"/d (liters per square meter 
per day) to as high as 200 L/m2/d. Results from wells 
located within the river channel suggest a complex 
interaction exists between deep (regional) and shallow 
(local) ground-water systems beneath the streambed.

Concentrations of phosphorus in ground water 
throughout the basin were very high relative to 0.07 
mg/L, the TMDL criterion for total phosphorus in the 
lower main-stem river. Concentrations generally 
ranged between 0.1 and 0.3 mg/L in shallow ground 
water, to nearly 1.0 mg/L in deep ground water, with a 
maximum concentration of greater than 2 mg/L. 
Ammonia nitrogen concentrations were generally less 
than the lower main-stem TMDL of 0.85 to 1.0 mg/L, 
with median values of 0.22 and 0.55 mg/L for shallow 
and deep ground water, respectively. The highest con­ 
centrations were found near the interface between the 
two major geologic strata in the basin: the upper cata­ 
strophic flood deposits and the deeper Sandy River 
Mudstone equivalent. Decomposition of the large 
amounts of organic material buried at the interface 
between these strata and the presence of minerals rich 
in phosphorus below the flood deposits probably con-
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tribute to the elevated concentrations of phosphorus 
and ammonia in deep ground water.

Concentrations of total phosphorus in Tualatin 
River tributaries were generally between 0.1 and 0.3 
mg/L, consistently greater than the TMDL criterion 
concentration for the lower river. The similarity 
between phosphorus concentrations in tributaries and 
shallow ground water indicates a direct link between 
shallow ground water and tributaries during summer 
low-flow conditions. This relationship is corroborated 
by the relatively large proportion, from 25 to more than 
60 percent, of total phosphorus in the tributaries that 
was in the dissolved form as orthophosphate. In con­ 
trast, concentrations of ammonia in the tributaries were 
fairly consistent and low, generally less than the TMDL 
criteria. Most of the nitrogen in the streams was in the 
form of nitrate or organic nitrogen. The forms of nitro­ 
gen in various sources to the river are apparently gov­ 
erned primarily by environmental factors, especially 
the availability of dissolved oxygen.

Improvement of land management practices was 
observed to have a measurable effect on nutrient con­ 
centrations in some of the smaller tributary basins. Ele­ 
vated concentrations of phosphorus and ammonia (1.0 
mg/L and higher) that were observed in two streams in 
1991 and 1992 were reduced in 1993 as a result of the 
application of Best Management Practices. In general, 
however, the influence of land use on phosphorus con­ 
centrations was determined to be less important than 
the effect of geology. Increased streamflow during the 
early summer resulted in little increase in nutrient con­ 
centrations during the study period. A shift in phospho­ 
rus to a higher particulate fraction was measured, 
indicating that increased surface runoff may deliver 
more particulate phosphorus eroded from soils to the 
streams in the basin. Under baseflow conditions later in 
the summer, dissolved phosphate was the predominant 
form of phosphorus, indicating that input from ground 
water was the primary influence in the tributaries.

Total phosphorus concentrations in effluent from 
the two large wastewater treatment plants (WWTPs) 
that discharge to the Tualatin River during the summer 
were highly variable, depending upon the extent of 
treatment. Full implementation of advanced nutrient 
removal produced phosphorus concentrations that were 
less than the TMDL limits, although construction 
activity at the WWTPs reduced the efficiency of treat­ 
ment for extended periods during the study. Concentra­ 
tions ranged as high as 1 to 3 mg/L under these 
conditions. Ammonia concentrations also fluctuated

widely depending upon treatment efficiency; typical 
values were less than 1 mg/L with complete treatment, 
although maximum values reached 10 mg/L otherwise.

In the main-stem Tualatin River downstream 
from about river mile (RM) 40, concentrations of total 
phosphorus consistently exceeded the TMDL criterion 
concentration (median value approximately 0.1 mg/L). 
Ammonia concentrations, in contrast, were generally 
very low relative to the TMDL criteria, except for a few 
occasions when wastewater treatment plant efficiencies 
had been compromised. Elevated concentrations of 
phosphorus (greater than 1.5 mg/L) and ammonia 
nitrogen (greater than 3 mg/L) were observed on occa­ 
sion in deep waters of the lower river, associated with 
thermal stratification and anoxic conditions that occur 
periodically in isolated pools. Little evidence was 
found for extensive loading of nutrients from sedi­ 
ments into the overlying water under stratified condi­ 
tions, although the potential for release of nutrients 
from the sediments in other areas was not measured.

Mass balances of total phosphorus indicated sig­ 
nificant (a=0.05) inputs of phosphorus were occurring 
that were not accounted for by the measured surface- 
water sources. Surplus loads of phosphorus were gen­ 
erally well defined by RM 44.4, and increased down­ 
stream to about RM 16.2. A similar situation for total 
nitrogen was not observed. Balances for the individual 
phosphorus and nitrogen species (orthophosphate, total 
Kjeldahl nitrogen [TKN], ammonia, and nitrate) indi­ 
cate that biological processes of algal growth and bac­ 
terial transformation are important factors in altering 
the forms of phosphorus and nitrogen during transit 
through the river.

The relative proportion of the phosphorus input 
unaccounted for by surface-water sources was deter­ 
mined to be nearly one-fourth of the total input to the 
river between RMs 51.5 and 16.2 in 1992. No single 
source was larger, although the combined input from 
several tributaries was roughly equivalent. The contri­ 
bution from WWTP effluent was among the smallest 
components. Conversely, the most important source for 
total nitrogen was the Rock Creek WWTP, contributing 
nearly 75 percent of the total nitrogen load for the same 
reach. Most of this load was in the form of nitrate, indi­ 
cating the efficiency of WWTP treatment for nitrogen. 
Ammonia represented a small proportion, less than 3 
percent, of the total nitrogen load in the river during 
this period.

A large fraction of the surplus phosphorus load 
in the Tualatin River can be attributed to a ground-
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water source. The observed surpluses of water and 
phosphorus are consistent with the occurrence of mea­ 
surable rates of ground-water seepage directly into the 
main-stem channel, and the elevated phosphorus con­ 
centrations in ground water throughout the basin. 
Because ground water naturally enriched with phos­ 
phorus is also a primary influence on the tributaries 
during the summer, options for further reduction of 
phosphorus loading to the river are limited by the lack 
of an effective remediation method for this important 
source. In contrast, the dominance of the WWTPs in 
loading of nitrogen highlights the effectiveness of effi­ 
cient wastewater treatment in controlling ammonia in 
the main-stem river.
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APPENDIX A

Laboratory Quality Assurance

The laboratory quality assurance (QA) program 
was designed to quantify bias and variability in the 
sampling and analytical processes. The QA program 
was administered by U.S. Geological Survey (USGS) 
Oregon District personnel and consisted of weekly 
quality-control (QC) samples submitted to the three 
Unified Sewerage Agency (USA) laboratories respon­ 
sible for generating chemical analyses. A mix of labo­ 
ratory and field QC samples were included to test both 
the laboratory sample analysis and the field sample col­ 
lection.

Bias

Bias results from a systematic error within an 
analytical process and may be either positive or nega­ 
tive. Positive bias occurs as a result of contamination of 
the sample, whereas negative bias is frequently associ­ 
ated with some kind of interference from the sample 
matrix or loss of analyte through sorption or precipita­ 
tion. The potential for contamination was evaluated by 
blank samples; loss of analyte due to interference from 
the sample matrix was evaluated by field-spiked sam­ 
ples. The degree of accuracy, or agreement between the 
measured value and the "true" value was assessed with 
standard reference samples.

Blank samples

Blanks were prepared from glass-distilled deion- 
ized water (DI). The blank data were evaluated with 
reference to minimum reporting levels (MRLs) estab­

lished by the USA laboratory to reflect the limits of 
their instruments (table Al). Blank values were 
assumed to be significant if they were greater than 
twice the MRL. Results demonstrate that contamina­ 
tion was not significant for any constituent, although 
considerable analytical "noise" was present for analy­ 
sis of total Kjeldahl nitrogen (TKN), or organic nitro­ 
gen plus ammonia nitrogen. The MRL for this 
constituent decreased during the period of this study, 
ranging from 0.25 mg/L during the first months of the 
summer in 1992 to 0.1 mg/L for most of the rest of the 
study period. Only one sample showed a detection for 
TKN of greater than twice the MRL, however, repre­ 
senting 2 percent of the measured concentrations in 
blank samples (N=48).

Field-spiked samples

Systematic error due to matrix interference was 
evaluated with field-spiked samples, which were sub­ 
mitted from a main-stem river site (river mile [RM] 
16.2) once per week during 1993. Percent recovery of 
nutrient spikes was calculated as the difference in con­ 
centration between the spiked and unspiked samples, 
divided by the concentration of the spike and expressed 
in percent (fig. Al). No evidence of significant (a= 
0.05) bias due to matrix effects was observed for any 
constituent except TKN; median recoveries for ammo­ 
nia, nitrate, and the phosphorus species were greater 
than 90 percent. Analyses of TKN, however, indicate a 
positive bias (median recovery equal to 143 percent of 
the spike concentration). This bias is consistent with 
the same contamination problem found with the blank 
samples, because 43 percent of the concentration range 
of the added spike solution is approximately 0.05-0.07 
mg/L, within the range of the concentrations observed 
in the blank samples.

Table A1. Data from blank samples analyzed by the Unified Sewerage Agency Water Quality Laboratory for May-October 
1992-93
[Minimum Reporting Level (MRL) concentrations in milligrams per liter]

Minimum reporting level Percent of values greater
Constituent

Ammonia nitrogen

Total Kjeldahl nitrogen (TKN)

Nitrite plus nitrate nitrogen

Total phosphorus

Orthophosphate phosphorus

(MRL)

0.025

.05-.25

.010

.025

.010

than twice the MRL

0

2

0

0

0
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Figure A1. Spike recovery data from the Tualatin River, Oregon, at river mile 16.2 during May-October 1993. Percent 
recovery was calculated as the difference between spiked and unspiked concentrations, divided by the spike concentration, 
and expressed as percent.

Standard reference samples

Standard reference samples were prepared using 
DI and reagent-grade nutrient salts. Three ranges of 
nutrient levels: low, medium, and high were included to 
test the full analytical range of each laboratory, and so 
that the standard reference data could be evaluated in 
context with the concentration ranges of the ambient 
data.

Paired groups of true and measured concentra­ 
tions of the reference samples were compared with the 
sign test (Helsel and Hirsch, 1992) for each constituent 
and concentration range. Systematic error or bias was 
identified when one group was significantly different 
from the other (a=0.05). Because the distribution of the 
results was not always normal, the central tendency of 
this error was estimated as the median difference 
between the two groups (table A2). Estimates of sys­ 
tematic error, when observed, were not used to adjust 
the ambient data, but were used in the calculation of 
confidence intervals around the appropriate mean loads 
for the main-stem river sites.

In general, no significant biases were detected, 
although there were a few exceptions. While slight neg­ 
ative biases were observed on occasion for nitrate, 
orthophosphate, and total phosphorus (generally 5 per­ 
cent or less), more significant positive biases were 
observed for low-level analyses of ammonia, total 
phosphorus, and TKN. A positive bias was estimated 
for low-level ammonia analyses in 1991 at about 35

percent, and for low-level total phosphorus at about 25 
percent. The largest bias was observed in the analysis of 
low-level TKN in 1991 and 1992, estimated between 
130 and 260 percent of the true value. These results are 
consistent with the TKN contamination previously 
mentioned.

Despite its magnitude, the observed bias for low- 
level TKN is not significant in the context of the ambi­ 
ent data. Concentrations of TKN in the main-stem river 
and tributaries are larger by at least an order of magni­ 
tude than concentrations in the low-level QC samples 
submitted during 1991 and 1992. The biases for low- 
level ammonia and total phosphorus merit more con­ 
cern because some ambient concentrations are 
observed in the low-level range. These data were con­ 
sidered to be acceptable for the purpose of this study, 
however, because the errors were small and any sources 
with concentrations of total phosphorus or ammonia in 
this range generally do not contribute significant loads. 
Uncertainty in the low-level analyses, therefore, had 
only a small effect on the calculation of the nutrient 
budget.

Data from the standard reference samples were 
also used to determine the limits of accuracy of the lab­ 
oratory results. For each constituent, the relative error 
(observed concentration minus true concentration, as a 
fraction of the true concentration, expressed in percent) 
was plotted against the true concentration. Data are 
plotted with a separate symbol for each year (fig. A2).
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Table A2. Summary statistics for standard reference sample data during May-October in 1991, 1992, and 1993
[Concentrations in milligrams per liter; N, number of observations; difference, observed-true; %, percent; IQR, range between 75% and 25%]

Year
Concentration 

range N Bias
Median 

difference
75th 

percentile
25th 

percentile IQR

Ammonia nitrogen

1991

1991

1991

1992

1992

1992

1993

1993

1993

.019-.043

.226-.S94

2.68-6.10

.022-.078

.142-1.14

1.42-8.21

.174-.500

.349-.S72

.700-4.36

22

22

22

23

23

23

25

25

25

+

0

0

0

0

0

0

0

0

.010

-.002

.035

.002

-.004

-.060

.001

.005

.011

.014

.007

.270

.012

.007

.110

.009

.017

.060

.006

-.026

-.120

-.001

-.016

-.280

-.003

-.010

-.010

.008

.033

.390

.013

.023

.390

.012

.027

.070

Total Kjeldahl nitrogen (TKN)

1991

1991

1991

1992

1992

1992

1993

1993

1993

.02-.04

.23-.S9

2.7-6.1

.02-.08

.14-1.1

2.3-8.2

.17-.50

.35-.S7

.70-4.4

22

22

22

15

23

23

25

25

25

+

0

0

+

0

0

0

0

0

.03

.03

-.21

.12

-.02

.03

0

0

0

.18

.07

.09

.20

.04

.39

.03

.01

.01

.02

-.04

-.61

.06

-.05

-.43

-.01

-.03

-.06

.16

.12

.70

.14

.08

.82

.04

.04

.07

Nitrite plus nitrate nitrogen

1991

1991

1991

.065-. 130

.546-1.17

3.64-8.76

22

22

22

0

0

0

-.004

-.024

-.158

.002

.039

.225

-.015

-.105

-.850

.017

.144

1.075
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Table A2. Summary statistics for standard reference sample data during May-October in 1991, 1992, and 1993 Continued
[Concentrations in milligrams per liter; N, number of observations; difference, observed-true; %, percent; IQR, range between 75% and 25%]

Year
Concentration 

range N
Median 

Bias difference
75th 

percentile
25th 

percentile IQR

Nitrite plus nitrate nitrogen   Continued

1992

1992

1992

1993

1993

1993

.077-. 151

.540-1.51

3.07-6.47

.433-.74S

1.15-2.89

2.89-7.23

23

23

24

25

25

25

0 -.003

-.013

0 -.040

-.013

-.020

0 -.010

.001

.000

.040

-.006

-.010

.040

-.007

-.030

-.136

-.020

-.050

-.070

.008

.030

.176

.014

.040

.110

Total phosphorus

1991

1991

1991

1992

1992

1992

1993

1993

1993

.015-050

.109-.241

.547-2.47

.024-.051

.103-.331

.820-3.40

.044-.070

.069-.779

.664-1.52

22

22

22

24

23

23

25

25

25

0 -.006

0 .001

0 .080

+ .008

0 .006

0 0

0 -.003

-.005

-.027

.013

.035

.265

.016

.004

.080

.001

-.002

-.016

-.017

-.010

-.160

.002

.037

-.210

-.007

-.009

-.060

.029

.045

.425

.014

.041

.290

.008

.007

.044

Orthophosphate phosphorus

1991

1991

1991

1992

1992

1992

1993

1993

1993

.015-.050

.109-.241

.547-2.47

.015-.043

.103-.331

.820-2.14

.021-.050

.048-. 123

.477-1.23

22

22

22

23

23

24

25

25

25

0 .001

-.015

-.070

0 .002

0 -.001

-.025

0 0

0 0

0 .005

.004

-.005

-.015

.004

.003

0

.002

.001

.014

-0.002

-.026

-.098

-.001

-.009

-.045

-.002

-.002

-.002

.006

.021

.083

.005

.012

.045

.004

.003

.016
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Figure A2. Accuracy data (relative error or [observed-true]/true, expressed as percent) from the Unified Sewerage Agency 
Water Quality Laboratory for nitrogen and phosphorus species in standard reference samples. Data from May to October for 
1991-93. Points on the upper axis represent values outside the range of the axis. During 1991 and 1992, some standard 
reference samples in the low range for total Kjeldahl nitrogen (TKN) contained concentrations less than the minimum 
reporting level. (A) Nitrogen species.
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Figure A2. Continued. Accuracy data (relative error or [observed-true]/true, expressed as percent) from the Unified 
Sewerage Agency Water Quality Laboratory for nitrogen and phosphorus species in standard reference samples. Data 
from May to October for 1991-93. Points on the upper axis represent values outside the range of the axis. 
(B) Phosphorus species.

During 1991 and 1992, some standard reference sam­ 
ples for TKN contained concentrations less than the 
minimum reporting limit (MRL); these values are 
included in the analysis. Points on the plots that are 
beyond the scale of the y-axis are plotted on the top or 
bottom edge of the figure, with the actual relative error 
shown adjacent to the point.

Figure A2 provides a visual estimate of accuracy 
for each constituent for each year relative to the true 
concentration of the reference samples. The positive 
biases previously discussed for low-level ammonia, 
TKN, and total phosphorus are evident. In general, for 
the constituents that require digestion (that is, TKN and 
total phosphorus), accuracy is approximately +/- 20 
percent within the concentration ranges of the ambient

data. For the other constituents, greater accuracy was 
attained, generally within +/- 10 percent.

Variability

The variability (or precision) of a measurement 
generally refers to the degree of difference between two 
(or more) measurements which are assumed to be iden­ 
tical. The precision of individual measurements was 
measured by the relative difference of field duplicate 
samples (difference between duplicate concentrations, 
divided by the mean concentration), expressed as per­ 
cent. The relative difference was plotted against the 
mean concentration to evaluate the effect of concentra-
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(A) Nitrogen species.
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Figure A3. Continued. Precision data (difference/mean, expressed as percent) from the Unified Sewerage Agency Water 
Quality Laboratory for nitrogen and phosphorus species in field duplicate samples. Data from May to October for 1991-93. 
(B) Phosphorus species.

tion (fig. A3). For the concentration ranges of these 
data, there was no apparent effect of concentration on 
precision, with the exception of a loss in precision for 
ammonia concentrations less than 0.05 mg/L. In gen­ 
eral, except for low-level ammonia, levels of precision 
were similar to the accuracy limits previously dis­ 
cussed. Precision of duplicate values for digested con­

stituents (total phosphorus and TKN) was generally 
better than 20 percent; for Orthophosphate and nitrate, 
precision was generally better than 10 percent. Preci­ 
sion for low-concentration ammonia values, on the 
other hand, ranged up to about 50 percent, which is 
more typical for analyses near the MRL.
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Time Series Plots for Wastewater 
Treatment Plant Nutrient 
Concentrations

The Rock Creek and Durham Wastewater Treat­ 
ment Plants (WWTPs) are important influences on the 
quality of the Tualatin River below river mile (RM) 
38.1. This influence can be attributed to both the qual­ 
ity of the effluent and its volume.

During the low-flow summer period between 
May 1 and October 31, WWTP effluent accounts for a 
significant fraction of the streamflow in the Tualatin 
River below RM 38.1. This fraction can be as high as 
20 to 40 percent, depending on the amount of flow from 
other sources and whether the site of interest is down­ 
stream of one or both WWTPs. The fact that effluent 
volume is significant relative to the total streamflow 
means that the effluent will affect, and in many cases be 
the major influence on, the instream concentrations of 
many constituents.

The concentrations of some constituents, such as 
chloride, in WWTP effluent are typically higher than 
the instream concentrations upstream of the WWTP 
outfalls. The effluent, therefore, will cause the instream 
concentration of these constituents to increase down­ 
stream of the outfall. For chloride and nitrate, the 
increase will be large. For other constituents, such as 
total phosphorus when the removal efficiency of this 
constituent is high, the concentrations in effluent are 
small relative to instream concentrations. In this situa­ 
tion, the effluent acts as dilution water, decreasing the 
instream concentrations. Even when the effluent con­ 
centrations are low relative to instream concentrations, 
therefore, the WWTPs are important influences on the 
water quality of the river.

This appendix contains time series plots of chlo­ 
ride, total phosphorus, orthophosphate, total nitrogen, 
organic nitrogen plus ammonia (total Kjeldahl nitro­ 
gen), ammonia, and nitrite plus nitrate concentrations 
in figures Bl through B7, respectively, for both the 
Rock Creek and Durham WWTPs during the May 
through October periods of 1991, 1992, and 1993.
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Selected Series of U.S. Geological Survey Publications

Books and Other Publications

Professional Papers report scientific data and interpretations 
of lasting scientific interest that cover all facets of USGS inves­ 
tigations and research.

Bulletins contain significant data and interpretations that are of 
lasting scientific interest but are generally more limited in 
scope or geographic coverage than Professional Papers.

Water-Supply Papers are comprehensive reports that present 
significant interpretive results of hydrologic investigations of 
wide interest to professional geologists, hydrologists, and engi­ 
neers. The series covers investigations in all phases of hydrol­ 
ogy, including hydrogeology, availability of water, quality of 
water, and use of water.

Circulars are reports of programmatic or scientific information 
of an ephemeral nature; many present important scientific 
information of wide popular interest. Circulars are distributed 
at no cost to the public.

Fact Sheets communicate a wide variety of timely information 
on USGS programs, projects, and research. They commonly 
address issues of public interest. Fact Sheets generally are two 
or four pages long and are distributed at no cost to the public.

Reports in the Digital Data Series (DOS) distribute large 
amounts of data through digital media, including compact disc- 
read-only memory (CD-ROM). They are high-quality, interpre­ 
tive publications designed as self-contained packages for view­ 
ing and interpreting data and typically contain data sets, 
software to view the data, and explanatory text.

Water-Resources Investigations Reports are papers of an 
interpretive nature made available to the public outside the for­ 
mal USGS publications series. Copies are produced on request 
(unlike formal USGS publications) and are also available for 
public inspection at depositories indicated in USGS catalogs.

Open-File Reports can consist of basic data, preliminary 
reports, and a wide range of scientific documents on USGS 
investigations. Open-File Reports are designed for fast release 
and are available for public consultation at depositories.

Maps

Geologic Quadrangle Maps (GQ's) are multicolor geologic 
maps on topographic bases in 7.5- or 15-minute quadrangle 
formats (scales mainly 1:24,000 or 1:62,500) showing bedrock, 
surficial, or engineering geology. Maps generally include brief 
texts; some maps include structure and columnar sections only.

Geophysical Investigations Maps (GP's) are on topographic 
or planimetric bases at various scales. They show results of 
geophysical investigations using gravity, magnetic, seismic, or 
radioactivity surveys, which provide data on subsurface struc­ 
tures that are of economic or geologic significance.

Miscellaneous Investigations Series Maps or Geologic 
Investigations Series (I's) are on planimetric or topographic 
bases at various scales; they present a wide variety of format 
and subject matter. The series also incudes 7.5-minute quadran­ 
gle photogeologic maps on planimetric bases and planetary 
maps.

Information Periodicals

Metal Industry Indicators (Mil's) is a free monthly newslet­ 
ter that analyzes and forecasts the economic health of five 
metal industries with composite leading and coincident 
indexes: primary metals, steel, copper, primary and secondary 
aluminum, and aluminum mill products.

Mineral Industry Surveys (MIS's) are free periodic statistical 
and economic reports designed to provide timely statistical data 
on production, distribution, stocks, and consumption of signifi­ 
cant mineral commodities. The surveys are issued monthly, 
quarterly, annually, or at other regular intervals, depending on 
the need for current data. The MIS's are published by commod­ 
ity as well as by State. A series of international MIS's is also 
available.

Published on an annual basis, Mineral Commodity Summa­ 
ries is the earliest Government publication to furnish estimates 
covering nonfuel mineral industry data. Data sheets contain 
information on the domestic industry structure, Government 
programs, tariffs, and 5-year salient statistics for more than 90 
individual minerals and materials.

The Minerals Yearbook discusses the performance of the 
worldwide minerals and materials industry during a calendar 
year, and it provides background information to assist in inter­ 
preting that performance. The Minerals Yearbook consists of 
three volumes. Volume I, Metals and Minerals, contains chap­ 
ters about virtually all metallic and industrial mineral commod­ 
ities important to the U.S. economy. Volume II, Area Reports: 
Domestic, contains a chapter on the minerals industry of each 
of the 50 States and Puerto Rico and the Administered Islands. 
Volume III, Area Reports: International, is published as four 
separate reports. These reports collectively contain the latest 
available mineral data on more than 190 foreign countries and 
discuss the importance of minerals to the economies of these 
nations and the United States.

Permanent Catalogs

"Publications of the U.S. Geological Survey, 1879-1961" 
and "Publications of the U.S. Geological Survey, 1962- 
1970" are available in paperback book form and as a set of 
microfiche.

"Publications of the U.S. Geological Survey, 1971-1981" is
available in paperback book form (two volumes, publications 
listing and index) and as a set of microfiche.

Annual supplements for 1982, 1983, 1984, 1985, 1986, and 
subsequent years are available in paperback book form.




