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Conversion Factors

Inch/Pound to SI

Multiply By To obtain

acre 0.4047 hectare

inch (in.) 2.54 centimeter

inch (in.) 25.4 millimeter

inch per year (in/yr) 25.4 millimeter per year

foot (ft) 0.3048 meter

mile (mi) 1.609 kilometer

square mile (mi2)  2.590 square kilometer

cubic foot per second (ft3/s)  0.02832 cubic meter per second
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Water temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as 
follows:

°F=(1.8×°C)+32.
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Multiply By To obtain
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cubic centimeter (cm3) 0.06102 cubic inch

gram (g) 0.03527 ounce, avoirdupois

millimeter (mm) 0.03937 inch

meter (m) 3.281 foot

Datums

Vertical coordinate information is referenced to the North American Vertical Datum of 1988 
(NAVD 88).

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).

Altitude, as used in this report, refers to distance above the vertical datum.



Abstract
Widespread and persistent elevated concentrations of 

fecal bacteria and nitrate have been documented in lowland 
stream waters of the Nooksack River basin, Whatcom 
County, Washington. The application of large quantities of 
livestock manures to fields and pastures overlying a shallow 
and highly permeable aquifer has resulted in elevated 
fecal-bacteria concentrations in surface waters and high 
nitrate concentrations in ground water. Because of the high 
permeability of the shallow aquifer and the persistence of 
fecal bacteria in surface waters during the late summer base-
flow period, discharging ground water may be a source of 
bacteria in stream water analyzed from this area. In this study, 
spatial and temporal variations in ground-water discharge 
were characterized, and water-quality analyses and laboratory 
experiments were conducted to better understand the processes 
that control the transport and fate of these contaminants at the 
interface between ground water and surface water.

Ground-water discharge is nearly continuous at many 
locations in the Nooksack River lowland except during periods 
of high river stage or late summer low flow. Ground-water 
discharge generally is greater during the wet winter months 
and decreases during the dry summer months. In some cases, 
the direction of water flow reverses for brief intervals so that 
surface water recharges ground water. Detailed site studies 
in various hydrologic settings in the Nooksack River lowland 
show small local-scale spatial variations and large temporal 
variations in ground-water discharge. Locations of ground-
water discharges appear to be related to the distribution of 
permeable geologic materials adjacent to the streambed. 

Samples of discharging ground water collected from 
the shallow sediments beneath streams and rivers rarely 
contained measurable concentrations of the fecal bacteria 
Escherichia coli or nitrate, indicating that ground-water 
transport was not a major source of bacteria and nitrate to 
surface waters of the reaches that were studied. In samples of 
ground-water discharge from most study sites, concentrations 
of dissolved oxygen typically were less than 1 milligram per 
liter and concentrations of dissolved ferrous iron typically 
ranged from 0.1 to 17 milligrams per liter. These geochemical 
oxidation-reduction (redox) conditions in ground water 
within the monitored reaches are conducive to denitrification. 
Concentrations of dissolved argon and nitrogen gas measured 
in discharging ground water indicate that 5 to 15 milligrams 
per liter of nitrate were denitrified prior to its discharge to 
surface water.

A laboratory microcosm experiment was used to evaluate 
the potential for high bacteria concentrations measured 
in streamflow during late summer periods that may have 
originated from field sediments washed into streams during 
preceding wintertime overbank flow events. The microbial 
attenuation experiment, conducted with manure amended 
native stream sediment, showed that less than 1 percent of 
fecal coliform bacteria survived beyond 65 days and that at 
100 days the sediment coliform concentration had attenuated 
to near pre-amendment levels. Although small numbers 
of bacteria remained viable in sediments at the end of the 
experiment, it is unlikely that enough bacteria survive the 
many months between winter and summer to make up the 
substantial fraction of large fecal coliform concentrations 
measured during late summer. 

Ground Water/Surface Water Interactions and Quality of 
Discharging Ground Water in Streams of the Lower 
Nooksack River Basin, Whatcom County, Washington

By Stephen E. Cox1, F. William Simonds1, Llyn Doremus2, Raegan L. Huffman1, and Rose M. Defawe1

1 U.S. Geological Survey.
2 Nooksack Indian Tribe.



Introduction
A series of studies have documented the occurrence of 

elevated concentrations of fecal bacteria and nitrate in lowland 
streams of Whatcom County, Washington. These and other 
water-quality issues have created significant challenges for 
water-resources managers in the lower Nooksack River basin 
of Whatcom County (fig. 1). Because additional sources of 
fresh water are not readily available in this area, balancing the 
competing demands for water resources in this region is of 
great concern to the public and a high priority to local water-
resources managers. In addition, water-resource allocations 
have been implemented by State regulation of instream 
flows (Chapter 173-501 WAC) as a result of the Endangered 
Species Act and the listing of Chinook salmon and Bull trout 
as “threatened species.” An improved understanding of how 
ground water and surface water interact in the area will greatly 
assist water-resources managers in making decisions that 
result in improved water quality. 

The quality of surface water and ground water in the 
lower Nooksack River basin has been degraded. Land use is 
predominantly rural agriculture; however, there is persistent 
encroachment of residential development from nearby 
population centers. The Washington State Department of 
Ecology maintains a list of impaired waters as directed under 
the Clean Water Act section 303(d). The 1998 303(d) list is 
the most recent list approved by the Environmental Protection 
Agency and includes numerous stream reaches in the lower 
Nooksack River basin that are listed primarily for fecal 
coliform contamination. In streams that have been intensively 
monitored, elevated fecal coliform and nitrate concentrations 
occur throughout the year (Embrey and Frans, 2003). Nitrate 
contamination of ground water is widespread in the shallow 
glacial aquifer, which supplies drinking and irrigation water 
for about 60,000 people (Kaluarachchi and Almasri, 2002). 
Although precipitation is plentiful in this region, it occurs 
unevenly throughout the year, resulting in winter-time periods 
of standing water and summer-time periods of soil-moisture 
deficits. During the summer low-flow periods, available 
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surface water is insufficient to meet demands for agricultural 
crop irrigation, potable water supplies, and maintenance of 
in‑stream flows for fish habitat. 

Recent monitoring shows the widespread occurrence of 
fecal coliform bacteria in lowland streams (Embrey, 2001; 
Northwest Indian College, 2004). The human health hazards 
associated with fecal coliform exposure have resulted in the 
closures of shellfish beds in Puget Sound near Bellingham and 
the posting of warnings at recreational areas. The economic 
impact of such closures has focused attention on various 
sources of contamination. Previous studies (Erickson, 1995; 
Joy, 2000) did not conclusively establish a link between 
the concentration of fecal coliform in the mainstem of the 
Nooksack River, and the corresponding streamflow-discharge 
response due to rainfall-runoff events. These studies found that 
the concentrations of fecal coliform did not decrease along 
the downstream length of the river, suggesting that either 
attenuation of fecal coliform was not occurring or that there 
was a persistent source of fecal coliform along the length of 
the river. This lead to the hypothesis that ground water may be 
a source of fecal coliform in lowland streams during the late 
summer base-flow period, when discharging ground water is 
the primary source of water in those streams. Alternatively, 
manure application practices, overland flow, and discharge 
from tile drains also may provide significant pathways for 
transport of bacteria to surface water. These alternate pathways 
and their relative importance need to be better understood for 
effective management measures to improve surface-water and 
ground-water quality. 

Discharging ground water that provides nutrients to 
streams also is of concern to water managers and local 
residents. Nutrients in discharging ground water could lead 
to excessive in-stream plant growth and biomass production 
that in turn leads to high biological and chemical oxygen 
demands, which depletes dissolved oxygen available for 
fish and other aquatic organisms. Numerous studies have 
documented concentrations of nitrate as nitrogen in ground 
water consistently greater than 10 mg/L in parts of Whatcom 
County. Nitrate contamination is extensive and present to 
some extent in virtually all parts of the surficial aquifers of the 
Nooksack River lowland (Garland and Erickson, 1994; Inkpen 
and others, 2000; Kaluarachchi and Almasri, 2002) and British 
Columbia (Liebscher and others, 1992; Gartner-Lee, 1993; Hii 
and others, 1999). Concentrations of nitrate as nitrogen greater 
than 10 mg/L exceed the U.S. Environmental Protection 
Agency drinking-water standard and thus limit the suitability 
of ground water for use as a source of domestic and municipal 
water supply. 

Nitrate concentrations in ground water have been steadily 
increasing in many parts of the study area for more than 20 
years (Kaluarachchi and Almasri, 2002). They are expected 
to continue to increase because the application of fertilizer 
and manure in Whatcom County has increased as much as 
50-fold since 1945. Manure application to forage production 

fields that are part of farm nutrient management plans supplies 
a major, long-term source of nitrates in ground water (Carey, 
2002). More than 20 percent of water supply wells sampled 
in the Sumas-Blaine aquifer (Erickson, 1998) contained 
nitrate concentrations that exceeded the U.S. Environmental 
Protection Agency 10 mg/L standard for drinking water 
supplies. The effectiveness of management strategies in the 
reduction of nitrate in ground water would benefit from a more 
detailed understanding of the processes affecting fate and 
transport of nitrate in the lower Nooksack River basin.

Purpose and Scope

This report describes the results of a study to: 

1.	 Improve the understanding of the interaction between 
surface water and ground water in the shallow 
glacial aquifer of the lower Nooksack River basin by 
monitoring spatial and temporal variations in vertical 
hydraulic gradient near the ground water/surface 
water interface; 

2.	 Evaluate if fecal bacteria present in manure applied to 
fields adjacent to stream channels is being transported 
to the stream channels through shallow ground-water 
pathways; and 

3.	 Evaluate the fate of nitrate present in ground water of 
the lower Nooksack River basin as it discharges into 
the surface-water system. 

Knowledge gained from this study is expected to enable 
more effective management and implementation of measures 
designed to decrease nitrate and fecal-bacteria concentrations 
in ground water and prevent contamination from reaching 
surface water. The specific objectives of this study are to:

1.	 Identify reaches in selected streams where ground 
water naturally discharges through the streambed and 
monitor the spatial and temporal variations of these 
discharges; 

2.	 Determine if fecal bacteria and nitrate are discharged 
from ground water to surface water in selected 
stream reaches at regular seasonal intervals or during 
significant rainfall events and through tile drain 
discharge; and

3.	 Evaluate the extent of nitrate degradation that occurs 
in discharging ground water to streams.

An additional objective was added after reconnaissance 
sampling indicated that little if any fecal bacteria 
concentrations would be present in discharging ground water. 
This additional objective was to determine the attenuation or 
rate of die-off of fecal bacteria associated with the surface-
water bed sediments.

Introduction  � 



Description of Study Area

The Nooksack River lowland encompasses the area 
from the Cascade foothills to the Puget Sound and from 
Bellingham to the Canadian border (fig. 1). Surface features 
within this lowland area include glacial outwash plains, 
hummocky uplands, and alluvial flood plains (Cox and Kahle, 
1999). Two major forks of the Nooksack River join near the 
town of Deming where the mainstem of the Nooksack River 
emerges from the foothills of the Cascade Range to flow 
across the lowland. The Nooksack River has eroded and cut 
down through the glacial outwash plain as it flows generally 
westward toward the Puget Sound. Numerous tributary 
streams drain the lowland area and flow into the Nooksack 
River at various points. 

The principal aquifer in the lower Nooksack River basin 
is the Sumas aquifer, which provides water for residential, 
agricultural, and industrial needs (Cox and Kahle, 1999). This 
highly productive surficial aquifer formed by glacial outwash 
streams is composed primarily of extensive deposits of 
stratified sand and gravel which often contain localized lenses 
of mixed gravel, sand, silt, and clay. More recent alluvial 
deposits of the Nooksack and Sumas Rivers cover portions of 
the glacial outwash plain. Ground water in the Sumas aquifer 
readily interacts with streams and serves as an important 
source of summer time streamflow. 

The regional climate is strongly influenced by the 
onshore flow of Pacific marine air, resulting in warm, dry 
summers and mild, rainy winters. Precipitation within the 
lowland is variable and ranges from about 32 in/yr in the 
southwest part of the lowland to more than 60 in/yr near the 
Canadian border. Most precipitation falls as rain during the 
winter months from October to April. Soils in the area range 
from well-drained to poorly drained. Surface-drainage ditches 
and subsurface tile drains have been installed in many areas 
to allow greater agricultural use of the land. Land use is 
predominantly agricultural with dairy production occupying 
roughly 57,600 acres with a total of about 60,000 cows. 
Livestock manure typically is stored in lagoons and applied 
to farm fields in the dryer summer months between April and 
September as per county ordinance. 
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Background Information

Fecal Bacteria Sources, Fate, and Transport

Fecal bacteria are present in the intestinal tract and 
feces of warm-blooded animals, some of which can cause 
diseases in humans, such as cholera and dysentery when 
spread as waterborne pathogen originating in sewage from 
infected humans (Craun, 1986). Because fecal coliforms 
can be readily detected in water samples and are present in 
untreated human sewage, their presence in samples of surface 
water is considered an indicator of the potential presence of 
other pathogenic bacteria species that can occur in human 
sewage and are not easily detected. Escherichia coli (E. coli) 
is a major component of the fecal coliform bacteria group and 
typically are harmless to humans. In recent years however, 
several atypical strains of E. coli have been identified that 
are linked to a variety of diseases in humans, most notable 
being the strain E. coli (O157:H7) that cause hemorrhagic 
colitis (Nataro and Kaper, 1998). Cattle have been shown 
to be a reservoir for E. coli O157:H7 (Hancock and others, 
1994; Hussein and Sakuma, 2005) and while most recorded 
outbreaks of E. coli O157:H7 infections have resulted from 
consumption of contaminated food products or contact with 
farm animals, manure handling and contact with contaminated 
surface waters are considered potential routes of E. coli O157:
H7 infection in humans (Petridis and others, 2002). 

Most area residents living outside of the towns of Lynden 
and Everson use on-site septic systems to treat domestic 
sewage. Livestock farms in the lower Nooksack River basin 
generate large quantities of manure and use various disposal 
methods including manure application to pasturelands and 
croplands either by direct application, field spraying, or direct 
injection below the soil surface. Direct injection reduces 
the potential for surface runoff to transport bacteria from 
agricultural fields to surface water. However, this method also 
enhances the likelihood that viable bacteria are transported 
to shallow aquifers by eliminating exposure of fecal bacteria 
to the sterilizing effects of oxygen and sunlight and reducing 
the distance of the pathway from land surface to the shallow 
aquifer. 

The potential for fecal bacteria to occur in ground water 
is governed by the quantity of bacteria (manure application) 
deposited on agricultural fields, the infiltration capacity and 
rate of transport through the shallow subsurface soils, and the 
fate and transport of the bacteria once they have entered the 
aquifer. Die-off of bacterial cells and filtration within sediment 
pore spaces reduce bacteria concentrations as water flows 
through porous media (Bitton and Harvey, 1992), reducing the 
number of organisms that are transported to, and remain viable 
in ground water. 
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Subsurface tile drains in many fields of the lower 
Nooksack River basin increase the discharge rate of shallow 
ground water to surface water and lower the water-table 
elevation early in the year thereby allowing earlier spring 
planting and extending the growing season. In similar 
agricultural settings, subsurface tile drains have been shown 
to be a significant pathway for fecal coliform transport to 
adjacent surface-water streams (Patni and others, 1984; Joy 
and others, 1998). 

Nitrate Sources, Fate, and Transport

The accumulation of nitrate in ground water primarily is 
dependent on the input of nitrogen and the presence or absence 
of oxygen. Nitrogen is applied to agricultural production 
fields primarily as ammonium in fertilizer or as a component 
of barnyard manure. Within aerobic soils, ammonium is 
converted to nitrate by nitrifying bacteria. Nitrate dissolves 
easily, and remains stable in water under aerobic conditions. 
Nitrate is transported with infiltrating soil water and if not 
assimilated by plants within the soil-root zone, nitrate is 
leached to the underlying ground-water system. Nitrate does 
not react readily with aquifer materials and remains in ground 
water throughout the ground-water flow path unless utilized 
by denitrifying microbes. Attenuation of elevated nitrate 
concentrations in ground water can occur under chemically 
reducing conditions by microbially mediated processes if 
sufficient carbon is available (Korom, 1992). Facultative 
denitrifying microbes that are capable of this process generally 
are present throughout most surficial aquifers (Chapelle, 
1993).

Much of the Sumas aquifer typically is aerobic and 
contains limited organic carbon (Cox and Kahle, 1999) and 
thus may not be widely conducive to nitrate degradation by 
microbial processes. Geochemical conditions that support 
nitrate degradation are clearly present in some parts of the 
aquifer (Tesoriero and others, 2000) as well as in some soils 
and near the water table (Carey, 2002). Tesoriero and others 
(2000) observed nitrate degradation in carbon rich sediments 
adjacent to a stream in the lower Nooksack River basin and 
postulated that in other parts of the aquifer, iron minerals 
also might be used for denitrification. In locations where 
anaerobic conditions are present along with a suitable source 
of electrons, these naturally occurring facultative denitrifying 
bacteria can reduce nitrate to nitrogen gas.

Water-Quality Management Measures

There have been extensive efforts over many years 
to develop and implement farm-management practices 
that reduce migration of contaminants from farms to the 
surrounding environment. Local and State efforts to reduce 
the agricultural loading of nitrate to ground water and 
fecal bacteria to surface water are supported by regulatory 
requirements that are intended to bring water bodies into 
compliance with the Clean Water Act standards. Whatcom 
County adopted a Manure Control Ordinance in 1998 that 
restricts the field application of manure for forage production 
to April through September. The Washington State Department 
of Ecology has developed and is currently implementing a 
Total Maximum Daily Load Detailed Implementation Plan 
for reduction of fecal bacteria in surface-water drainages. 
A consortium of local governmental agencies is currently 
developing watershed-scale models within a decision-support 
system to increase water-resources management capabilities 
of local decisionmakers. A smaller-scale nitrate ground-water 
transport model is currently being developed by Environment 
Canada in coordination with Simon Fraser University for the 
trans-boundary Abbotsford-Sumas aquifer. This is relevant to 
the lower Nooksack River basin efforts because the headwaters 
of some of the northernmost tributaries to the Nooksack River 
(Bertrand and Fishtrap Creeks) lie in Canada. In addition, the 
direction of ground-water flow trends southward toward the 
Nooksack River transporting nitrogen in ground water across 
the border, and contributing to the high nitrate concentrations 
measured at some locations in the United States. Due to a lack 
of field data, the specific mechanisms describing the fate and 
transport of nitrate and nitrate degradation in the models being 
developed are based on assumptions.

Washington State mandated the development of Nutrient 
Management Plans for all dairy farming operations that handle 
more than 700 mature dairy cattle under their delegated Clean 
Water Act authority. These plans require an on-farm nitrogen 
budget that accounts for the production, distribution, and plant 
and animal uptake of nitrogen, so that overall increases in 
nitrogen concentrations in soil and ground water are avoided. 
The effectiveness of these and future management strategies 
in the reduction of nitrate in ground water would benefit from 
a more detailed understanding of the processes affecting fate 
and transport of nitrate in the study area.
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Methods of Investigation
Three distinctly different types of data were collected 

over a range of hydrologic conditions during this investigation. 
Data needs included (1) identification and monitoring of areas 
of ground-water discharge; (2) collection of water-quality 
samples of discharging ground water prior to interaction with 
surface water at or near the hyporheic mixing zone; and (3) 
a laboratory experiment to assess the attenuation of fecal 
bacteria in sediments from a local stream. Because streams 
varied in size from small drainage areas to the Nooksack 
River, various data-collection methods were used that were 
appropriate to stream size. The small drainage areas included 
tributary streams (Fishtrap and Fourmile Creeks and a 
tributary of Bertrand Creek) draining intensive agricultural 
areas overlying the Sumas aquifer. 

Identification of Ground-Water Discharge to 
Streams

Determining the locations of ground-water discharge 
to streams was essential in the evaluation of the quality of 
discharging ground water. A preliminary assessment of 
ground-water discharge was conducted to identify areas where 
ground-water discharges were likely to occur. Existing data 
used to identify areas of ground-water discharge included 
miscellaneous measurements of low-flow discharge in 
lowland streams in Whatcom County in August 2000, and 
aerial images produced by Forward Looking Infrared Radar 
(FLIR), taken on August 20, 2001, for about a 60-mile reach 
of the lower mainstem of the Nooksack River and South Fork 
Nooksack River (Watershed Sciences, LLC, 2002). The FLIR 
images showed areas of cooler temperature along the banks of 
the Nooksack River at some locations indicating the possible 
presence of discharging ground water. 

In addition, a longitudinal temperature profile was 
conducted along the lower 14-mile reach of the South Fork 
Nooksack River. The longitudinal temperature profile was 
developed from a survey of near continuous measurements 
of stream-water temperatures that were measured near the 
streambed where discharging ground water would have the 
greatest influence on stream water temperatures. The survey 
was conducted during base-flow conditions when average 
differences between the ground-water and surface-water 
temperatures exceeded 4°C. Beginning at the upstream 

location and preceding in the downstream direction the survey 
was conducted from a raft carried by the current. A sensor 
towed along the riverbed recorded data at 2-second intervals 
for water temperature. A simultaneously recording Global 
Positioning System (GPS) was used to generate georeferenced 
data. However, most of the GPS data were corrupted, so field 
notes and traveltime were used to interpolate between known 
points. Locations of discharging ground water were identified 
by changes in slope of the longitudinal temperature profile. 
This method is described in more detail by Lee and others 
(1997) and has been successfully applied in the Yakima River 
(John Vaccaro, U.S. Geological Survey, written commun., 
2002). 

Ground-water discharge was confirmed by measuring 
the difference in hydraulic head between the stream and 
the underlying ground water. Ground-water levels were 
directly compared to surface-water levels using temporary 
piezometers and either a manometer board or steel measuring 
tape. Vertical hydraulic gradients were computed by dividing 
the difference between the water levels in the stream and the 
underlying ground water by the depth of the midpoint of the 
screened interval below the streambed (Winter and others, 
1988). Ground-water discharge is indicated when the water 
level inside the piezometer is higher than the water level of 
the stream. This condition indicates that the stream is gaining 
flow, and by convention, the vertical hydraulic gradient 
is assigned a positive value. In losing stream reaches, the 
water level in the piezometer is lower than the water level of 
the stream and the vertical hydraulic gradient is assigned a 
negative value. The use of the manometer board is shown in 
figure 2, and additional details on measurement of vertical 
hydraulic gradients are presented in Simonds and others 
(2004). 

Temporary in-stream piezometers were installed to 
measure ground-water levels and to collect water-quality 
samples of discharging ground water. Piezometers (≤0.5 in. 
in diameter) were installed beneath the streambed in areas 
of calm water away from riffles. Piezometers installed along 
Fishtrap Creek and the Nooksack River were constructed from 
a 7-foot length of 0.5-inch-diameter steel pipe in which the 
end was crimped and perforated with numerous holes roughly 
0.063 in. in diameter. The piezometer was then driven into 
the streambed until the perforations were positioned about 
3.0 to 6.5 ft below the sediment-water interface to reduce 
the possibility of sampling surface water from within the 
hyporheic zone. 
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Figure 2.  How a manometer board is used to directly measure hydraulic head differences across a streambed and compute vertical 
hydraulic gradients. 
dh is the difference in head (water level) between surface water and ground water. dl is depth below the streambed to the midpoint of 
piezometer perforations. Vertical hydraulic gradient is determined by dividing dh by dl.
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An alternate construction technique was used for 
installing piezometers at ground-water discharge study sites 
on Fishtrap and Fourmile Creeks and a tributary to Bertrand 
Creek. These piezometers were constructed by driving a 
0.5-inch pipe with a loosely fitting plug about 5 ft below the 
surface. A 6-inch-long stainless-steel screen was attached 
to a section of 0.375-inch polyethylene tubing and inserted 
to the bottom of the pipe. The pipe was then withdrawn in a 
manner that detached the plug allowing the screen to remain 
in place as the pipe was removed. Saturated sediment around 
the polyethylene tubing typically collapsed against the tubing. 
Bentonite pellets were used to fill the annular space and seal 
void areas in the unsaturated sediments near the surface. A 
peristaltic pump was used to flush sediment and turbid water 
from the screen area and develop communication between the 
piezometer and the shallow aquifer. Isolation of the ground 
water and surface water was checked by comparison of 
water-quality parameters including water temperature, specific 
conductance, and dissolved oxygen. 

Temporary gaging stations were established at each of 
the four ground-water discharge study sites in order to provide 
continuous monitoring of surface-water levels, which could 
be compared with ground-water levels in the underlying 
shallow aquifer. At each site, a staff plate was installed so 
that surface-water and ground-water level measurements 
could be referenced to a common arbitrary datum that was 
established for each site. Surface-water levels were monitored 
by installing a 1.25 to 1.5-inch pipe to house a data logger just 
above the streambed. Ground-water levels were monitored by 
installing a similar pipe, fitted with a 6-inch well screen, and 
driven into the streambed such that the screened interval was 
5.0 to 6.5 ft below the streambed. These piezometers also were 
instrumented with a data logger placed within the screened 
section. All data loggers used in this study consisted of a self-
contained pressure transducer and temperature thermistor and 
were set to store readings at 1-hour intervals. All piezometers 
were vented to the atmosphere and all data were compensated 
for atmospheric barometric pressure as recorded by a 
separate data logger placed at the land surface and exposed 
to the atmosphere. Periodic staff gage readings and physical 
measurement of ground-water levels were used to confirm the 
continuous data and make adjustments as necessary.

Selection of Ground-Water Discharge Study 
Sites

To characterize the potential range of water-quality 
responses to the hydrologic system discharging ground water 
to the streams in the lower Nooksack River basin, four sites 
were selected for detailed study of ground-water discharge. 
The specific sites were selected along four different streams 
based on the presence of discharging ground water. The 
selected sites represent: (1) a large drainage basin, more than 
400 mi2 in area, characterized in its lower reaches by flat 
topography and agricultural land use; (2) a drainage ditch 
used to control ground-water elevations in an agricultural 
production field; and (3) two tributary drainages to the 
mainstem of the Nooksack River, both of which retain a large 
portion of the natural drainage channel. A major tributary 
of the Nooksack River, the South Fork Nooksack River, was 
considered for intensive monitoring, however, a suitable site 
for investigation of discharging ground water was not found. 

Ground-water discharge study sites were selected along 
reaches of streams where field application of dairy manure 
was applied to the adjacent fields. One of the sites is located 
along the Nooksack River about 2 mi upstream of the town of 
Everson, Washington. This site was selected for continuous 
monitoring of ground-water and surface-water levels and 
for the collection of samples of discharging ground water in 
order to provide data for a high order stream in a large river 
basin, which encompassed several hundred square miles of 
drainage area. Fishtrap Creek was selected for study because 
numerous drainage ditches empty into it creating a complex 
drainage network. Nine sites with temporary piezometers were 
established at intervals ranging from 0.6 to 1.6 mi apart along 
Fishtrap Creek. These sites provided a longitudinal profile 
along a primary drainage stream in the lower basin. Vertical 
hydraulic gradients at these sites were measured intermittently 
over a 2-year period. Ground-water discharge study sites were 
established at known ground-water discharge areas along 
Fishtrap and Fourmile Creeks and a tributary ditch to Bertrand 
Creek. These ground-water discharge study sites were 
composed of arrays of piezometers arranged in two or three 
transects of three piezometers each installed perpendicular to 
the creek. Data from these sites provided detailed information 
on temporal and spatial distribution of ground-water discharge 
at an individual field scale. 
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The site on the Nooksack River near Everson was 
selected because ground-water discharge from the bank was 
indicated in the results of a FLIR survey, which showed cooler 
temperatures along a portion of the riverbank. Numerous 
measurements of vertical hydraulic gradient made using the 
manometer board confirmed the widespread occurrence of 
discharging ground water at this site. The site also had existing 
ground-water sampling infrastructure in the adjacent field 
near the riverbank that provided additional ground-water 
information. A set of 12, 0.75 inch-diameter, PVC piezometers 
with a 2-foot-long screened interval had been installed at 
this site in September 2001. The wells had been installed 
adjacent to the river and arranged in three transects, each 
being composed of two well pairs. The transects were aligned 
perpendicular to the riverbank with the wells located in the 
field at the top of the bluff—one pair about 20 ft from the edge 
of water and the other about 40 ft from the edge of water. Each 
pair consists of a deep well (25 to 40 ft) and a shallow well 
(10 to 15 ft). Distance along the riverbank between transects 
was about 500 ft. In addition, two continuous multi-channel 
tubing (CMT) observation wells (EVW-1 and EVW-2) were 
installed at distances of 0.25 and 0.5 mi from the river in June 
and August 2004. Each of these wells was installed with 0.1 to 
0.2-foot-long open intervals at 9, 27, and 43 ft (well EVW-1) 
and 12, 27, and 42 ft (well EVW-2), 

At the Nooksack River site and each of the other ground-
water discharge study sites, a temporary surface-water gaging 
station was established and instrumented with a data logger 
in order to assess temporal variability in surface-water levels 
and water temperature. An in-stream piezometer screened 
3 to 5 ft below the sediment-water interface was installed 
through the riverbed generally within a few feet of the gaging 
station. The piezometer was instrumented with a data logger to 
record ground-water levels and water temperature. At the site 
on the Nooksack River near Everson, ambient ground-water 
information also was collected by installing a data logger in 
monitoring well (ABS-480) located about 2 mi southeast of 
the site (fig. 1). 

To assess site-specific spatial variability of ground-water 
discharge, arrays of piezometers were installed in a series of 
three (on the right bank, left bank, and center of the channel), 
forming two or three transects perpendicular to the stream 
about 50 to 75 ft apart. These transects were established 
at ground-water discharge study sites on the three smaller 
streams—Fishtrap, Fourmile, and Bertrand Creeks. Installation 
of piezometers in these transects facilitated measurement of 
vertical hydraulic gradient and collection of water samples 
during all flow conditions, including very high flows 
(flooding).

Collection and Analysis of Water-Quality 
Samples from Discharging Ground Water 

Water-quality samples were collected from piezometers 
at each study site and were analyzed for E. coli bacteria and 
a suite of compounds including nitrate as N, nitrite as N, 
chloride, excess dissolved nitrogen gas, dissolved organic 
carbon as C, and ferrous iron. Sterile techniques were used 
during collection, storage, and analysis of surface-water and 
ground-water samples for bacterial analysis. Surface-water 
samples were collected by hand from the midpoint of the 
stream. Samples were obtained from piezometers using a 
peristaltic pump with autoclavable silicon tubing. Samples 
for bacteria analysis were collected into a sterile 250-mL 
polyethylene bottle and transported on ice to a field laboratory 
of the U.S. Geological Survey (USGS), Washington Water 
Science Center, Tacoma, Washington, for processing and 
incubation within 24 hours of collection. 

E. coli was used as the indicator species of fecal 
contamination as recommended by the U.S. Environmental 
Protection Agency (2002). Ground-water and surface-water 
samples analyzed for concentrations of E. coli. (reported as 
Colony Forming Units per 100 mL or CFU/100 mL) were 
enumerated using the enzyme-substrate most-probable number 
(MPN) enumeration technique (American Public Health 
Association and others, 1998). This technique was used 
because it requires less field processing and produces results 
that are comparable to the membrane filter technique outlined 
in the USGS National Field Manual for the collection of 
water-quality data (Myers and Sylvester, 1997). 

Quality-assurance samples included blanks, replicates, 
and positive control samples containing less than 50 cells 
each of E. coli, Klebsella pneumoniae, and Pseudomonas 
aeruginosa. The positive control samples were provided by 
IDEXX Laboratories (Westbrook, Maine). All positive control 
samples gave the proper enzymatic color change response 
and resulted in most-probable number concentrations of from 
7 to 16 CFU/100 mL. E. coli was not detected in any of the 
field or laboratory blank samples. The relative percentage of 
difference of duplicate samples ranged from 87 to 315 percent.

In addition to monitoring for bacterial indicators, field 
measurements of water temperature, specific conductance, 
dissolved oxygen, and ferrous iron were measured on-site 
during sample collection. Samples collected for analysis 
of nitrate and major ions were passed through a 0.45-µm 
membrane filter into polyethylene bottles, chilled, and sent 
to the USGS National Water Quality Laboratory (NWQL). 
At the NWQL, samples were analyzed for concentrations 
of nitrate by colorimetry (Fishman, 1993). Major ions were 
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analyzed by ion chromatography described by Fishman and 
Friedman (1989). In this study, dissolved nitrogen in excess 
of atmospheric input was used to determine the degree to 
which biogeochemical breakdown of nitrate was occurring 
before ground water discharges into the surface-drainage 
system. Concentrations of dissolved nitrogen and argon 
were determined by head-space gas chromatography at the 
USGS Dissolved Gas Laboratory in Reston, Virginia. Water 
temperature and specific conductance were measured using a 
temperature compensated probe and meter that was checked 
daily with a standard reference solution. Dissolved oxygen 
and ferrous iron measurements were made using CHEMetes 
colorimetric ampoules (manufactured by CHEMetrics, Inc., 
Calverton, Va.).  

Quality-assurance measures used throughout the 
study include submitting about 15 percent of samples to 
the laboratory as quality-assurance samples, which are a 
combination of replicate and blank samples. Field instruments 
used in stream reconnaissance and execution of project 
objectives were calibrated daily with known standards, and 
temperature recording instruments used throughout the study 
were compared to standard thermometers during site visits.

Laboratory Assessment of Attenuation of E. coli 
in Streambed Sediments

The survival of fecal coliform and E. coli in freshwater 
river and creek sediments was evaluated using a microcosm 
designed to simulate field conditions of flowing water, diurnal 
sunlight, and constant water temperature. Field studies 
utilizing in-stream microcosm chambers were considered 
but determined to be impractical because sediments could 
not simultaneously be kept in direct contact with oxygenated 
streamflow and other conditions that would promote die-off 
fecal bacteria while at the same time be isolated from potential 
E. coli input from upstream sources. To the extent possible, 
the laboratory microcosm study simulated field conditions 
that promote die-off of fecal bacteria within the upper 2 cm 
of streambed sediments, including exposure to oxygenated 
streamflow, sunlight, and water temperature. 

In the laboratory study, sediments and water from 
Fishtrap Creek were collected to construct a continuous 
flow-open system microcosm (fig. 3). A recirculating pump 
provided continuously flowing water of 1 L/min over a 
sediment bed that was 1 to 2 cm in depth. The microcosm 
was maintained at a constant water temperature (10°C) and 
exposed to artificial sunlight for 8 hr/d. Sediment samples for 
enumeration were a composite of six approximately 1 cm3 

subsamples of sediment collected from a randomized grid 
across the microcosm. E. coli, pH, specific conductance, 
and dissolved oxygen were monitored in the water overlying 
sediments during the experiments. Additional details on the 
microcosm experiment are described in Defawe (2003).

Particle-bound bacteria were dissociated from sediment 
particles by sonication and enumerated using the membrane 
filter technique (American Public Health Association and 
others, 1998). In a series of tests, sonication alone produced 
the highest and most consistent enumeration results when 
compared to other procedures that included vortex or 
stomacher mixing with or without the use of a surfactant 
(Defawe, 2003). All laboratory equipment and flasks that 
contacted the sample were sterilized before use with either an 
autoclave or by soaking in 90 percent ethyl alcohol for 15 min. 
All samples were refrigerated and stored on ice until analysis 
within 24 hours of collection. For analysis, the sediment 
sample was first homogenized by stirring for 1 min. Then, a 
10-percent mass/volume slurry was made with the sediment 
sample by adding 10.0 g of drained-wet sediment sample 
(weighed to ±0.01 g) to a glass Erlenmeyer flask containing 
90.0 mL of sterile phosphate buffer. The flask was covered 
with aluminum foil. The flask was shaken briefly for 10 
seconds and then immediately placed in an L&R Transistor/
Ultrasonic T-14 sonication bath for 3.0 min. Large particles 
were allowed to settle out by waiting 2.0 min after sonication. 
After 2.0 min, the tip of the pipette was placed 2 cm below the 
surface and 10.0 mL was immediately transferred into a flask 
containing 90.0 mL of buffer. If necessary, additional 1 to 10 
dilutions were made.

The membrane filtration method was used to enumerate 
coliform concentrations. The flask containing the sample to 
be filtered was shaken vigorously by hand for 10 seconds 
before each aliquot for enumeration was withdrawn from the 
flask. The diluted sample was then filtered onto a Whatman, 
0.45-µm pore size, 47 mm diameter, white grid, cellulose 
nitrate membrane filter. However, if the 10-2 dilution was used, 
the liquid portion was poured off into another flask after the 
2.0 min settling period and filtered. This step removed larger 
particles that would interfere with colony separation. 

To ensure adequate bacteria counts, each sample was 
plated at two different filtration volumes and four replicates 
were prepared for each volume. Before filtering a sample, an 
estimate would be made as to which dilution of the sediment 
sample would produce between 20 and 80 CFU/mL. Four 
5-mL aliquots of the dilution would be filtered onto individual 
filters; followed by an additional four 7-mL aliquots of the 
same dilution yielding eight agar plates per sample. 
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Longitudinal Profile of South Fork 
Nooksack River

To identify specific locations of discharging ground 
water, a longitudinal survey of surface-water temperatures 
near the riverbed was conducted on the 14-mile reach of the 
South Fork Nooksack River between the Skookum Creek 
Fish Hatchery and the confluence with the North Fork of the 
Nooksack River (fig. 1). River-water temperatures typically 
show a diurnal pattern of steadily increasing temperatures 
during the day as solar energy is adsorbed followed by nightly 
cooling. In the longitudinal survey, stream reaches where the 
rate of water temperature increase is substantially smaller 
than the average or where decreasing temperature trends are 
measured are interpolated as springs or seeps where cooler 
ground-water discharge is occurring. 

The longitudinal thermal profile survey was conducted 
between 9:00 a.m. and 4:00 p.m. on August 28, 2003, during 
the rising limb of the river’s diurnal temperature cycle. The 
recorded water temperature near the streambed ranged from 

Ground Water/Surface Water 
Interactions

Various techniques have previously been used at a 
number of sites throughout the lower Nooksack River basin 
to identify locations where ground water discharges directly 
to streams. Aerial images generated from Forward Looking 
Infra-Red (FLIR) videography have been used along portions 
of the mainstem of the Nooksack River as well as portions of 
the South Fork of the Nooksack River (Watershed Sciences, 
LLC, 2002). Synoptic low-flow discharge measurements, or 
seepage runs, have been used along Fishtrap and Bertrand 
Creeks to identify locations of ground-water discharges and 
quantify the amount of water either gained or lost by the 
streams (R.A. Kimbrough, U.S. Geological Survey, written 
commun., 2002). These studies were used in the selection 
process to select sites where more detailed information on 
ground water/surface water interactions would be collected. 

Figure 3.  Microcosm chamber used in sediment bacteria attenuation study. 
Bed sediment material was retained in place with at 1 cm3 plastic grid and continuous flow was maintained over the 
1-2 cm thick bed sediment with a recirculating pump. 
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Figure 4.  Thermal profile of the South Fork Nooksack River, Whatcom County, Washington, August 28, 2003.

about 14°C at the upstream location near Skookum Creek 
to 20.6°C at the confluence near Deming (fig. 1). Localized 
temperature variations could be seen in some of the larger 
deep pools where the river bottom was more insulated from 
solar radiation, in very shallow areas where solar radiation 
was sufficient to warm slow moving water, and in areas where 
riparian cover provided shade during the hottest times of the 
day. However, these localized variations generally were small 
due to the amount of mixing caused by turbulence in a flowing 
river environment and did not adversely affect the water 
temperature survey. 

The longitudinal thermal profile clearly shows five 
reaches (A, B, C, D, and E) (fig. 4) where river temperatures 
depart from the diurnal warming trend suggesting the input 
of cooler ground water. Four of these reaches were adjacent 
to sedimentary geological deposits that are characteristically 
permeable and may be locally significant aquifers (fig. 5). 
Permeable glacial outwash is adjacent to reach E, where 
water temperatures decreased substantially throughout the 
reach. Permeable alluvial-fan deposits were adjacent to reach 

D where water temperatures remained cool over a relatively 
long distance and to reach C where a distinct cooling trend 
was observed. Reach B is immediately adjacent to a deposit 
of recent valley alluvium and reach A is adjacent to a large 
landslide deposit. 

Although recent valley alluvium typically is composed 
of fine-grained sediments that are poorly transmissive and do 
not allow water to flow easily through them, these deposits 
are often of limited thickness. In this setting, permeable 
glacial outwash, that is highly transmissive, is adjacent to the 
alluvium on both sides of the river and likely occurs beneath 
the alluvium. The cooler stream water temperatures in reaches 
B and A likely are due to ground water discharging to the river 
from this glacial outwash deposit at the downstream end of the 
South Fork valley. 

Ground water was discharging unevenly along the South 
Fork Nooksack River. Interpreted ground-water discharge 
areas appear to be adjacent to geologic deposits that may 
contain sufficient coarse-grained materials for aquifer 
formation. No sites along the South Fork Nooksack River 
were selected for detailed study of discharging ground water 
or further monitoring. 
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Figure 5.  Generalized surficial geology and location of reaches of discharging ground water, South Fork 
Nooksack River, Whatcom County, Washington.
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Ground-Water Discharge Study Sites

Nooksack River near Everson
The FLIR images taken along the mainstem of the 

Nooksack River showed a number of locations along portions 
of the riverbank where cooler surface temperatures might 
indicate the locations of ground-water discharge (Watershed 
Sciences, LLC, 2002). At a site about 2 mi upstream of the 
town of Everson, the FLIR image showed cooler surface 
temperatures along the right bank of the Nooksack River 
(fig. 6). At this location, the river channel is divided into 
two channels separated by a gravel island partly covered 
with brushy vegetation estimated to be less than 5 years in 
age. The main flow of the river follows the west or left bank 
channel and a subordinate channel flows along the right bank 
of the river adjacent to agricultural pasture lands. Further 
reconnaissance of the site revealed ground-water seepage from 
the bluff beneath the adjacent pasture land. 

At one location, ground-water seepage with estimated 
flow of 100 to 200 mL/min was observed flowing over the 
land surface and into the river (fig. 6 inset). Vertical hydraulic 
gradients between surface water and the underlying ground 
water were measured using a manometer board at 10 sites 
along the subordinate channel and at 4 sites on the west side of 
the island along the main river channel. 

Specific conductance was used to help distinguish 
between ground water and surface water. Specific conductance 
was 88 µS/cm in water samples from the river and ranged from 
241 to about 500 µS/cm in ground water from wells in the area 
adjacent to the riverbank (table 1, at back of report). Along 
the right bank channel and shoreline, the vertical hydraulic 
gradient was positive (or upward) ranging from 0.08 to 0.25 
ft/ft during the manometer board survey. Specific conductance 
in ground water ranged from 207 to 247 µS/cm during the 
manometer board survey. 

The largest vertical hydraulic gradient (0.25 ft/ft) was 
measured near the area where 100 to 200 mL/min ground-
water seepage was observed flowing into the Nooksack 
River. The variation of vertical hydraulic gradients was more 
than an order of magnitude although the variation in specific 
conductance was much more limited. The larger variation in 
vertical hydraulic gradient compared to specific conductance 
is likely due to local variations in permeability of aquifer 
materials. The cooler temperatures observed in the FLIR 
image, the upward vertical hydraulic gradients observed in 
the manometer survey, and the limited variation in specific 
conductance of shallow ground water all indicate ground-
water discharge (fig. 6) at this site.

On the west side of the gravel island along the right bank 
of the main channel, vertical hydraulic gradients in shallow 
ground water were negative (or downward). In addition, the 
specific conductance of water pumped from the piezometers 
ranged from 96 to 99 µS/cm, which was very similar to 
the specific conductance of surface water (88 to 89 µS/cm) 
indicating that river water was flowing downward into the 
streambed. The downward vertical gradients may represent 
flow within the rivers hyporheic system as a minor riffle was 
present about 300 ft downstream. 

To evaluate temporal variations in ground-water 
discharge at this site, hourly measurements of surface-water 
levels of the Nooksack River and ground-water levels beneath 
the riverbed were recorded from November 2002 to October 
2004 (fig. 7). A temporary surface-water gaging station was 
established on the east bank of the east channel near the 
center of the ground-water discharge area (fig. 6). The gaging 
station consisted of a water-level data logger installed in a 
pipe open to the Nooksack River although another data logger 
was installed in a nearby piezometer driven 6.5 ft below the 
streambed. Data from both data loggers are referenced to a 
common arbitrary reference datum so that water levels could 
be directly compared. 

Surface-water levels measured in the Nooksack River 
ranged from 15.4 to 27.8 ft above the reference datum whereas 
ground-water levels beneath the riverbed ranged from 16.8 
to 22.9 ft above the reference datum. The surface-water 
and ground-water hydrographs (fig. 7A) reveal very similar 
patterns in the rise and fall of water levels throughout most of 
the year although the range of variation for surface water was 
nearly twice as large as that of ground-water levels. Ground-
water levels typically were 0.98 to 1.31 ft higher than surface-
water levels indicating an upward vertical hydraulic gradient 
ranging from 0.17 to 0.22 ft/ft. However, during periods of 
very high river stage, surface-water levels often exceeded 
ground-water levels. During these brief periods of very high 
river stage, the vertical hydraulic gradient was downward, 
reaching values as low as -0.8 ft/ft as river water flowed 
through the streambed and into the underlying ground-water 
system or moved into bank storage. The downward vertical 
hydraulic gradients that occurred during high discharge events, 
were of short duration, lasting only a few hours. Positive (or 
upward) vertical gradients returned immediately or within a 
few hours after the flood crest had passed and surface-water 
levels declined below a stage of about 22 ft (fig. 7A). During 
the 16,800 hours of recorded data, a positive vertical hydraulic 
gradient, indicating discharging ground water, was recorded 
98 percent of the time; the exceptions being brief periods of 
extreme high river flows. 

14    Ground and Surface Water Interactions and Quality of Discharging Ground Water, Lower Nooksack River Basin, WA



COMUA_01_fig06

Areas of
ground-
water
seepage

Photo of
ground-
water
seepage

A.

B.

Right
Bank

Left
Bank

-0.08

0.08
0.140.14

0.11

0.12
0.19

0.20

0.25

-0.01

-0.02

Surface and ground water
level recording

Figure 6.  Oblique view and thermal image from Forward Looking Infrared Radar (FLIR) of the detailed 
ground-water study site at the Nooksack River 2 miles south of Everson, lower Nooksack River basin, 
Whatcom County, Washington. 
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Figure 7.  Continuous water-level and vertical hydraulic gradient data and temperatures of surface water and ground water at 
the Nooksack River near Everson, Whatcom County, Washington, 2002-04. 
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Hydrostatic pressure effects resulting from river stage 
is the likely reason ground-water levels mimic surface-
water levels, rising and declining roughly to the same extent 
while maintaining a head difference of 1.0 to 1.3 ft (fig. 7A). 
However, there appears to be an upper limit on the ability of 
ground-water levels to respond to river stage. At this site, that 
limit corresponds to a ground-water level between 21.3 and 
21.7 ft. The extent that downward vertical hydraulic gradients 
are able to develop depends on how much higher surface-water 
levels rise above the 21.3 to 21.7 ft range. 

Comparison of surface-water and ground-water 
temperatures confirms that ground-water discharge occurs 
throughout the year at the Nooksack River site (fig. 7B). Over 
the annual cycle, the temperature of ground water beneath 
the streambed of the Nooksack River remains constant to 
within a few degrees of the base-line temperature of about 
10°C. Surface-water temperatures typically displayed daily 
and seasonal variations ranging from 3 to 10°C becoming 
larger during the summer months. If surface water is moving 
into the ground-water system through the streambed, then the 
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Figure 7.  Continued.

temperature signal of shallow ground water beneath the river 
may show a similar seasonal and diurnal pattern of variation. 
The recorded ground-water temperatures at the Nooksack 
River site did not vary substantially from 10°C indicating 
that there was only very limited movement of surface water 
into ground water underlying the riverbed (fig. 7B). Short-
duration perturbations of ground-water temperatures were 
measured during flood peaks when water levels in the river 
were sufficiently high to develop a negative vertical hydraulic 
gradient, thus allowing cold surface water to move into the 
underlying ground-water (fig. 7B). 

Comparison of surface-water levels in the Nooksack 
River to ground-water levels beneath the riverbed and the 
adjacent uplands indicate that both respond similarly to 
changing hydrologic conditions at the site. Precipitation/runoff 
events within the drainage basin commonly generate sharp 
peaks on the surface-water hydrograph followed by more 
gradual water-level declines (fig. 7A). Similar patterns were 
observed in the ground-water hydrograph except that the peak 
ground-water elevations do not occur simultaneously. Peak 
ground-water levels typically occurred within a few hours of 
the peaks in the surface-water hydrograph, although in some 
cases, the peaks were as much as 14 hours apart, and on a few 
occasions apparently preceded peak surface-water elevations. 

Ground-water levels in the aquifer beneath the adjacent 
field represented by the hydrograph for well ABS-480 
(fig. 7C) show some similarity to water levels that were 
measured in the in-stream piezometer beneath the Nooksack 
River near Everson as lowest water levels recorded in both 
ground water sites occurred in the late summer to early 
autumn time frame. However, the range of water-level 
variation measured in well ABS-480 was about one-half 
of that measured in the in-stream piezometer beneath the 
Nooksack River near Everson and did not exhibit the surface-
water response pattern measured in that piezometer (fig. 7A). 
Marked differences were observed in the ground-water 
temperature data from the two sites. Annual water temperature 
cycle of about 4°C was measured in well ABS-480 but not 
observed in the piezometer installed beneath the streambed of 
the Nooksack River where measured temperature variations 
were limited to about 1.1°C. The limited temperature variation 
measured in the in-stream piezometer beneath the Nooksack 
River near Everson is consistent with discharging ground 
water from deeper portions of the aquifer where water 
temperatures remain more constant than near the water table 
as in well ABS-480. 
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Fishtrap Creek
Fishtrap Creek was included in this study because it is 

a primary stream draining an area of intense agricultural and 
urban land use, and because contamination by fecal coliform 
bacteria has been documented as a water-quality issue in 
this stream (Joy, 2000). In addition to discharging ground 
water, the creek is fed by tile drains and ditches that drain 
agricultural fields. Barnyard manure is sprayed seasonally on 
many of these fields to amend soil nutrients. 

Reconnaissance investigations used a network of nine in-
stream piezometers installed from the Canadian border to near 
the confluence with the Nooksack River (fig. 8). Continuous 
data were collected near one of the stations in the network 
(PZF-3) where data loggers were installed to collect hourly 
water-level and water-temperature data for surface water and 
ground water beneath the streambed. In addition, two transects 
of three piezometers each were installed perpendicular to the 
creek at the ground-water discharge study site near PZF-2. 

In-Stream Longitudinal Piezometer Network
Vertical hydraulic gradients were measured along the 

network of in-stream piezometers every few months from 
September 2002 to June 2004. At most of the monitoring sites, 
the vertical hydraulic gradients varied seasonally and generally 
were upward indicating discharging ground water. The 
magnitude of the vertical hydraulic gradients typically were 
larger during the winter precipitation period from November to 
April and smaller from June to September during the summer 
and late autumn (fig. 9). The direction of water flow changed 
seasonally in some piezometers (PZF-1, PZF-2). Vertical 
hydraulic gradients were positive during the wet winter 
months indicating upward flow of discharging ground water; 
however, vertical hydraulic gradients were negative during 
the late summer period indicating downward flow of surface 
water recharging the ground-water system. Seasonal variations 
in vertical hydraulic gradients were most pronounced in 
the upstream agricultural areas near the Canadian border 
(piezometers PZF-1, PZF-2, and PZF-3) and smallest in the 
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Figure 9.  Seasonal variations in vertical hydraulic gradients in ground water beneath the streambed of Fishtrap 
Creek, from the Canadian border to the confluence with the Nooksack River, Whatcom County, Washington, 
September 2002-July 2004. 
Locations of piezometers are shown in figure 8.
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downstream reaches from the town of Lynden to the mouth 
of the creek (piezometer PZF-9) (fig. 9). Vertical hydraulic 
gradients generally were upward during the study period at 
all piezometers except for PZF-6, where the vertical hydraulic 
gradient was consistently downward. Downward vertical 
gradients at this location may be related to the surrounding 
geography as this piezometer is near the break in slope where 
the Fishtrap Creek channel has eroded into the alluvial terrace 
of the Nooksack River and may not have incised to the level of 
the regional ground water table.

Vertical hydraulic gradients also were measured 
periodically in two perpendicular transects of piezometers 
installed near PZF-2 (fig. 10). Manometer board 
measurements taken intermittently from October 1, 2003, to 
May 6, 2004 indicate that vertical hydraulic gradients are more 
positive during February and March 2004 (fig. 10) consistent 
with the seasonal pattern exhibited in PZF-2, which was 30 
ft downstream. The pattern of vertical hydraulic gradients 
near the stream channel suggests that ground-water flow is 
not symmetrical to the streambed at this location although the 
topography near this site generally is flat. Vertical hydraulic 
gradients were consistently lower at the center of the channel 
than either bank and gradients on the left bank generally 
were more positive than the right bank. These patterns 
suggest the potential for larger ground-water fluxes from the 
field southeast of the piezometer nest than fluxes from the 
northwest field, thus providing further evidence that source 

areas contributing ground-water discharge to streams can be 
variable at the field scale. Although most of the measured 
vertical hydraulic gradients were positive, indicating upward 
ground-water flow, brief periods of high streamflow appear 
to have induced downward flow in October 2003 at the 
downstream transect and in November 2003 at the upstream 
transect.

Hourly measurements of surface-water levels in Fishtrap 
Creek and ground-water levels in a piezometer installed to a 
depth of 5 ft beneath the streambed were recorded from April 
2003 to August 2004 in order to evaluate temporal variations 
in ground-water discharge. When referenced to a common 
arbitrary datum, these data show that ground-water levels 
generally were higher than the water level in streams (fig. 11). 
Exceptions were noted during short-duration stream discharge 
events such as a storm on July 12 and 13, 2003, in which 2.2 
in. of precipitation was recorded at a weather station 4 mi 
north of Fishtrap Creek. During this storm, the increase in 
hydraulic head monitored in the ground water began on July 
12 at 9 p.m. while increased stage in Fishtrap Creek was not 
seen until 2 hours later at 11:00 p.m. However, the water level 
in Fishtrap Creek did eventually exceed the hydraulic head 
of the ground water resulting in a negative vertical hydraulic 
gradient for about 18 hours. Analysis of individual storm 
events indicates that surface-water and ground-water levels 
respond rapidly to precipitation events, and periods of negative 
vertical hydraulic gradients occur during peak streamflows, 
but typically are of short duration.
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Figure 10.  Seasonal variations in vertical hydraulic gradients in ground water beneath the streambed measured at two piezometer 
transects across Fishtrap Creek, lower Nooksack River basin, Whatcom County, Washington, October 2003 to May 2004. 
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Vertical hydraulic gradients became less positive from 
early July to early September 2003, and during the same 
period in 2004, the vertical hydraulic gradient became negative 
from July 7 to September 12 (fig. 11). The water temperature 
record for this site confirms the downward flux of warm 
surface water during late summer 2004. The temperature 
record shows that surface water undergoes both diurnal and 
seasonal variations and ground water generally remains at 
a consistent 10°C throughout the year. However, during the 
late summer dry period of 2004, downward flow through 
the streambed caused a substantial increase in ground-water 
temperature at this site (fig. 11). Ground-water temperatures 
gradually returned to an ambient 10°C after the vertical 
hydraulic gradient returned to a positive value indicating 
upward flow in early September 2004.

The negative vertical hydraulic gradient measured during 
the late summer of 2004 may be related to changing hydraulic 
conditions within the stream or the adjacent riparian corridor. 
The growth of vegetation within and adjacent to the creek 
channel increases substantially during the later one-half of the 
summer impeding streamflow and resulting in higher water 
levels within the stream channel. Irrigation return flows from 
tile drains also may help to sustain stream stages as ground-
water levels continue to decline during the dry season. Either 
of these factors could combine to cause negative vertical 
hydraulic gradients during late summer. 

The effects of an artificial increase in stream stage were 
observed during a site visit to piezometer PZF-2 in August 
2004. Woody debris had accumulated on a small constriction 
just downstream of a network piezometer, possibly placed 

20    Ground and Surface Water Interactions and Quality of Discharging Ground Water, Lower Nooksack River Basin, WA



Figure 11.  Continuous water level and vertical hydraulic gradient data and temperatures of surface water and ground water at 
Fishtrap Creek at Pangborn Road, lower Nooksack River basin, Whatcom County, Washington, March 2003 to October 2004.
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there by beaver or other animals. The manometer board 
measurement made before removal of the debris indicated a 
negative (downward) vertical hydraulic gradient. Following 
the removal of the debris, the pool elevation in the creek 
declined 4.3 in. then stabilized. Repeat measurements of 
the vertical hydraulic gradient indicated a positive value as 

did a follow-up measurement the next day. This condition 
may explain some of the variation in the measurements of 
vertical hydraulic gradient shown in the piezometer transect 
near PZF‑2 in figure 10. Thus, local site conditions can be 
important when interpreting hydraulic gradient data.

Ground Water/Surface Water Interactions    21



Fourmile Creek 
Fourmile Creek was selected as a ground-water discharge 

study site because it is a low order stream draining an area 
of intense agricultural production. Fourmile Creek originates 
from Green Lake and surrounding wetlands (fig. 1) where it 
flows generally west to join Tenmile Creek just west of the 
Guide Meridian, which in turn flows into the Nooksack River 
near Ferndale. Like Fishtrap Creek to the north, the ground-
water discharge study site is in an agricultural area subject 
to manure applications and where tile drains have been used 
to artificially drain fields. Initial installation of monitoring 
equipment was disrupted by dredging of the stream channel 
during autumn 2003. About 3 ft of organic sediments were 
removed from the channel exposing fine to medium sand in 
the streambed. The water table in the area was measured at 
depths of about 2 to 5 ft below the land surface, close enough 
to the surface to require tile drains for artificial drainage to 
lower the water-level elevation in order to prepare for planting 
crops in the spring.

Two transects of three piezometers each were installed 
perpendicular to the creek at the ground-water discharge study 
site on Fourmile Creek. Vertical hydraulic gradients were 
measured in each piezometer with a manometer board four 
times from February through May 2004 (fig. 12). Vertical 
hydraulic gradients were consistently positive; however, at 
most sites, the positive gradient tended to become smaller 
from February through early May 2004. Precipitation in 
late May 2004 could have caused the anomalously positive 
values in the right bank and center of the upper transect and 
slightly more positive values in the center and left bank of the 
downstream transect (fig. 12). Vertical hydraulic gradients 
were consistently more positive on the right bank and 
progressively less positive toward the left bank suggesting 
that ground-water fluxes probably are higher on the northwest 
side of the creek at this site. Data from this site show both 

the spatial and temporal variability in surface water/ground-
water interactions at a field scale. Such variations are likely 
due to heterogeneities within aquifer materials underlying 
the streambed, local topography, the placement of tile drains, 
or other factors. Precipitation also may influence localized 
ground-water discharge.

A temporary gaging station was established at the 
Fourmile Creek site and continuous water-level data were 
collected from December 2003 to October 2004 (fig. 13). 
Ground-water levels recorded in a piezometer installed to 
a depth of 5.4 ft below the streambed were consistently 
higher than surface-water levels throughout the study period 
indicating that gaining conditions predominate throughout the 
year. 

Vertical hydraulic gradients were upward and generally 
were larger during winter and autumn than during the 
summer months. Ground-water temperatures were relatively 
constant throughout the study period, with a difference of 
4.2°C between the coolest temperature in January and the 
warmest temperature in September (fig. 13). Surface-water 
temperatures at the Fourmile Creek site did not show as 
strong a diurnal signal as observed at other sites. Stream 
temperatures at this site may have been buffered by ground 
water discharging at a nearly constant temperature or 
influenced by riparian vegetation that create shaded conditions 
that were more common along Fourmile Creek than at other 
sites. The nearly identical response in ground-water levels and 
surface-water stage at this site may be due to the fact that the 
streambed is composed of well-sorted, un-compacted sand 
with a loose quicksand-like texture. The loose-open texture 
allowed unimpeded hydraulic connection between ground 
water and surface water resulting in little if any lag effect as 
precipitation and runoff events varied the flow in Fourmile 
Creek. The effect of dredging the stream channel appears to 
have enhanced the communication between surface water and 
the underlying aquifer and, in this case, increased the rate of 
ground-water discharge.
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Figure 12.  Seasonal variations in vertical hydraulic gradients in ground water beneath the streambed 
measured at two piezometer transects across Fourmile Creek, lower Nooksack River basin, Whatcom County, 
Washington, February to May 2004.
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Figure 13.  Continuous water level and vertical hydraulic gradient data and temperatures of surface water and ground water at 
Fourmile Creek near Guide Meridian, lower Nooksack River basin, Whatcom County, Washington, December 2003 to October 2004. 
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Bertrand Creek
The Bertrand Creek ground-water discharge study site 

was selected to assess the impacts of agricultural practices 
on water quality at a field scale. The study site is actually 
located on a small drainage ditch that is tributary to Bertrand 
Creek. The ditch originates from and flows through fields in 
agricultural production, northwest of Lynden, Washington 
(fig. 1). The tributary flows through a manmade ditch that 
drains fields used primarily for hay and grass dairy feed. 
Manure was applied to fields using traditional spray methods 
on the east side of the ground-water discharge study site, and a 
newer injection method was used on the west side.

A temporary gaging station was installed adjacent to an 
in-stream piezometer in March 2003 and routine sampling 
and vertical hydraulic head was measured in September 2003. 
Continuous data loggers were installed in the tributary in 
December 2003 but the channel was dredged on February 
14, 2004, and several months of continuous data were lost. 
The dredging removed accumulated mud and sediments in 
the channel and exposed sandy material on the streambed. In 
March 2004, the temporary gaging station was re-established 
and a new ground-water piezometer was installed to a depth 
of 6.5 ft beneath the streambed. Continuous data loggers were 
installed to collect hourly ground-water and surface-water 
levels, as well as, water-temperature data. 

Three transects of three piezometers each were installed 
perpendicular to the drainage ditch at intervals of about 
50 ft. The surface-water gaging station was installed at the 
center transect. Vertical hydraulic gradients were measured 
throughout the autumn and winter of 2003 and into the spring 
and summer of 2004 in each of the nine piezometers (fig. 14). 

Vertical hydraulic gradients were most positive in 
February when winter precipitation was greatest. Gradients 
gradually became less positive through the spring and early 
summer and are assumed to continue to decrease until winter 

precipitation begins, typically after November. Although 
downward vertical hydraulic gradients were not measured 
during the period of study, downward flow could have 
occurred during the dry summer months. Vertical hydraulic 
gradients measured in the three piezometers that comprise a 
single transect generally were consistent. However, downward 
gradients in the north transect tended to be larger than at the 
central and south transects suggesting a small component of 
regional ground-water flow from north to south at the study 
site. The consistency of hydraulic gradient values across each 
transect suggests that aquifer conditions at this site possibly 
are more homogeneous than the other ground-water discharge 
study sites evaluated as part of this study. Thus, although 
ground-water discharge varies temporally at this site it does 
not appear to have a large spatial variation. 

Continuous water-level and water-temperature data were 
collected at Bertrand Creek tributary site from March 30 to 
October 24, 2004 (fig. 15). Corrections had to be applied to 
the data to account for drift of the data logger instruments, 
so the accuracy of the stage data at this site is considered 
fair. A comparison of stream-stage and ground-water level 
data indicates that vertical hydraulic gradients were upward 
from April 2004 to late June 2004, at which time the gradient 
reversed and became downward. The reversal from upward 
to downward flow appears to have occurred around June 22, 
2004, as indicated by a significant change in both stream and 
ground-water temperatures (fig. 15). Slow moving and very 
shallow surface water, no longer buffered by cooler ground-
water discharge, was more strongly affected by atmospheric 
temperature variations. In addition, the warmer, downward 
moving surface water is indicated in the temperature data 
from the ground-water sensor at a depth of 6.5 ft below the 
streambed. Although downward vertical hydraulic gradients 
were recorded through October 2004, once winter rains begin 
to recharge the shallow aquifer, the hydraulic gradients were 
assumed to reverse once again to upward flow through the 
winter and following spring.
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Figure 14.  Seasonal variations in vertical hydraulic gradients in ground water at three piezometer transects across a drainage ditch 
tributary of Bertrand Creek, lower Nooksack River basin, Whatcom County, Washington, October 2003 to June 2004.
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Figure 15.  Continuous water level and vertical hydraulic gradient data and temperatures of surface water and ground 
water at a tributary to Bertrand Creek, lower Nooksack River basin, Whatcom County, Washington, April to October 2004.
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Spatial and Temporal Variability
Each of the ground-water discharge study sites examined 

in this study showed evidence that ground-water discharge 
is variable in both space and time. Spatial variability of 
ground-water discharge along the South Fork of the Nooksack 
River appears to be closely related to the geologic materials 
adjacent to the streambed. Coarse-grained alluvial fan and 
landslide deposits are likely in connection with the streambed 
and are therefore capable of contributing localized flow. In 
settings like Fishtrap Creek where geologic materials are more 
homogeneous, spatial variations are more subtle. Slightly 
larger vertical gradients were present in the upper parts of 
the drainage basin. Changes in topography or incision of the 
Fishtrap Creek streambed may cause localized downward flow 
from the creek that either remains in the hyporheic zone or 
recharges the aquifer. Variations in vertical hydraulic gradients 
at ground-water discharge study sites on Fishtrap and Fourmile 
Creeks suggest differences from one field to the next or from 
one side of the stream to the other. Such differences may be 
due to local site conditions such as topography, tile drains, or 
even wildlife, such as beaver dams.

Temporal variability was more pronounced at each site. 
Vertical hydraulic gradients generally were upward in the 
winter and diminishing through the spring and summer. In 
the late summer, especially during drought conditions, sites, 
such as Fishtrap and Bertrand Creeks, may have downward 
vertical hydraulic gradients for a period of time until the next 
rainy season. Flood events were found to temporarily reverse 
the flow of water across the streambed as surface-water levels 
exceed local ground-water levels. During these short-duration 
events, surface water recharges the aquifer or is held in bank 
storage until the flood crest passes. 

The spatial and temporal variability of surface water/
ground-water interactions strongly influence the movement of 
contaminants into and out of the surface-water system. 

Quality of Ground Water 
Discharging to Streams

Bacteria

In this study, E. coli bacteria were rarely detected 
in samples of ground water discharging to streams in the 
Nooksack River lowland. E. coli were detected in 9 of 
145 ground-water samples analyzed and concentrations 
of E. coli in ground water typically were much lower than 

concentrations of E. coli in the overlying surface water. 
Additionally, when E. coli was detected in ground water, it 
usually was detected in only one or two of the six to nine 
ground-water samples collected at a given site. However, 
E. coli were detected in all samples of surface water from 
the Nooksack River, Fishtrap and Fourmile Creeks, and the 
tributary to Bertrand Creek at concentrations ranging from 
2 to 5,000 CFU/100 mL. Comparison of the concentration 
of E. coli in surface-water and ground-water samples 
collected from the ground-water discharge monitoring sites 
is shown in figure 16. The near absence of E . coli in samples 
of discharging ground water indicate that ground water 
discharging to lowland streams of the Nooksack River basin 
through the streambed is not likely the primary source of fecal 
contamination observed in those surface waters. 

Surface-water monitoring data indicated that large 
concentrations of fecal coliforms were more common in 
surface-water samples collected during the spring and summer 
growing period when manure application to fields was routine, 
than in samples collected in the autumn and winter (Northwest 
Indian College, 2004). Additional ground-water samples were 
collected for analysis of E. coli at the ground-water discharge 
study site on the tributary to Bertrand Creek, which is 
essentially a drainage ditch bisecting a dairy pasture on which 
manure was regularly applied. During the early part of May 
2004, manure was applied to the field west of this drainage 
ditch by field spray method and to the field east of the ditch 
by direct injection. Samples of discharging ground water were 
collected from all nine piezometers during the next significant 
rain event that followed. Ground-water samples were collected 
on May 27, 2004, when more than 1 in. of rain was recorded. 
Although E. coli was not detected in any of the ground-water 
samples; the concentration of E. coli in surface water on May 
27, 2004, was 3,470 CFU/100 mL. About one-half of the 
piezometers sampled on May 27 showed a significant increase 
in specific conductance which may be related to the rain 
event. Prior to the rain event, E. coli concentrations in surface 
water were 18 CFU/100 mL. An additional round of samples 
was collected 1 week later (June 4) and E. coli again was not 
detected in the ground-water samples although the surface-
water concentration of E. coli was 30 CFU/100 mL. Clearly, 
fecal bacteria were being transported to the surface water at 
the time of the rain event although not through the ground-
water pathway sampled by the piezometers.

Concentrations of E. coli also were determined for 
samples of surface water and ground water collected 
from the nine network piezometers along Fishtrap Creek 
(fig. 17). E. coli was detected in all surface-water samples at 
concentrations ranging from 350 to more than 1,000 CFU/
100 mL, but not in the ground-water samples where vertical 
hydraulic gradient and other water-quality data indicated 
ground water was discharging through the streambed.  
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Figure 16.  Concentrations of E. coli in surface water and discharging ground water of the 
Nooksack River lowland, Whatcom County, Washington.
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Figure 17.  Concentrations of E. coli in surface water and discharging ground water from network piezometers 
along Fishtrap Creek, lower Nooksack River basin, Whatcom County, Washington. 
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At one piezometer (PZF-6), where measurement of the vertical 
hydraulic gradient indicated that water from the stream was 
recharging the ground-water system, E. coli bacteria were 
detected at concentrations of 0 to 6 CFU/100 mL in ground 
water. The presence of E. coli in these ground-water samples 
likely is due to the advective transport of bacteria contained 
in stream water that is recharging the ground-water system. 
However, the in-stream piezometer at this site had to be 
re-installed on each visit. Thus, the measured bacteria could 
potentially be the result of recent disturbance of the streambed 
sediments or because the piezometer was exposed to bacteria 
in the surface water during re-installation. 

At the most upstream site (PZF-1; 9 mi upstream of the 
mouth of Fishtrap Creek) near the border between the United 
States and Canada, the concentration of E. coli in streamflow 
generally was less than one-half of that measured in 
streamflow at downstream sites. The pattern of increased fecal 
coliform bacteria present in streamflow between piezometers 
PZF-1 and PZF-3 also was detected in periodic monitoring 
conducted biweekly between 2002 and 2004 by Northwest 
Indian College (2004). The 2 years of monitoring data show 
that concentrations at the downstream site were larger than 
concentrations at the upstream site about 78 percent of the 
time. Short-term variation in bacterial concentration data from 
stream-water samples is site dependent and may exceed an 
order of magnitude (Morace and Mckenzie, 2002). The typical 
pattern of larger concentrations measured at piezometer PZF-2 
than PZF-1 indicates a source of fecal bacteria between the 
two piezometers. 

The source of the increase in fecal bacteria detected in 
surface-water samples from Fishtrap Creek at these two sites 
is not well documented. The lack of substantial concentrations 
of E. coli in samples of ground water discharging through 
the streambed of this reach indicates that at the ground-water 
discharge study site, ground water is not the contamination 
pathway. Physical filtration is a major factor limiting the 
transport of bacteria in the ground-water system. The size of 
E. coli bacteria on cells typically is 0.5 to 2 microns, thus, they 
are on the order of clay-size particles. However, they typically 
are sorbed to clay particles or clustered in clumps, so they are 
effectively larger and can be readily trapped within the pore 
space of silty and sandy soils. Movement of bacteria through 
soils is thought to occur primarily from preferential flow 
processes (Smith and others, 1985; Abu-Ashour and others, 
1998).

Other pathways that might introduce fecal contamination 
in this reach include overland flow during storm events 
that deposit large concentrations of bacteria in streambed 
sediments and discharge from subsurface tiles drains, which 
have been shown to be a significant pathway for fecal bacteria. 
Large precipitation events in the area contribute significant 

overland flow to the portions of Fishtrap Creek (fig. 18). 
Streambed sediments may provide a long-term refuge for fecal 
coliform bacteria. Soils in the areas adjacent to this reach of 
Fishtrap Creek are mapped as ‘Artificially Drained’ (U.S. 
Department of Agriculture, 1992). Fecal bacteria present in 
subsurface tile drainage is well documented (Patni and others, 
1984; Dean and Foran, 1992; Goehring and others, 1999; 
Jamieson and others, 2002) and tile drainage can represent an 
important avenue for the transport of bacteria to surface-water 
systems (Hunter and others, 2000). If artificial drainage is a 
significant pathway for bacteria transport to surface waters; 
the use of controlled drainage (implemented to reduce the flux 
of nutrient to surface water) also may provide a management 
strategy to reduce bacteria loading by promoting attenuation 
and die-off of fecal coliforms. Fleming and MacAlpine (1995) 
showed that drains closed for 1 week would reduce bacteria 
loading from tile drainage discharge.

Only three samples of drainage discharge were obtained 
and E. coli were not detected in any of the three samples. 
Locations where isolated samples of discharge from tile 
drains could be collected were extremely limited because 
at times when drains were discharging, drain outlets were 
often submerged in the receiving surface-water body and 
isolated samples of drain discharge could not be obtained. 
Drainage samples were obtained from a drain line discharging 
at the Fourmile Creek site. The area being drained included 
a substantial amount of peat and organic soils and thus, 
soil permeabilities were low and likely created conditions 
where increased filtration of bacteria limited the transport of 
bacteria. Fecal contamination in streamflow originating from 
subsurface tile drains may still be an issue. Adequate sampling 
of drains was not accomplished because suitable drains were 
not available. Streambed sediments may provide a refuge 
for fecal coliform like E. coli and be a source of the bacteria 
measured in samples of streamflow. Precipitation events that 
result in large overbank flows such as shown in figure 18B 
result in large influx of sediment from adjacent fields. If fecal 
bacteria are present on the surface of fields inundated by flood 
waters they could be transported to streambed sediments as 
flood waters recede and reside there for some time. 

In areas of fecal contamination, concentrations of E. coli 
and fecal coliform are reported to be larger in bed sediments 
than in overlying water (Lewis and others, 1986; Burton 
and others, 1987; Irvine and Pettibone, 1993; Whitman 
and Nevers, 2003). Eight samples of water and sediment 
were collected from Fishtrap Creek at piezometer PZF-3 in 
a manner similar to a cross section. E. coli concentrations 
measured in the sediments ranged from 9 to 5,000 CFU/g 
dry sediment, while E. coli concentrations in stream water 
ranged from only 127 to 463 CFU/100 mL. The smaller 
concentrations of E. coli in the sediment samples were in the 
sandy coarser grained material. 
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A laboratory microcosm experiment evaluated the 
attenuation of E. coli bacteria in streambed sediments of 
Fishtrap Creek. Recent monitoring of fecal contamination 
in Fishtrap Creek and other creeks of the Nooksack River 
lowlands has shown persistent occurrence of fecal coliform 
throughout the year with typically the highest concentrations 
in the summer months (Northwest Indian College, written 
commun., 2003). The purpose of the attenuation experiment 
was to determine if significant numbers of fecal bacteria 

washed into streams during a winter storm event (fig. 18B), 
could remain viable in the streambed sediments until the 
following summer and when, if remobilized, they could 
contribute to the fecal coliform detected in samples of stream 
water. 

Sediments used in the microcosm study were collected 
near piezometer PZF-3. The initial sediment E. coli 
concentration of these sediments was 144 CFU/g dry 
sediment, which was considered low for use in an attenuation 

COMUA_01_fig18

A. Fishtrap Creek at normal flow. 

B.  Fishtrap Creek at overbank flow. 

Figure 18.  Fishtrap Creek at normal flow and overbank flow during the October 19, 2003, precipitation 
event, lower Nooksack River basin, Whatcom County, Washington.
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study. Three liters of fresh dairy barnyard manure slurry 
containing about 20 percent solids was added to the 8 liters 
of sediment used in the experiment. Following the manure 
amendment, the initial E. coli concentration in sediment 
was 355,000 CFU/g dry sediment. E. coli concentrations in 
sediment decreased throughout the duration of the 101 day 
experiment until the concentration of E. coli in the final 
sample collected on day 101 was 186 CFU/g dry sediment; 
similar to the initial concentration in the unamended sediment. 
The rate of bacteria attenuation within the sediments was 
monitored by removing sediment samples from the microcosm 
and enumerating the E. coli concentrations on days 2, 4, 5, 12, 
19, 30, 37, 40, 53, 58, 65, 98, and 101 of the experiment.

The sediment E. coli population concentrations plotted 
over time (fig. 19) shows a general pattern of exponential 
decay, particularly during the first 65 days where the 
regression line shows results in an exponential decay constant 
of 0.1025 per day with an R2 of 0.9824. The attenuation rate 
between 65 to 101 days was slower than during the first 65 
days. The pattern of decreasing attenuation rates in the latter 
stage of attenuation studies has been reported in other bacteria 
attenuation studies (Hurst and others, 2002) and is often 
referred to as tailing. Tailing may result from the rapid die-off 
of more susceptible strains, which have larger attenuation 
constants, followed by a shift in the bacteria population 
distribution of the microbial community to strains that are 
hardier under the environmental conditions of the study. 

This experiment showed that while some bacteria were 
able to survive for up to 100 days, more than 99.8 percent of 
the bacteria died-off during the first 65 days. Unless there was 
significant flow or disturbance that resulted in substantial re-
suspension of streambed sediments, the large concentrations 
of fecal bacteria measured in the streams of the study area 
during the late summer period are not likely to be derived 
from bacteria transported from field sediments during winter 
storms. The 65-day die off period measured in the microcosm 
suggests that very limited numbers of bacteria would survive 
in-stream for the 6-month period from March to August after 
the cessation of winter storm events, and would therefore 
not be a major contributor to high bacteria concentrations 
measured in August 2004. 

The rate of bacteria die-off and attenuation changed 
over the course of the experiment as shown in the tailing in 
figure 19. The initial attenuation rates observed during the 
first week of the experiment were somewhat higher than the 
overall attenuation rate. Exponential decay constants can 
be converted to a ‘time required for 50 percent attenuation’ 
values that are synonymous to radioactive half-life constants. 
Decay constants, calculated for the initial concentration and 
each measurement, were converted to ‘time to 50 percent 
concentration’ and are plotted with the concentration data 
shown in figure 19. During the first week of the experiment, 
the ‘time to 50 percent concentration values’ increased from 
about 4.5 to about 6 days. In the following 8 weeks, the ‘time 
to 50 percent concentration’ ranged from 6 to 8 days and 

Figure 19.  Concentration and rate of attenuation of E. coli in stream sediments amended with dairy manure. 

waCOMUA_01_FIG19

1

10

100

1,000

10,000

100,000

1,000,000

0 20 40 60 80 100 120

DAYS

NU
M

BE
R

OF
VI

AB
LE

BA
CT

ER
IA

0

2

4

6

8

10

12

14

16

18

20

NU
M

BE
R 

OF
 D

AY
S

TO
50

PE
RC

EN
T

DI
E-

OF
F

y = 360600e
-0.1025x

R 2 = 0.9824

ENUMERATION
   with error bars
DAYS

32    Ground and Surface Water Interactions and Quality of Discharging Ground Water, Lower Nooksack River Basin, WA



increased to 9 to 10 days in the final two measurements made 
in the 14th week of the experiment. The change in attenuation 
rates indicate that the length of the attenuation experiment can 
have a measurable effect on the overall rate of attenuation. The 
use of streambed sediments amended with barnyard-manure 
slurry merits consideration when evaluating these results. 
Higher attenuation rates observed during the first week of the 
experiment may have occurred in the bacteria derived from a 
non-stream acclimated source. 

Differences in attenuation rates determined for E. coli in 
this study and those determined in other studies are difficult 
to assess because of the differences in study designs. The 
decay rates measured in this study using manure amended 
sediments from Fishtrap Creek were higher than those 
reported by Sherer and others (1992), but lower than reported 
decay rates from Burton and others (1987) and Davies and 
others (1995). The membrane enclosed microcosm used by 
Davies and others (1995) resulted in faster attenuation as did 
the shorter duration of monitoring (14-day study) in the open 
flow system of Burton and others (1987). The attenuation rates 
determined by Sherer and others (1992) using a refrigerated 
4-liter microcosm (8°C) were substantially smaller than 
those determined in this study. Numerous factors control 
the attenuation of bacteria populations, including predation, 
sunlight, organic matter, and size of sediment grains. This 
microcosm study, which replicated to the extent possible 
known field conditions, showed that E. coli can reside in 
sediments of Fishtrap Creek for several weeks to months, 
but are reduced in number by more than 90 percent over the 
course of several months. 

Chemical Quality and Nitrate Degradation 

The concentrations of nitrate, ferrous iron, and dissolved 
oxygen were measured intermittently to characterize the 
quality of discharging ground water and to evaluate the 
potential for denitrification. Ground water discharging through 
streambeds in the Nooksack River lowlands typically was 
reducing; concentrations of dissolved oxygen and nitrate being 
absent or low, and often containing elevated concentrations 
of ferrous iron that exceeded 1 mg/L. Although these 
concentrations are within the range measured in ground waters 
of the study area, they tend to be characteristic of a small 
fraction of the typical range (fig. 20). These data indicate that 
concentrations of water-quality constituents, particularly redox 
sensitive species, that are typical of ground water in the area 
may not be typical of concentrations that are being discharged 
to streams through the streambed.

The absence of nitrate in discharging ground water, and 
the consistent detection of reduced conditions in geochemical 
parameters at all study sites suggest that denitrification in 
ground water discharging through the sediments surrounding 
stream channels is widespread.  To assess whether 
denitrification is contributing to the lack of nitrate detected 
in ground water at the study sites, relative concentrations 
of nitrogen and argon gas in ground water were examined.   

Dissolved nitrogen and argon gases enter ground water 
through temperature dependent equilibration processes with 
the atmosphere at the time of recharge.  Because these gases 
generally are unreactive in the ground-water system, the ratio 
of their concentration remains constant in ground water unless 
disrupted by additional gas sources such as those generated 
during denitrification. The amount of excess nitrogen gas in a 
sample of ground water can be used to estimate the quantity of 
nitrate reduced through denitrification to produce the excess 
nitrogen gas (Vogel and others, 1981). 

The concentrations of dissolved nitrogen and argon gas 
were measured in 29 samples of ground water. Most samples 
were analyzed in duplicate and all concentration data are 
shown in tables 1-4 (at back of report).  In the lower Nooksack 
River basin, the average temperature of recharging ground 
water in contact with the atmosphere is about 10°C, but may 
range from 9 to 11°C). The concentration of dissolved argon in 
ground water in equilibrium with the atmosphere at a ground-
water temperature of 10°C is 0.67 mg/L. Many of the samples 
showed anomalously low concentrations of argon, indicating 
that some gases were stripped from the samples, yielding 
measurements that were ambiguous with respect to estimates 
of denitrification. Ground-water samples that were found to 
contain less than the typical argon content, or with a relative 
difference between duplicate samples of more than 1 percent, 
were considered to be compromised (potentially having been 
stripped of some gases) and eliminated from consideration as 
indicators of denitrification. 

Gas stripping likely occurred during the sampling 
process as the water was exposed to reduced hydrostatic 
pressures generated from the peristaltic pump used with small 
diameter tubing. Most samples from study sites at Fourmile 
and Fishtrap Creeks showed extensive gas stripping and 
were deemed unsuitable.  About one-half of the samples 
collected from the Bertrand Creek and Fishtrap Creek sites 
were usable. The increased length of tubing needed to connect 
the piezometer point to the sampling pump at Fourmile 
and Fishtrap Creek sites likely increased the gas stripping 
occurrence at these sample sites.

 “Excess air” commonly is found in ground-water 
samples and results in larger dissolved gas concentrations than 
would be expected based on air-water equilibration alone. 
Excess air occurs when additional quantities of atmospheric 
gases are incorporated into the ground water from air bubbles 
that become trapped in ground water during recharge (Heaton 
and Vogel, 1981). Figure 21 shows the solubility line for argon 
and nitrogen in ground water equilibrated with the atmosphere 
at temperatures from 5 to 30°C along with a line showing 
concentrations present in ground water at 10°C with 0 to 15 
mg/L of excess air.  The shaded (grey) portion of the excess air 
line illustrates the range of argon and nitrogen concentrations 
that would be expected if 0 to 5 cm3/L of excess air are 
trapped in ground water recharging at 10°C. Tesoriero and 
others (2000) reported concentrations of nitrogen and argon 
in aerobic ground water collected in the upper reaches of 
the Fishtrap Creek basin (near PZF-1 and PZF-3) that fell 
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Figure 20.  Nitrate and ferrous iron concentrations in 
discharging ground water, lower Nooksack River basin, 
Whatcom County, Washington.
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within the shaded grey area plotted in figure 21.  Their data 
provides additional evidence that the concentrations of gases 
in the recharge to the Sumas aquifer are consistent with 
those detected in ground water for this study, and support 
an interpretation that conditions of excess air were present 
in ground water at some of the study sites. Two data points 
measured in ground water collected from Bertrand Creek 
plotted in figure 21 show evidence of excess gas incorporation.   
The points are shown adjacent and slightly above the excess 
gas solubility line.

 Dissolved gas concentrations in ground water considered 
to be uncompromised are plotted in figure 21. Excess 
nitrogen gas (in the absence of excess argon gas), indicates 
denitrification, and was measured in ground-water samples 
from all study sites.  Measurement points shown in figure 21 
that plot horizontally to the right of the excess air recharging 
at the 10°C line indicate that excess nitrogen gas was detected 
in these samples.  The concentrations of excess nitrogen gas 
varied by as much as 8 mg/L with typical concentrations of 
excess nitrogen gas of about 2 to 4 mg/L. Two units of nitrate 
are reduced for each unit of nitrogen gas produced. Thus, the 
dissolved gas data suggest that from 4 to 8 mg/ L and in some 
cases as much as 16 mg/L of nitrogen as nitrate in ground 
water have been denitrified. 
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Evidence of denitrification was observed at all sample-
collection sites.  Low dissolved-oxygen concentrations, 
and the presence of dissolved ferrous iron, suggest that the 
reducing conditions necessary for denitrification to proceed 
are present. The excess nitrogen gas detected in ground water 
at the Bertrand Creek and Nooksack River sites indicate that 
denitrification has generated nitrogen gas. Low concentrations 
of nitrate measured in surface water, and high concentrations 
reported in upgradient areas of the Sumas aquifer suggest 
that nitrate concentrations are reduced at some point along 
the ground-water transport pathway, before discharging to 
surface water. Puckett (2004) suggests that denitrification may 
not occur throughout much of the aquifer, but more likely 
takes place in the sediments and riparian areas surrounding 
streambeds, where reducing conditions are more common.

Some of the nitrate contamination present in ground 
water may not ultimately be transported to surface waters. 
In agricultural areas, nitrate concentrations in ground water 
commonly are larger than nitrate concentrations in surface 
water (Mueller and others, 1995; Bohlke and others, 2001). 
In an area of the South Platte River system where McMann 
and Bohlke (2000) found that the load of nitrate measured in 
surface water was about 70 percent less than expected based 
on input of ground water from the adjacent area; with about 
one- half of the deficit being attributed to denitrification. In the 
Nooksack River lowlands, the median nitrate concentrations in 
surface water for Fishtrap Creek (1995 to 1998) was reported 
to be 2.8 mg/L (Embrey and Frans, 2003). Fistrap Creek 
drains much of the Sumas aquifer in which the median nitrate 
concentration of ground water was substantially larger than 
3.8 mg/L (1991–1993) as reported by Cox and Kahle (1999). 
Although the sampling periods for surface and ground water 
from the Nooksack River lowlands were not coincident, nitrate 
concentrations in ground water of the Sumas aquifer have been 
reported to be increasing (Kaluarachchi and Almasri, 2002), 
thus there may be a similar trend of lower than expected 
surface water nitrate load as described by McMann and 
Bohlke (2000) for the South Platte River.

Summary and Conclusions 
Elevated concentrations of fecal bacteria and nitrate 

in lowland streams have created significant environmental 
problems in the lower Nooksack River basin of Whatcom 
County, Washington. A study was conducted to evaluate 
if ground water was a pathway for contamination to enter 
surface water streams and to better understand the processes 
that affect attenuation and degradation of those contaminants 
at or near the ground water/surface water interface. 
Reconnaissance surveys were conducted to identify locations 
of ground-water discharge and four sites were selected in 
order to evaluate spatial and temporal variability of ground-
water discharge in differing settings and scales within the 
lowland. The information learned at each of the study sites 

contribute to a better understanding of ground-water/surface 
water interactions and contaminant transport, which will 
assist water-resources managers in making better informed 
decisions.

The reconnaissance survey of the South Fork of the 
Nooksack River revealed that spatial variability of ground-
water discharge is closely related to the geologic materials 
adjacent to the streambed. When the streambed encounters 
various geologic materials with differing aquifer properties, 
a greater degree of variability in ground-water discharge can 
be expected. However, small-scale variability also can be seen 
at a more local scale, even when geologic materials are more 
homogeneous. Ground-water discharge study sites on Fishtrap 
Creek and Fourmile Creek revealed small-scale variations 
from one field to the next or from one side of the stream to 
the other. Such differences may be due to local site conditions 
such as topography, tile drains, or other impacts like dredging 
or beaver dams.

Temporal variations in ground-water discharge were 
much more pronounced. At the mainstem of the Nooksack 
River near Everson and at Fishtrap Creek, ground-water 
discharge to surface water was nearly continuous throughout 
most of the year, except during winter storm events. High 
river stages caused temporary reversals in vertical hydraulic 
gradients that lasted for several hours during peak high water 
conditions. At all ground-water discharge study sites, upward 
vertical hydraulic gradients varied seasonally with generally 
more positive gradients in the winter and less positive 
gradients in the late summer. However, temporary reversals 
in vertical hydraulic gradients were observed at Fishtrap 
Creek and the tributary of Bertrand Creek. At these sites, the 
gradient reversed from positive (ground-water discharge) to 
negative (ground-water recharge) during the late summer, 
the driest time of the year. The return to a positive gradient 
(ground-water discharge) occurred during the autumn shortly 
after the first rains of the winter wet season. At each of the 
ground-water discharge study sites, ground-water levels 
closely mimicked surface-water levels while maintaining a 
nearly constant hydraulic head difference. This suggests that 
hydrostatic pressure effects resulting from changing river stage 
are rapidly transmitted through the streambed even though 
actual flow of water may be somewhat slower.

Water-quality samples were collected at each of 
the ground-water discharge study sites in order to better 
understand bacteria transport and denitrification processes. 
Although E. coli bacteria were detected in all samples of 
surface water, it was only detected in a few samples of ground 
water. This suggests that fecal coliform and E. coli bacteria 
are effectively removed during ground-water transport before 
being discharged into the streams. Increasing concentrations 
of bacteria at downstream sample sites suggests that there 
may be inputs of contamination between sampling sites. 
Alternative pathways for bacteria input include overland 
flow such as the flood event observed on October 19, 2003 
and discharge from tile drains. The level of contaminants 
introduced from tile drains could not be adequately addressed 
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in this study. Because tile drains are difficult to locate and 
their outlets are often submerged in the stream only three 
samples were collected, none of which had detectable bacteria 
concentrations.

The ability of streambed sediments to provide refuge for 
bacteria was addressed by conducting a laboratory microcosm 
experiment. The experiment showed that although some 
bacteria are able to survive for as many as 100 days, more than 
99.8 percent died off during the first 65 days. The experiment 
suggests that overland flow events (floods) during winter 
months are not the likely cause of high bacteria concentrations 
in late summer months.

Nitrate contamination of ground water is a well 
documented problem in the Nooksack River lowland. 
Although median concentrations of nitrate in ground water 
are 3.8 mg/L, concentrations in discharging ground water 
were much lower or absent. Low levels of dissolved oxygen 
and elevated concentrations of ferrous iron indicate that 
reducing conditions adjacent to the streambed are sufficient 
for denitrification to occur. Concentrations of dissolved 
nitrogen and argon were measured to confirm the presence 
of excess nitrogen, the end-product of denitrification. In spite 
of gas-stripping, excess nitrogen gas appears to be present in 
most samples suggesting that nitrate is being degraded before 
discharging to surface water. Concentrations of dissolved 
argon and nitrogen gas measured in samples of ground water 
indicated that typically 4-8 mg/L and in come cases as much 
as 16 mg/L nitrogen as nitrate in ground water is denitrified 
prior to its discharge to surface water.

Data from this study will help water-resources managers 
focus on effective management strategies for reducing 
contaminant levels in surface water streams of the Nooksack 
River lowland. The lack of significant contaminants in 
discharging ground water and the fact that surface-water 
contaminant levels increase between some sampling points 
suggests that there are alternative pathways for contamination 
to enter streams. 

Subsurface tile drains that have been installed beneath 
some agricultural fields could provide a network of 
preferential flow paths to surface water and have been shown 
to be a source of fecal contamination in surface waters in 
other areas. This study was unable to adequately address 
this question for the lowland streams of the Nooksack River 
basin. However, if drains are determined to be a significant 
source of bacteria in these streams, they also may provide a 
mechanism to mitigate the problem in areas where they are 
present. Engineering controls such as a gate valve on the 
outlet of the drain pipe may provide a mechanism to regulate 
the transport of bacteria and other contaminants. Controlling 
the rate of drainage could allow more time for natural die-off 
process to reduce bacteria concentrations while helping to 
provide additional ground-water discharge during late summer 
minimum flow conditions. In addition, controlled drainage 
also may allow more time for natural denitrification processes 
to occur thus, improving the quality of water entering the 
stream.
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Table 1.  Ground-water and surface-water quality data for samples collected at the Nooksack River near Everson, lower Nooksack River basin, Whatcom 
County, Washington, February 2003 to September 2004. 

[Abbreviations: col/100 mL, Colony forming unit per 100 milliliters;  mS/cm, microsiemen per centimeter at 25ºC; °C, degrees Celsius; mg/L, milligram per 
liter; <, less than; >, greater than; –, no data]

Site/station 
No.

Date
Escherichia 

coli 
(col/100 mL)

Specific  
conductance 

(mS/cm)

Water
temperature 

(ºC)

Dissolved 
oxygen as 

O2 
(mg/L)

Ferrous iron, 
dissolved 

(mg/L)

Nitrate 
plus nitrite, 
dissolved 

as N 
(mg/L)

Argon, 
dissolved 

(mg/L)

Nitrogen, 
dissolved 

as N2 
(mg/L)

Ground water

AFK 179 02-24-03 – – – – – 2.6 – –
485340122195301 12-04-03 <1 480 10.7 0 3 to 5 – – –

04-01-04 <1 470 9.6 .2 6 – – –
05-06-04 <1 473 10.1 <.05 1.7 – – –
09-29-04 – – – – – – 0.661 22.9

AFK 178 02-24-03 – 249 9.9 .14 – 2.6 – –
485340122195302 12-04-03 <1 310 10.0 .2 <.1 – – –

04-01-04 <1 347 10.0 .03 <.1 – – –
05-06-04 <1 348 10.9 .2 <.1 – – –
09-29-04 – – – – – – .706 22.0

AFK 177 02-24-03 – 334 10.1 .03 – <.06 – –
485341122195301 12-04-03 <1 465 9.4 .2 <.1 – – –

04-01-04 <1 503 9.6 .2 <.1 – – –
05-06-04 <1 507 9.9 .2 <.1 – – –
09-29-04 – – – – – – .706 22.0

AFK 176 02-24-03 – 296 10.5 .05 – 1.6 – –
485341122195302 12-04-03 <1 382 10.3 <.1 <.1 1.4 – –

04-01-04 <1 400 10.3 .1 <.1 – – –
05-06-04 <1 406 10.3 .05 <.1 – – –
09-29-04 – – – – – – .687 24.8

AFK 175 12-04-03 <1 254 10.2 1 <.1 2.7 – –
485336122195201 04-01-04 <1 259 10.5 >1 <.1 – – –

05-06-04 <1 258 10.4 1 <.1 – – –

AFK 174 12-04-03 <1 258 10.0 >1.0 <.1 3.1 – –
485336122195202 04-01-04 <1 254 10.2 .9 <.1 – – –

05-06-04 <1 266 10.6 1 <.1 – – –

AFK 173 12-04-03 <1 333 10.7 .2 .8 .23 – –
485336122195301 04-01-04 <1 349 9.6 .2 1 – – –

05-06-04 <1 327 10.3 1 .96 – – –

AFK 172 12-04-03 <1 259 10.2 1 <.1 2.8 – –
485336122195302 04-01-04 <1 264 10.1 .8 <1 – – –

05-06-04 <1 267 10.5 1 <.1 – – –

AFK 170 12-04-03 <1 250 10.1 1 .1 3.2 – –
485333122195502 04-01-04 <1 241 10.1 >1 – – – –

05-06-04 <1 249 10.4 >1 <.1 – – –

AFK 169 02-24-03 – 293 10.4 .04 – 1.6 – –
485333122195203 12-04-03 25 442 9.6 – – – – –

04-01-04 – – – – – – – –
05-06-04 <1 ~500 – – – – – –

AFK 168 12-04-03 <1 250 10.0 >1 <.1 3.2 – –
485333122195204 04-01-04 <1 249 10.1 >1 <.1 – – –

05-06-04 <1 252 10.5 >1 <.1 – – –
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Table 1.  Ground-water and surface-water quality data for samples collected at the Nooksack River near Everson, lower Nooksack River basin, Whatcom 
County, Washington, February 2003 to September 2004.—Continued

[Abbreviations: col/100 mL, Colony forming unit per 100 milliliters;  mS/cm, microsiemen per centimeter at 25ºC; ºC, degrees Celsius; mg/L, milligram per 
liter; <, less than; >, greater than; –, no data]

Site/station 
No.

Date
Escherichia 

coli 
(col/100 mL)

Specific  
conductance 

(mS/cm)

Water
temperature 

(ºC)

Dissolved 
oxygen as 

O2 
(mg/L)

Ferrous iron, 
dissolved 

(mg/L)

Nitrate 
plus nitrite, 
dissolved 

as N 
(mg/L)

Argon, 
dissolved 

(mg/L)

Nitrogen, 
dissolved 

as N2 
(mg/L)

Ground Water—Continued

VNDW1-5 11-01-02 – 220 – 1.4 – 1.6 – –
485341122194901 05-06-04 <1 339 10.5 – <0.1 – – –

09-30-04 – – – – – – 0.684 24.8
Duplicate – – – – – – .679 24.4

VNDW1-6 11-01-02 – 384 – 1.1 – 1.9 – –
485336122195001 05-06-04 <1 404 10.5 – <.1 – – –

09-30-04 – – – – – – .685 24.7
Duplicate – – – – – – .689 25.0

VNDW2-5 11-01-02 – 261 – 1 – – – –
485336122195001 12-04-03 34 260 9.5 1 – – – –

04-01-04 <1 – – .6 <.1 – – –
05-06-04 <1 270 11.1 .8 <.1 – – –

EVW1 PORT 3 04-01-04 <1 354 10.1 .1 <0.1 – – –
485341122191201 05-06-04 <1 355 10.5 .1 <.1 – – –

EVW1 PORT 5  04-01-04 338 9.1 .05 <.1 – – –
485341122191203 05-06-04 <1 341 10.4 .1 <.1 – – –
Duplicate – – – – – – .697 27.0
Duplicate – – – – – – .697 27.1

EVW1 PORT 4  04-01-04 338 9.9 0 .1 – – –
485341122191202 05-06-04 <1 340 10.4 0 <.1 – – –

09-30-04 – – – – – – .690 27.0
Duplicate – – – – – – .689 27.0

EVW2 PORT 5 04-01-04 <1 328 10.1 .3 .2 – – –
485342122193003 05-06-04 <1 363 10.8 .1 <.1 – – –

09-30-04 – – – – – – .604 20.1
Duplicate – – – – – – .652 22.8

Surface water

Nooksack River 02-24-03 – 88 – – – 2.6 – –
12211100 12-04-03 2 85 9.6 – – – – –

04-01-04 – 96 – – – – – –
05-06-04 23 – – – <.1 – – –
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Site/station 
No.

Date
Escherichia 

coli 
(col/100 mL)

Specific  
conductance 

(mS/cm)

Water
temperature 

(ºC)

Dissolved 
oxygen as 

O2  
(mg/L)

Ferrous iron, 
dissolved 

(mg/L)

Nitrate 
plus nitrite, 
dissolved 

as N 
(mg/L)

Argon, 
dissolved 

(mg/L)

Nitrogen, 
dissolved 

as N2 
(mg/L)

Fishtrap Creek at Assink Road

Ground water

FT ASSINK Lower RB 10-06-03 <1 – – – – – – –
485849122254001 10-20-03 <1 484 13.2 <0.1 – – – –

03-31-04 <1 260 8.3 .05 2 <0.06 – –
05-06-04 <1 437 11.9 .4 4 – – –
09-30-04 – – – – – <.06 0.642 23.0

– – – – – – .645 23.2

FT ASSINK Lower 
CTR

10-06-03 <1 – – – – – – –

485849122254002 10-20-03 23 304 13.8 – – – – –
03-31-04 <1 440 8.4 0 >10 <.06 – –
05-06-04 <1 448 15.7 .2 >10 – – –
09-30-04 – – – – – <.06 .611 25.8

– – – – – – .609 25.6

FT ASSINK Lower LB 10-06-03 <1 – – – – – – –
485849122253901 10-20-03 <1 365 13.4 <.1 – – – –

03-31-04 <1 472 9.2 – >10 <.06 – –
05-06-04 <1 798 10.5 .3 0 – – –
09-30-04 – – – – – <.06 25.3 .741

– – – – – – 25.2 .736

FT ASSINK Upper RB 10-06-03 <1 – – – – – – –
485851122253901 03-31-04 <1 403 9.9 0 >10 – – –

05-06-04 <1 442 11.2 .3 >10 – – –
09-30-04 – – – – – – 22.7 .551

– – – – – – 22.7 .551

FT ASSINK Upper 
CTR

10-06-03 <1 – – – – – – –

485851122253801 03-31-04 <1 – 10.4 0 >10 – – –
05-06-04 <1 373 11.2 >1 >10 – – –
09-30-04 – – – – – – – –

FT ASSINK Upper LB 10-06-03 <1 – – – – – – –
485851122253802 03-31-04 <1 476 9.5 0 >10 – – –

05-06-04 <1 480 10.8 0 >10 <.06 – –
09-30-04 – – – – – – 22.4 .445

– – – – – <.06 22.0 .432

Surface water

FT ASSINK SW 10-20-03 220 154 12.4 – – – – –

12211950 03-31-04 24 145 9.5 – – – – –
05-06-04 51 279 13.3 – – – – –

Table 2.  Ground-water and surface-water quality data for samples collected at Fishtrap Creek, lower Nooksack River basin, Whatcom County, 
Washington, October 2003 to September 2004.

[Abbreviations: col/100 mL, Colony forming unit per 100 milliliters;  mS/cm, microsiemen per centimeter at 25ºC; ºC, degrees Celsius; mg/L, milligram per 
liter; RB, Right bank; LB, Left bank; CTR, Thalweg; <, less than; >, greater than; –, no data]
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Site/station  
No.

Date

Escherichia 
coli, 

Coliler 
(MPN/100 mL)

Specific 
conductance, 

(mS/cm)

Water
temperature 

(ºC)

Dissolved 
oxygen  
as O2  
(mg/L)

Ferrous  
iron, 

dissolved 
(mg/L)

Nitrate 
plus nitrite, 
dissolved 

as N 
(mg/L)

Argon, 
dissolved 

(mg/L)

Nitrogen, 
dissolved 

as N2 
(mg/L)

Along Fishtrap Creek

PZF-01 10-20-03 9 138 13.4 0.3 – – – –
490003122242401 05-06-04 <1 243 11.7 .3 0.6 – – –

05-22-04 <1 217 11.7 .3 <.1 <0.06 – –
07-01-04 – – 13.6 .1 – –

PZF-02 10-20-03 – 396 13.1 <.1 – – – –
485849122254101 05-06-04 <1 410 11.9 0 >10 – – –

05-22-04 <1 426 10.5 0 1.4 <.06 – –
07-01-04 – 393 11.9 0 – –

PZF-03 05-06-04 <1 288 11.5 0 10 – – –
485845122254201 05-22-04 <1 287 11.2 .2 – <.06 – –

07-01-04 – 279 13.5 .1 – –

PZF-04 05-06-04 <1 279 12.2 .1 .1 – – –
485752122254901 05-22-04 <1 285 12.7 1 <.1 3.5 – –

07-01-04 – 299 15.9 >1.0 – –
10-01-04 280 13.6 >1 <.1 0.621 17.0
10-01-04 .628 17.4

PZF-05 05-06-04 <1 191 11.6 0 5 – – –
485721122262401 05-22-04 <1 168 11.2 .1 2.2 <.06 – –

07-01-04 – 183 12.1 – – –
10-01-04 – 182 12.3 .05 5 – .730 23.5
10-01-04 .737 23.8

PZF-06 05-06-04 1 288 12.9 >1 0 – – –
485700122270001 05-22-04 <1 289 13.3 .8 <.1 2.9 – –

07-01-04 – 305 17.0 – – –

485643122273301 05-06-04 245 12.3 0 >10 – –
05-22-04 <1 251 12.2 0 5.0 <.06 – –
07-01-04 – 246 13.7 0 .761 25.7
10-01-04 259 12.3 0 .757 25.6
10-01-04 – –

PZF-08 05-22-04 <1 269 – – 3 .08 – –
485620122284001 07-01-04 – 236 13.4 0 – –

10-01-04 323 13.2 0 >10 .675 24.6
10-01-04 .653 23.4

PZF-09 05-22-04 <1 1,085 11.9 .2 26 E.03 – –

485536122294101 07-01-04 – 1,080 16.3 0

Table 2.  Ground-water and surface-water quality data for samples collected at Fishtrap Creek, lower Nooksack River basin, Whatcom County, 
Washington, October 2003 to September 2004.—Continued

[Abbreviations: col/100 mL, Colony forming unit per 100 milliliters;  mS/cm, microsiemen per centimeter at 25ºC; ºC, degrees Celsius; mg/L, milligram per 
liter; RB, Right bank; LB, Left bank; CTR, Thalweg; <, less than; >, greater than; –, no data]
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Table 3.  Ground-water and surface-water quality data for samples collected at Fourmile Creek, lower Nooksack River basin, Whatcom County, 
Washington, March 2004 to October 2005. 

[Abbreviations: col/100 mL, Colony forming unit per 100 milliliters;  mS/cm, microsiemen per centimeter at 25ºC; ºC, degrees Celsius; mg/L, milligram per 
liter; <, less than; >, greater than; –, no data]

Site/station 
No.

Date
Escherichia 

coli 
(col/100 mL)

Specific  
conductance 

(mS/cm)

Water
temperature 

(ºC)

Dissolved 
oxygen as O2 

(mg/L)

Ferrous iron, 
dissolved 

(mg/L)

Nitrate 
plus nitrite, 

dissolved as N 
(mg/L)

Argon, 
dissolved 

(mg/L)

Nitrogen, 
dissolved 

as N2 
(mg/L)

Ground water

FMPZ-1 03-30-04 <1 743 9.8 <0.05 >10 – – –

485223122282501 05-06-04 <1 794 13.3 – – – – –
05-28-04 – 869 11.0 <.05 23 <0.06 – –
06-04-04 <1 908 11.6 – – <.06 – –
10-25-05 – 1,400 10.5 <.05 >10 <.06 0.243 24.0

Duplicate – – – – – – .245 24.2

FMPZ-2 03-30-04 <1 1,400 9.8 .2 .1 – – –
485223122282502 05-06-04 <1 1,400 13.2 .2 – – – –

05-28-04 – 739 12.5 .2 – <.06 – –
06-04-04 <1 630 16.2 – – <.06 – –
10-25-05 – – – .2 2 <.06 .428 24.6

Duplicate – – – – – – .429 24.6

FMPZ-3 03-30-04 <1 1,200 10.1 .2 5 – – –
485223122282503 05-06-04 <1 1,400 12.5 .1 – – – –

05-28-04 – 1,400 12.5 <.05 – <.06 – –
06-04-04 <1 1,400 13.1 – – <.06 – –
10-25-05 – 2,100 10.8 .1 .2 <.06 .751 24.1

FMPZ-4 03-30-04 <1 310 9.5 .3 .2 – – –
485225122282401 05-06-04 <1 347 12.8 – – – – –

05-28-04 – 344 11.8 >1.0 <.1 <.06 – –
06-04-04 <1 353 14.6 – – <.06 – –
10-25-05 – 474 11.7 .1 .3 <.06 .542 24.7

Duplicate – – – – – – .532 24.2

FMPZ-5 03-30-04 <1 247 11.0 .2 .1 – – –
485225122282402 05-06-04 <1 325 13.4 – – – – –

05-28-04 – 314 13.9 .2 <.1 <.06 – –
06-04-04 <1 252 17.3 – – <.06 – –
10-25-05 – 309 10.7 .1 .2 <.06 .678 24.9

Duplicate – – – – – – .657 23.1

FMPZ-6 03-30-04 <1 223 11.0 .2 .1 – – –
485225122282403 05-06-04 <1 244 12.0 – – – – –

05-28-04 – 249 12.6 .6 <.1 <.06 – –
06-04-04 <1 322 21.0 – – <.06 – –
10-25-05 – 324 10.1 .2 .2 <.06 .575 20.8

Surface water

12212898 03-30-04 <1 274 – – – – – –
05-06-04 96 330 – – – – – –
05-28-04 34 332 – – – <0.06 – –
10-25-05 – 398 – – – <.06 – –

Duplicate – – – – – <.06 – –

4-mile downstream 
tile drain

03-30-04 <1 – – – – – – –

485223122282504 05-28-04 – – – – – – – –
06-04-04 1 – – – – – – –
10-25-05 – – – – – – – –

4-mile upstream tile 
drain

03-30-04 <1 – – – – – – –

485225122282404 05-06-04 <1 – – – – – – –
05-28-04 – – – – – – – –
06-04-04 dry – – – – – – –
10-25-05 – – – – – – – –
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Table 4.  Ground water and surface water quality data for samples collected at the tributary to Bertrand Creek, lower Nooksack River basin, Whatcom 
County, Washington, September 2003 to October 2004.

[Abbreviations: col/100 mL, Colony forming unit per 100 milliliters;  mS/cm, microsiemen per centimeter at 25ºC; ºC, degrees Celsius; mg/L, milligram per 
liter; <, less than; >, greater than; –, no data]

Site/station 
No.

Date
Escherichia 

coli 
(col/100 mL)

Specific  
conductance 

(mS/cm)

Water
temperature 

(ºC)

Dissolved 
oxygen as 

O2 
(mg/L)

Ferrous iron, 
dissolved 

(mg/L)

Nitrate 
plus nitrite, 
dissolved 

as N 
(mg/L)

Argon, 
dissolved 

(mg/L)

Nitrogen, 
dissolved 

as N2 
(mg/L)

Ground water

BERT N.C. 09-30-03 – 330 15 0 – – – –
485756122284302 10-06-03 <1 – – – – – – –

10-21-03 – 304 13 <.1 – – – –
12-04-03 <1 441 9 – >10 – – –
03-31-04 <1 386 10 0 >10 – – –
05-07-04 <1 435 11 0 >10 – – –
05-27-04 <1 426 11 0 – <0.06 – –
06-04-04 <1 424 15 0 >10 <.06 0.792 24.1
10-25-04 – – – 0 – <.06 .788 23.7

BERT N.E. 09-30-03 – 272 15 .4 – – – –
485756122284301 10-06-03 <1 – – – – – – –

10-21-03 – 138 13 .2 – – – –
12-04-03 <1 418 10 – >10 – – –
03-31-04 <1 436 10 0 >10 – – –
05-07-04 <1 483 11 0 >10 – – –
05-27-04 <1 471 12 0 – <.06 – –
06-04-04 <1 475 12 0 >10 <.06 .675 23.5
10-25-04 – – – 0 – <.06 .677 23.5

BERT N.W. 09-30-03 – 233 14 .2 – – – –
485756122284303 10-06-03 2 – – – – – – –

10-21-03 244 13 .1 – – – –
12-04-03 <1 384 9 – >10 – – –
03-31-04 <1 410 9 0 >10 – – –
05-07-04 <1 390 11 .3 >10 – – –
05-27-04 <1 614 12 0 – <.06 – –
06-04-04 <1 386 14 – >10 <.06 .517 23.2
10-25-04 – – – – – <.06 .525 23.7

BERT C.C. 09-30-03 – 244 14 0 – – – –
485755122284302 10-06-03 <1 – – – – – – –

10-21-03 199 13 <.1 – – – –
12-04-03 <1 383 9 – 10 – – –
03-31-04 <1 445 10 – – – – –
05-07-04 <1 373 11 .1 >10 – – –
05-27-04 <1 686 11 0 – <.06 – –
06-04-04 <1 357 16 0 – <.06 .685 22.3
10-25-04 – – – 0 – <.06 .682 22.0

BERT C.W. 09-30-03 – 254 15 0 – – – –
485755122284303 10-06-03 <1 – – – – – – –

10-21-03 – 214 13 <.1 – – – –
12-04-03 <1 411 9 – >10 – – –
03-31-04 <1 433 9 0 >10 – – –
05-07-04 <1 425 11 .1 >10 – – –
05-27-04 <1 – 11 0 – <.06 – –
06-04-04 <1 428 14 0 >10 <.06 .715 23.9
10-25-04 – – – 0 – <.06 .720 24.1
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Site/station 
No.

Date
Escherichia 

coli 
(col/100 mL)

Specific  
conductance 

(mS/cm)

Water
temperature 

(ºC)

Dissolved 
oxygen as 

O2 
(mg/L)

Ferrous iron, 
dissolved 

(mg/L)

Nitrate 
plus nitrite, 
dissolved 

as N 
(mg/L)

Argon, 
dissolved 

(mg/L)

Nitrogen, 
dissolved 

as N2 
(mg/L)

Ground water—Continued

BERT C.E. 09-30-03 – 254 13.8 0 – – – –
485755122284301 10-06-03 <1 – – – – – – –

10-21-03 392 14.5 <.1 – – – –
12-04-03 <1 375 10.2 – >10 – – –
03-31-04 <1 395 10.2 0 >10 – – –
05-07-04 <1 393 10.8 0 >10 – – –
05-27-04 <1 327 12.8 0 – <0.06 – –
06-04-04 <1 402 14.5 0 >10 <.06 0.682 23.0
10-25-04 – – – – – <.06 .683 23.0

BERT S.E. 09-30-03 – 334 13.8 1 – – – –
485754122284301 10-06-03 <1 – – – – – – –

10-21-03 – 360 13.6 .5 – – – –
12-04-03 <1 425 11.1 – >10 – – –
03-31-04 <1 451 9.2 0 >10 – – –
05-07-04 <1 402 10.9 .1 >10 – – –
05-27-04 <1 755 11.4 0 – <.06 – –
06-04-04 <1 365 17.4 0 >10 <.06 – –

BERT S.C. 09-30-03 – 290 13.5 0 – – – –
485754122284302 10-06-03 1 – – – – – – –

10-21-03 – 101 13.4 <.1 – – – –
12-04-03 <1 395 9.6 – 10 – – –
03-31-04 <1 325 10.6 .3 10 – – –
05-07-04 <1 334 11.8 .3 10 – – –
05-27-04 <1 661 11.9 0 – <.06 – –
06-04-04 <1 326 15.2 0 9 <.06 – –
10-25-04 – – – – – – – –

BERT S.W. 09-30-03 – 236 13.4 0 – – – –
485754122284303 10-06-03 <1 – – – – – – –

10-21-03 – 114 13.4 0 – – – –
12-04-03 <1 436 11 – >10 – – –
03-31-04 <1 411 9.5 0 >10 – – –
05-07-04 <1 410 10.3 0 >10 – – –
05-27-04 <1 730 12.2 .5 – <.06 – –
06-04-04 <1 422 13 0 >10 <.06 – –

Surface water

BERT 12-04-03 4 360 14.3 – 1 to 2 <0.06 – –
12212248 03-31-04 6 331 10.1 – – E0.04 – –

05-07-04 18 373 11.3 – – <.06 – –
05-27-04 3,500 356 13.4 – – – – –
06-04-04 30 400 18.6 – – – – –

Table 4.  Ground water and surface water quality data for samples collected at the tributary to Bertrand Creek, lower Nooksack River basin, Whatcom 
County, Washington, September 2003 to October 2004.—Continued

[Abbreviations: col/100 mL, Colony forming unit per 100 milliliters;  mS/cm, microsiemen per centimeter at 25ºC; ºC, degrees Celsius; mg/L, milligram per 
liter; <, less than; >, greater than; –, no data]
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