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Executive Summary

We monitored the groundwater and surface water in a small agricultural region
(6 sq-mi) south of Judson Lake in Whatcom County from July 2002 to June
2004 to establish temporal and spatial distributions of nitrate. The study area lies
within the bounds of the Abbotsford-Sumas aquifer that spans regions in British
Columbia and Whatcom County Washington. Groundwater flows south from
British Columbia into Whatcom County in the aquifer. The study area was chosen
because it has a history of persistent groundwater-nitrate contamination and two
surface-water creeks that are on the approved Total Maximum Daily Limit list.
Our primary objectives were to compare nitrate and other related water quality
species to local agronomic loading information provided by regional agricultural
agencies, and to estimate concentrations of nitrate transported south across the in-
ternational border using data from Environment Canada’s monitoring wells north
of the study area in British Columbia.

Data were collected and analyzed according to the protocol outlined in an ap-
proved Quality Assurance Project Plan. A total of 466 groundwater samples from
26 wells were processed over the 24-month period. An additional 217 samples
were analyzed for quality control. Most of the groundwater samples (87%) had
nitrate levels1 greater than 3 mg N/L, and 21 of the study wells had median nitrate
values greater than 3 mg N/L. These levels indicate probable anthropogenic con-
tamination. In addition, 64% of the nitrate samples and 14 of the well medians
were greater than the EPA maximum contaminant level (MCL) of 10 mg N/L.

Nitrate concentrations were higher in the northern half of the study area due to
a combination of transport from British Columbia and leaching from agricultural
lands in Whatcom County. The majority (12) of the 15 wells monitored in the
northern half had median nitrate concentrations above the 10 mg N/L MCL. The
low nitrate concentrations in the southern half of the study area were due to den-
itrification that occurs in reducing, iron-rich peat that exists in a bog and along
portions of a creek in the central portion of the study area. Water quality param-
eters indicate that it is also likely that denitrification in unmapped peat deposits
was responsible for anomalously low nitrate concentrations measured from wells
dispersed throughout the study area. When wells with low nitrate values in the
study area (likely due to denitrification) were eliminated, the greatest contamina-
tion occurred in shallow wells (<25 ft), which produced a median value of 15.7

1Nitrate was measured as nitrate+nitrite for this study. The predominant form was nitrate.
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mg N/L. The deep well (>25 ft) nitrate concentrations were lower in magnitude,
and resulted in a median value of 11.3 mg N/L. This stratification in nitrate con-
centrations is in agreement with historical observations.

The agricultural land use in the study area is primarily raspberries and crops (grass
and corn) receiving dairy manure. Raspberries are fertilized in February and
March and dairy manure can be spread on corn/grasses anytime between Febru-
ary and October. Irrigation water can be applied between May and August on
raspberries and between April and September on grasses. Land use to the north
in British Columbia is primarily raspberries, which have been receiving a mix of
poultry manure and inorganic fertilizer in recent years.

We used a combination of land-use maps, nutrient-loading information, and
nitrate-nitrogen isotopes (measured quarterly) to determine nitrogen sources of
the groundwater nitrate. The ratio of stable nitrogen isotopes from nitrate was
used to differentiate inorganic-commercial fertilizers from animal manure. Most
of the 123 groundwater samples analyzed from the 25 wells over the 24-month
period indicated organic manure, or a mix of organic and inorganic nitrogen as
the source of the nitrate. These results are consistent with the fertilization prac-
tices that occur in the study area, and north of the study area in British Columbia.
Nitrogen isotope results from two wells were consistently within the inorganic,
commercial fertilizer range, whereas median results from 10 wells were within
the animal manure range. It is possible that enrichment due to denitrification was
responsible for elevated values in some of these wells. Samples from the other 13
wells had nitrogen isotope values that indicated a mix of organic and inorganic
nitrogen.

The nitrate-time series from nearly all the wells displayed some kind of pattern,
many showing highs and lows of varying degrees, and at inconsistent times. This
variability was due to the multiple factors that may be influencing nitrate concen-
trations in each well, including: southerly flowing groundwater containing nitrate
that originated in British Columbia; vadose zone thickness and residence time;
depth below the water table; up gradient land use, including timings and types of
nutrient loading; seasonal precipitation and irrigation; vertical and lateral mixing
due to intermingling plumes along flow paths in the aquifer; mixing due to ex-
cessive well pumping; nitrate recirculation due to irrigation; and denitrification,
especially due to peat deposits in the area.
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Two Class A creeks were sampled every other month for two years (13 times).
The water quality in the creeks was influenced by a combination of groundwater
discharge and surface, or shallow subsurface, runoff associated with precipitation
and irrigation events. A total of 109 surface water samples from 10 stream sites
were analyzed over the 24-month period: 49 samples from 5 sites along Johnson
Creek, and 61 samples from 5 sites along Pangborn Creek. An additional 61
samples were analyzed for quality control. Two sites in Johnson Creek (Sites
4 and 5) were not sampled during certain summer months because of low-flow
conditions. The nitrate levels measured in both Pangborn and Johnson Creeks
were above 5 mg N/L throughout the duration of the study (except for one site near
Pangborn Bog), indicating anthropogenic sources. The nitrate values in general
were usually lower in Johnson Creek, which had a median nitrate concentration
of 6.5 mg N/L. The median nitrate concentration for Pangborn Creek was 9.0
mg N/L. Both creeks had higher summer nitrate and peaks in other water quality
parameters that correlated to heavy precipitation events.

Fecal coliform concentrations ranged from 5 to 1200 cfu/100 mL in Johnson
Creek and from 2 to 12,000 cfu/100 mL in Pangborn Creek. About 50% of the
samples measured in both creeks exceeded the target level of 100 cfu/100 mL
for fecal coliforms in Class A streams. The highest fecal counts occurred in the
summer months in both creeks. Approximately 27% of the samples measured in
Johnson Creek and 30% of the samples from Pangborn exceeded the 8.0 mg/L tar-
get level for dissolved oxygen in Class A streams. The lowest dissolved oxygen
concentrations were usually measured during the summer.

The nitrogen isotope values from both creeks (33 samples) indicated animal ma-
nure as the source of the nitrate, which is consistent with the land use in the
vicinity of the creeks. It is also possible that the isotopes were enriched due to
denitrification processes in the peat.

Based on our results, the nitrate concentrations in both ground water and surface
water in the study area do not appear to be decreasing. Because many spatial
and temporal factors may influence nitrate concentrations, further study would be
needed to assess the effects of specific nutrient-loading plans in the study area. In
particular, there needs to be more extensive soil and soil pore-water analyses, shal-
low ground-water monitoring, and numerical modeling of surface and subsurface
nitrate movement.

xiv
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1 Introduction

1.1 Background

The Abbotsford-Sumas aquifer is located in southwest British Columbia, Canada
and extends across the international boundary into Whatcom County in Wash-
ington State, USA (Figure 1, page 42). The predominately unconfined aquifer
lies within the Fraser and Nooksack Lowlands and is comprised primarily of un-
consolidated glacial sands and gravels. The aquifer occupies approximately 77
sq-mi (200 sq-km) and serves as a water supply for more than 100,000 people
in the United States and British Columbia (Hii et al., 1999). The fertile, well-
drained soils in the Fraser and Nooksack lowlands make it one of the more in-
tensely farmed regions in British Columbia and Whatcom County. Unfortunately,
when combined with high precipitation, these agricultural activities make the un-
confined aquifer susceptible to nitrate contamination (Tesoriero and Voss, 1997).

Nitrate is a common pollutant of shallow groundwater that has been linked to agri-
cultural practices in the Abbotsford-Sumas aquifer, specifically dairy and poultry
manure and inorganic commercial fertilizer application. Nitrate concentrations
above the Canadian Drinking Water Guidelines of 10 milligrams per liter as ni-
trogen (10 mg N/L) have been consistently documented over the past decade in
British Columbia (Leibscher et al., 1992; Wassenaar, 1995; Hii et al., 1999).
Groundwater flows south from British Columbia into Whatcom County. Nitrate
concentrations above the United States Environmental Protection Agency (EPA)
maximum contaminant level (MCL) of 10 mg N/L have also been reported in
Whatcom County (Ryan, 1994; Garland and Erickson, 1994; Erickson, 1998;
Cox and Kahle, 1999; Mitchell et al., 2000; Tesoriero et al., 2000; Mitchell et
al., 2003). In addition, degraded surface water quality in the region also sug-
gests contamination due to agricultural land use (Wills, 1998; Butkus et al., 2000;
Mitchell et al. 2003).

From April 1997 through February 1999, researchers at Western Washington Uni-
versity (WWU) quantified groundwater and surface water nitrate magnitudes and
identified flow paths in a study area south of Judson Lake near the International
border in Whatcom County (Figure 1, page 42). They analyzed hydrogeologic
data, nitrogen isotope signatures and water quality data, and concluded that a two-
layered stratification of nitrate contamination existed in the study area (Mitchell
et al., 2000; 2003). The shallow layer (< 25 feet) contained nitrate values greater
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than 20 mg N/L, which was considered to be a result of local agricultural practices.
The deeper layer (> 25 feet) had nitrate values greater than 10 mg N/L, which was
considered to be a result of British Columbia agricultural practices. Additionally,
samples from a number of wells had low nitrate concentrations presumed to be
associated with denitrification. This assumption was supported by the presence of
anoxic conditions and elevated iron and manganese concentrations in these wells.

In a step to improve water quality, the State of Washington signed into law the
Dairy Nutrient Management Act (RCW 90.64) in April 1998. As part of this
Act, all dairy farmers had to register with the Whatcom Conservation District
(WCD) and have an approved Dairy Nutrient Management Plan implemented by
December of 2003. Unfortunately, the task of managing nutrient loading in the
county is hindered by southerly flowing groundwater that transports nitrate from
agricultural sources in British Columbia. Therefore, accurate knowledge of nitrate
concentration distributions and source separation in the aquifer is important to
manage nutrient loading in the agricultural areas of the county.

The primary objective of this study was to monitor the groundwater and surface
water in a small region south of Judson Lake in Whatcom County to establish
temporal and spatial distributions of nitrate and related species and correlate these
to agronomic loading information. The results of the monitoring will serve as a
means to assess the effectiveness of the newly established Dairy Nutrient Man-
agement Plans resulting from the 1998 Dairy Nutrient Management Act.

The study area near Judson Lake was chosen because it has a history of persis-
tent nitrate contamination and a well characterized hydrostratigraphy and ground-
water flow regime. Dairy Nutrient Management Plans have been developed for
farms in the area and there are numerous domestic wells accessible for monitor-
ing. In addition, nitrate data are available from monitoring wells north of the
study area in British Columbia. There are also two surface-water creeks in the
study area that are on the approved Total Maximum Daily Limit (TMDL) list
(listed parameters are dissolved oxygen and fecal coliform).

The objectives of the project were to:
1. Monitor water quality parameters from 25 domestic drinking water wells in

the study area to establish temporal and spatial trends for nitrate concentra-
tions. Monitoring took place monthly (July 2002 to June 2004) in 10–12 of
the 25 wells, and every-other month in all 25 wells, for 2 years. In general,
we chose shallow and deep wells along Halverstick Road, Pangborn Road,
and Van Buren Road.
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2. Quantify nitrate-nitrogen isotope magnitudes 3 times per year in 25 wells to
assess nitrogen sources in the study area.

3. Collect available agronomic loading information from the USDA-Natural
Resources Conservation Service and the Whatcom Conservation District
and correlate the data to temporal and spatial groundwater nitrate concen-
trations.

4. Monitor select surface water quality parameters, including fecal coliforms,
every other month for 2 years in the study area to assess surface water
and groundwater interactions. Monitoring included 5 sites along a reach
in Pangborn Creek and 5 sites along a reach in Johnson Creek.

5. Educate the community by offering a workshop for local teachers, develop-
ing a web site, and offering presentations at research and Whatcom County
forums.

2 Study Area Description

2.1 Location

The study area for this project consisted of approximately 6 square miles (15.5
sq km) in Northern Whatcom County, west of the city of Sumas and bordering
British Columbia Canada in the vicinity of Judson Lake (Figure 2, page 43). The
township Sections and Ranges include: T41N, Sec. 36, R3E; T41N, Sec. 31 & 32,
R4E; T40N, Sec. 1 & 12, R3E and T40N, Sec. 6, 7 & 8, R4E.

2.2 Hydrogeology

Regionally, the Abbotsford-Sumas Aquifer is predominately unconfined and cov-
ers an area of about 77 sq-mi (Liebscher et al., 1992). The aquifer is comprised
largely of glacial outwash sand and gravel deposits that gently slope southward
from Abbotsford, British Columbia to the Nooksack floodplain near Lynden,
Washington. Kovanen and Easterbrook (2002) documented four phases (SI-SIV)
of the Sumas Stade in the study area. Phase SIII (ca. 10,980–10,250 14C years



2002/2004 Abbotsford-Sumas Final Monitoring Report Page 4

B.P.) deposited the Sumas Outwash, the gravelly water-bearing portion of the
aquifer. It includes recessional and advance glaciofluvial and glaciolacustrine de-
posits (Kovanen, 2002). Phase SIV is marked by glacial readvance into the study
area (ca. <10,250–10,000 14C years B.P.) and more deposits of sand and gravel.
Concurrently, blocks of ice melted forming kettles in what are now Pangborn and
Judson Lakes. In time, Pangborn Lake evolved into a peat formation (ca. 10,245
90 and 10,265 65 14C years B.P.; Kovanen and Easterbrook, 2002). It is hypoth-
esized that peat formed in various other unmapped locales and depths throughout
the region. These peat deposits are considered to be key locations where denitrifi-
cation is occurring in the aquifer (McKee, 2004).

According to Cox and Kahle (1999) the thickness of the unconfined aquifer is typ-
ically about 50 to 75 ft, but can range from 15 to 230 ft. They also used data from
170 completed wells in the aquifer to estimate a mean hydraulic conductivity of
270 feet per day and a median lateral groundwater velocity on the order of 2 feet
per day. For our study area, Stasney (2000) used sediment-size analyses and em-
pirical correlations to estimate the average hydraulic conductivity to be about 900
feet per day, which falls within the range of values determined by Cox and Kahle
(1999). Stasney (2000) also estimated an average hydraulic gradient of 0.0075 and
an average southerly horizontal flow velocity of 20 feet per day for the study area.
Underlying the Abbotsford-Sumas Aquifer is a confining unit, primarily clay with
an unsorted mixture of pebbly silt of glaciomarine origin (13,500–11,000 yr ago).
The clay layer is believed to be continuous at depth and is interpreted as Belling-
ham glaciomarine drift (Easterbrook, 1976) in northwestern Washington and as
the Fort Langley Formation to the north in British Columbia (Halstead, 1986).

Researchers in the Earth Science Department at Simon Frasier University have
developed a three dimensional groundwater flow model for the Abbotsford-Sumas
Aquifer (Scibek and Allen, 2005). The multi-layer Modflow model was developed
using data from 2500 well logs on both sides of the border. The spatial distribution
of hydraulic conductivities of the sediments in the aquifer was produced using an
inverse interpolation method. They estimate the hydraulic conductivity of the
gravels and sands in the majority of our study area to range from about 175 to 500
feet per day.

The outwash makes an excellent high yield aquifer that supplies water for both
residential use and irrigation. Water levels in the study area typically fluctuate
about 5 ft or less over the course of a year. They are generally lowest in October
and highest in April (Stasney, 2000).
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2.3 Climate, Soils, and Recharge

The temperate climate in the Abbotsford-Sumas area is influenced by Pacific-
maritime air. The National Climatic Data Center’s Clearbrook COOP gauging
station (latitude 48◦ 58’N, longitude 122◦ 20’W and 64 ft above sea level) is just
a couple of miles from the study area. The 30-year average annual temperature
and precipitation values recorded at the station are 50.4◦F (10.2◦C) and 45.6 in
(115.7 cm), respectively. About 70% of the precipitation typically occurs between
October and March. Temperature and precipitation values from January 2002
through the end of the sampling period (June 2004) are plotted along with 30-year
averages (Figures 3–4, pages 44–45). Most notable is the drier than normal spring
in 2002 and an extremely wet October in 2003. Note that 18 daily values used to
estimate the monthly averages were unavailable from the Clearbrook station, so
they were replaced by values from the Bellingham International airport at latitude
48◦ 48’N, longitude 122◦ 32’W and 149 ft (45.4 m) above sea level.

The soil survey of Whatcom County Area, Washington (1992) summarizes the soil
types within the study area. The soils are, in general, poorly developed and thin
(<6 ft). Silt loam and gravelly loam soils are the most productive and widespread
soils in the study area (Figure 5, page 46). The silt loams formed in a mixture
of loess and volcanic ash over glacial outwash; therefore, the substratum of this
unit is very gravelly to extremely gravelly. The permeabilities (0.6 to 2 in/hr) are
generally greater than typical precipitation rates (Cox and Kahle, 1999). Peat,
which has moderate to low permeability (0.06 to 0.6 in/hr), is abundant in the
central portion of the study area.

Recharge to the aquifer is primarily by precipitation. Because of the permeable
soils and coarse-grained aquifer material, recharge is on the order of 60% of the
annual precipitation (Cox and Kahle, 1999). Recharge in many parts of the re-
gion is supplemented by irrigation in the summer months. Irrigation magnitudes
are typically on the order of 1 to 1.5 ft during the summer (J. Gillies, personal
communication, USDA Natural Resource Conservation Service, 2001).
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2.4 Surface Water

The study area lies within the Johnson Creek watershed which includes small
creeks, lakes, and engineered irrigation ditches that serve as discharge zones for
the aquifer (Figure 5, page 46). Judson Lake lies in the northern portion of the
study area and crosses the international boundary into Canada. A small lake of
unknown depth occupies the center of Pangborn Bog and is only visible from
aerial photographs. Two small springs feed Pangborn Bog from the north and
west as well as several engineered drainage ditches to the north and east. Pangborn
Creek discharges Pangborn Bog to the east, and is a principal tributary to Johnson
Creek. The average stream discharge of Pangborn Creek is about 12 cubic feet
per second (Wills, 1998). Johnson Creek is the main stream within the Johnson
Creek Watershed and has an average annual stream discharge is about 50 cubic
feet per second (Butkus et al., 2000). Discharge is usually highest in mid-winter
and lowest in late summer resulting from variation in seasonal precipitation. The
Johnson Creek watershed (with Class A streams) is on the approved TMDL 303(d)
list. Listed parameters include dissolved oxygen and fecal coliforms (Butkus et
al., 2000; Henderson, 2003).

2.5 Land Use

The land use in the study area is primarily agriculture, dominated by pasture,
grassland, and corn associated with dairy operations, and raspberry and blueberry
fields. Through the cooperation of the Whatcom Conservation District and The
United States Department of Agriculture Natural Resources Conservation Service
(USDA-NRCS), we have compiled land-use maps for the study area for the years
2002, 2003, and 2004 (Figures 6–8, pages 47–49). The land use changes that
occurred during this time period include a transition from corn to grasslands just
north of Pangborn Creek and a change from grassland to corn in a small region
southeast of Judson Lake. The raspberry acreage remained constant.

We compiled monthly loading and irrigation activities for these crops, with assis-
tance from the Whatcom Conservation District, the USDA-NRCS and the Wash-
ington State University Cooperative Extension (Tables 1–3, pages 37–39). The
data in these tables are not fixed; they represent possible loading and irrigation
requirements for optimum yields. For example, the lands associated with dairy
operations can receive dairy manure fertilization between the months of February
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and October in a given year–it doesn’t mean that loading does occur each month.
Berries are typically fertilized in February with dairy manure and in March with
commercial, inorganic fertilizers. The irrigation magnitudes are possible require-
ments and may change if adequate rainfall is received during the summer.

Land use to the north in British Columbia is primarily raspberries, which have
been receiving a mix of poultry manure and inorganic fertilizer in recent years
(G. Hughes-Games, personal communication, BC Ministry of Agriculture, Food
and Fisheries, 2004).

3 Groundwater Nitrogen Cycle

Nitrates can enter the groundwater system by natural or anthropogenic sources.
Natural sources include soil nitrogen, nitrogen rich geologic deposits, and atmo-
spheric deposition. Anthropogenic sources include inorganic commercial fertiliz-
ers, animal manure, septic tank drainage, and leaching of the soil due to irrigation
(Madison and Brunett, 1985).

When nitrates enter the soil, a number of hydrologic, chemical or biological pro-
cesses take place to convert nitrogen into nitrate, nitrite, ammonia, N2 gas, or
nitrous oxide. This process is called the nitrogen cycle and includes five stages
(Canter, 1997; Kendall, 1998):

1. Nitrogen fixation occurs when di-nitrogen gas (N2) is converted to ammo-
nia (NH3) by aerobic or anaerobic bacteria. Other fixation pathways include
industrial, atmospheric (lighting) and combustion;

2. Ammonification or mineralization is a biochemical process where bac-
teria alter organic nitrogen into ammonium during the decomposition of
plants, animals, and fecal matter;

3. Assimilation or Synthesis is a biochemical process, where plants take up
either ammonium or nitrate (NO−

3 ) to form proteins or other nitrogen con-
taining compounds. This process does not involve permanent nitrogen loss
because these compounds are re-released into the subsurface;

4. Nitrification is a biological process by which ammonium ions become ox-
idized. Nitrification occurs in two steps: first, ammonium and oxygen com-
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bine to form nitrite (NO+
2 ) and oxygen; and second, nitrite and oxygen com-

bine to form nitrate. Nitrite is an intermediate stage that is not often found
in most environments; and

5. Denitrification, which occurs when bacteria respire anaerobically and con-
vert nitrate into nitrite, and possibly into nitrous oxide, nitrogen dioxide
and finally nitrogen gas. Dissimilatory nitrate reduction occurs in anaerobic
environments when nitrate is temporarily converted to ammonium.

A decrease in nitrate concentrations in groundwater may result from dilution, den-
itrification, or assimilatory reduction to ammonia or ammonium. The assimilation
process of transforming nitrate or ammonium into organic nitrogen is reversible,
the organic nitrogen can later be transformed back into nitrate. As a result, assim-
ilation alone will not cause significant, long-term increases or decreases in nitrate
concentrations in the soil. Denitrification is the only mechanism that results in
a significant, long-term reduction of nitrate concentrations because the reactants
are unlikely to be transferred back into nitrate (Wassenaar, 1995). The environ-
mental conditions necessary for denitrification to occur include the availability of
organic carbon, iron or manganese as electron donors, the presence of denitrifying
bacteria, and reducing (anoxic) conditions (Starr and Gillham, 1993).

4 Methods

4.1 Field Sampling

All field sampling and laboratory analyses followed an approved Quality Assur-
ance Project Plan (Mitchell et al., 2002). The quality control sections for this
study are presented in Appendix A, beginning on page 110.

The criteria used to select groundwater sampling locations included the spatial
distribution of wells, depth below the water table, road access, land owner agree-
ment, existence of a well log, detection of nitrate levels from previous studies, and
presence of hose-barb fittings for flow cell chamber.

The well-depth assignments were based on median depth below the water table,
where shallow is <25 ft and deep is >25 ft (Figure 2, page 43; Table 4, page 40).
The well identification letters were abbreviated based on the road names nearest
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the site, where H is for Halverstick Road, P is for Pangborn Road, V is for Van
Buren Road, T is for Trap Line Road, and K is for Kraght Road. The shallow
wells included: H1, H2, H5, H6, H8, P3, T1, V1, V4, V5, V6, V9, and V10.
The deep wells included: H3, H4, H7, K1, P1, P2, T2, V2, V3, V7, V8, V11,
and V12. Well H7, a deep well, could be considered a shallow well because data
indicate it is likely breached or has a leaking seal. In November of 2003, a 26th
well was added, well V12, which is a deep well. Data at well H6 were collected
sporadically due to problems with the onsite groundwater pump.

The static water level was measured at 18 accessible wells before water sam-
pling commenced (H2–H6, P1, P3, T1, T2, V1, V2, V4, V5, V7–V9, V11 and
V12). Groundwater samples were extracted from a standpipe at 25 residential
wells (H1–H8, T1, T2, K1, P1–P3, and V1–V11) every other month for a 24-
month period, beginning in July 2002. Thirteen of the 25 wells were monitored
monthly and were chosen based on high nitrate values (H1, H2, H3, H4, H5, H7,
T1, T2, K1, V5, V6, V8, and V9). The standpipe closest to the well was purged
for approximately ten minutes, until the dissolved oxygen, specific conductance,
and temperature values were stable. Samples and measurements were collected
from a one-liter flow cell chamber in order to minimize atmospheric interactions.
Dissolved oxygen, specific conductance, and temperature were measured using
a YSI model 85 analyzer. Dissolved oxygen was calibrated at every site to the
nearest 100 feet of elevation and within 95–105% saturation. Before each day of
sampling, conductivity was checked using a known standard and temperature was
checked using a mercury thermometer.

Three bottles were used to collect samples at each site. The samples that were ana-
lyzed in the laboratory for nutrients, including nitrate, ammonium, total phospho-
rus, and total nitrogen, were collected in 500 mL 2 N hydrochloric acid-washed
Nalgene bottles. The samples analyzed for chloride were collected in 500 mL
soap-washed Nalgene bottles. Those analyzed for iron and manganese were col-
lected in 60 mL 20% nitric acid-washed Nalgene bottles. The 500 mL bottles were
rinsed three times with the sample prior to collection; the 60 mL bottles were not
rinsed as they contained ultra pure nitric acid for metal preservation. All samples
were packed on ice for transport.

Nitrate-nitrogen isotope samples were collected in November of 2002 (23 wells),
February 2003 (4 wells), May of 2003 (24 wells), September 2003 (22 wells),
January 2004 (24 wells) and in May 2004 (25 wells). Well V2 was never sampled
because of low nitrate values. Samples with nitrate ranging from 0.3–2.0 mg
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N/L were collected in 2 N hydrochloric acid-washed 500 mL bottles; samples in
excess of 2.0 mg N/L were collected in 2 N hydrochloric acid-washed 250 mL
bottles. After collection, samples were filtered in the lab with a 0.45-micron 2
N hydrochloric acid- soaked filter, preserved with sulfuric acid to a pH of 2, and
shipped on ice to the Colorado Plateau Stable Isotopes Laboratory at Northern
Arizona University for analysis.

The ratio of stable nitrogen isotopes from nitrate (nitrate-nitrogen isotopes) can
be used to differentiate among inorganic-commercial fertilizers, septic field leaks,
and animal wastes versus in-situ soil nitrogen (Aravena et al., 1993; Wassenaar et
al., 1995). Nitrogen is composed of two isotopes, the lighter 14N , with a natural
abundance of approximately 1% and the heavier 15N , with a natural abundance of
approximately 99%.

The notation used to express the high abundance of 15N is “delta N–15” (δ15N).
Delta values are the relative differences between the sample ratio (15N /14Nsample)
and the standard ratio (15N /14Nstandard) (Kendall, 1998). Measurements are in per
mil (o/oo) and the standard is atmospheric air, where:

δ15 N =

15N
14Nsample

−
15N

14Nstandard

15N
14Nstandard

× 103

A wide range of δ15N values can occur from a single source because of soil mi-
crobial activities, such as ammonia volatilization and nitrification, making values
hard to interpret. Ranges presented by Wassenaar (1995) provide a guideline to
determine source identification and serve as a basis for comparing results from
this study to previous isotope work done by the 1997–1999 studies. In groundwa-
ter, inorganic commercial fertilizers result in values ranging from –1o/oo to +2o/oo.
Animal wastes have delta values from +8o/oo to +16o/oo. Values between +2o/oo

and +8o/oo should then indicate a mixture of inorganic commercial and animal fer-
tilizers or derived from natural soil nitrate. Human waste from septic tank effluent
would fall in the category of animal waste. However, Cox and Kahle (1999) de-
termined that <4% of nitrogen in the region is related to septic tanks. The δ15N

technique can be inaccurate where denitrification occurs because fractionation due
to nitrate reduction causes enrichments in δ15N from the original signature.

Surface water samples were collected at 5 sites along Pangborn Creek (PB1–PB5)
and 5 sites along Johnson Creek (JN1–JN5) every other month for 24 months,
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beginning in July 2002 (Figure 2, page 43). The criteria used to determine surface
water sampling locations were spatial location, land owner permission, and data
from previous studies (e.g., Wills, 1998 and Nanus, 2000).

Dissolved oxygen, specific conductance, and temperature were measured by plac-
ing the YSI model 85 analyzer probe in the center of the channel and the center of
the water column (when possible). Dissolved oxygen was calibrated at every site
to the nearest 100 ft of elevation. Calibration checks for specific conductance and
temperature were performed in the laboratory prior to sampling. Dissolved oxy-
gen was calibrated in the laboratory before each day of sampling. The acceptable
calibration range was 95–105% saturation.

Four bottles were used to collect samples at each site to analyze pH, nutrients,
chlorides, metals, and fecal coliform. Fecal coliform samples were collected in
a 125 mL plastic container and placed on ice until transport to Avocet Environ-
mental Laboratories in Bellingham. Sample bottles were rinsed with sample three
times prior to collection (except for fecal coliform and metals). All water samples
were collected facing upstream in the deepest part of the channel or the area with
maximum flow velocity. When necessary, a reaching pole with sample-bottle at
the end of it was used to create a minimum amount of disturbance to bottom sed-
iments. When possible, samples were collected at elbow depth. All samples were
packed on ice for transport.

Nitrogen isotope samples were collected from Sites PB1, PB3, PB4, PB5, JN1,
and JN4 in May and October 2003 and February and June of 2004 (PB1 was not
sampled in October 2003). Sites PB2, JN2 and JN3 were sampled in October 2003
and February and June of 2004. Site JN5 was sampled in February 2004. Samples
were collected according to the previous months nitrate concentrations: nitrate
from 0.3–2.0 mg N/L were collected in 2 N hydrochloric acid-washed 500 mL
bottles and samples in excess of 2.0 mg N/L were collected in 2 N hydrochloric
acid-washed 250 mL bottles. After collection, samples were filtered in the lab with
0.45 micron 2 N hydrochloric acid-soaked filter, preserved with sulfuric acid to a
pH of 2, and shipped on ice to the Colorado Plateau Stable Isotopes Laboratory at
Northern Arizona University for nitrogen isotope analysis.
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4.2 Analytical Methods

All water samples except fecal coliforms and stable isotopes were analyzed at the
IWS laboratory.2 Fecal coliforms were analyzed by Avocet Environmental Testing
(Bellingham, Washington), nitrogen isotope samples were analyzed by Colorado
Plateau Stable Isotopes Laboratory (Northern Arizona University, Flagstaff, Ari-
zona). Standard operating procedures adapted from APHA (1998) were used for
all IWS analytical work (see Appendix A, Table 5). Temperature, conductivity,
and dissolved oxygen were measured in the field using a calibrated YSI field me-
ter. Quality control samples for Winkler dissolved oxygen analyses were collected
using 300 mL BOD bottles; Winkler reagents were added in the field. Sterile
Nalgene bottles provided by Avocet were used to collect fecal coliform samples.
Combined water samples for lab conductivity (QC), pH, total phosphorus, total
persulfate nitrogen, soluble reactive phosphate, ammonia, and nitrate+nitrite were
collected in acid-washed 1-L Nalgene bottles. All samples were transported back
to the laboratory on ice. The water quality data are included in electronic for-
mat on the CD that accompanies this report and in ASCII files linked to the web
version of this report (http://www.ac.wwu.edu/∼iws).

5 Groundwater Quality Results

A total of 466 groundwater samples from 26 wells were analyzed over the 24-
month period. An additional 217 samples were analyzed for quality control. Due
to lab error, nitrate was not determined in May 2004 for wells K1, P1, P2, P3, V1,
V2, V3, V4, V5, V6, V11, and V12; and in June 2004 for wells H1, H2, H3, H4,
H5, H7, K1, T1, T2,V5, V6, V8, V9, and V12. Total nitrogen was determined for
these wells, which is highly correlated to nitrate. Boxplots were used to present
summaries of the data (Figure 9, page 50)

2The Institute for Watershed Studies is accredited by the Washington State Department of
Ecology (Accreditation #A006).
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5.1 Nitrate

Most (87%) of the nitrate values and 21 well-median nitrate values were greater
than 3 mg N/L and indicate probable anthropogenic contamination. Both
Tesoriero and Voss (1997) and Cox and Kahle (1999) used 3 mg N/L as a con-
servative estimate to represent nitrate concentrations in the aquifer due to anthro-
pogenic sources. Background nitrate concentrations are probably less than 1 mg
N/L (Cox and Kahle, 1999). In addition, 64% of all values and 14 of the well-
median values were greater than the 10 mg N/L MCL (Figure 10, page 51). The
strong positive correlation between groundwater nitrate and total nitrogen indi-
cates that the dominant form of nitrogen in the study area is nitrate (Figure 11,
page 52). The correlation between total nitrogen and nitrate was expected because
total nitrogen is predominantly nitrate in most aerobic environments (Figure 12,
page 53) .

5.2 Ammonia

Ammonia concentrations were often lower than their detection limits of 21 µg N/L
(Figure 13, page 54). The higher ammonia values were likely associated with den-
itrification byproducts. For example, well V12 had unusually high concentrations
of ammonia on more than one sampling date. Denitrification was substantiated by
the low nitrate and dissolved oxygen, and high iron and manganese levels at V12.

5.3 Nitrogen Isotopes

Most of the 123 groundwater samples analyzed from the 25 wells over the 24-
month period indicated a mix of organic and inorganic nitrogen as the source
of the nitrate (Figure 14, page 55). Nitrogen isotopes were never determined at
well V2 because of its historically low nitrate concentrations. With the exception
of wells H6, V5, and V12, each well was sampled at least 5 times. Wells that
demonstrated variability in δ15N values were H1, H2, H6, and V4. The median
δ15N from wells V7 and V11 were within the inorganic, commercial fertilizer
range (δ15N <+2o/oo). The median δ15N from ten wells (H6, H7, K1, P1, P2, V1,
V5, V6, V9, and V12) were within the animal manure range (δ15N >+8o/oo). It
is possible that enrichment due to denitrification was responsible for the elevated
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δ15N values at wells K1, P1, P2 and V12. Samples from the rest of the wells (H1,
H2, H3, H4, H5, H8, P3, T1, T2, V3, V4, V8 and V10) had δ15N values in the
mixed-source Range (–1 o/oo < δ15N < +8o/oo) .

5.4 Chloride

The chloride concentrations were typically <10 mg/L (Figure 15, page 56). Cox
and Kahle (1999) estimated background chloride levels to be 0.5 to 4 mg/L for
the Sumas aquifer. They also state that chloride concentrations above background
and below 25 mg/L were slightly elevated. The highest values measured in our
study were below 25 mg/L (K1, T2, V5 and V6). Chloride is a component in
animal manure and domestic sewage. Wells that demonstrated similar nitrate and
chloride trends (highs and lows) include H6, H7, V4, V5 and V6 in the central
portion of the study area. In general, there was a weak correlation between nitrate
and chloride (Figure 16, page 57).

5.5 Conductivity

Median conductivities ranged from <125 µS/cm in well V11 to >400 µS/cm in
well V5 (Figure 17, page 58). Wells that had high chloride concentrations also
had high conductivities. Temperature changes, dilution from precipitation, and
ions in fertilizer also cause the variation.

5.6 pH

The well median pH values fell within the range of 5.93 to 8.25 (Figure 18, page
59). Many of the wells had pH levels lower than the EPA secondary standards for
drinking water (6.5–8.5); however, the ranges were fairly typical for groundwater.
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5.7 Temperature

The median groundwater temperature value for all the wells was 10.60 ◦ C. There
was a high variability in groundwater temperatures for some wells, which is not
atypical when sampling domestic wells, especially from outside taps (Figure 19,
page 60).

5.8 Dissolved Oxygen

The dissolved oxygen concentrations were variable at almost all sites (Figure 20,
page 61). The range in groundwater dissolved oxygen concentrations is not un-
usual. Higher oxygen concentrations are common as temperatures decrease (less
bacterial activity and more oxygen dissolved in the colder water) or when ground-
water becomes aerated from pumping activities. Low oxygen concentrations are
common in groundwater due to bacterial respiration during denitrification. Den-
itrification may be responsible for the low dissolved oxygen values measured in
wells V1, V2, V3, V7, V11, V12, P1, P2, and K1 (and V4 during the summer).
There was a weak correlation between nitrate and dissolved oxygen (Figure 21,
page 62).

5.9 Phosphorus

Phosphorus in water is not considered directly toxic to humans so no drinking
water standards have been established by the EPA. The EPA recommends that
total phosphorus concentrations should be less than 0.1 mg/L in rivers, and less
than 0.05 mg/L where rivers enter lakes and reservoirs to avoid contributing to
eutrophication. Except for some outliers, the groundwater phosphorus concentra-
tions were typically less than 0.020 mg/L (Figure 22, page 63).

5.10 Iron and Manganese

A condition that can enhance denitrification potential is the presence of desorbed
metals. Well P2 had the highest levels of iron and manganese (0.24 mg/L and 0.09
mg/L, respectively). Wells V1, V2, V10, and V12 also had elevated (>0.10 mg/L)
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median metals concentrations (Figures 23–24, pages 64–65). Field notes indicated
that residents at Site P1 installed a filter to mitigate the high iron concentrations. A
likely source of iron and manganese are iron-manganese nodules known to exist in
peat in the region. Abiotic iron corrosion and microbial iron reduction are possible
pathways for nitrate loss in the peat deposits.

5.11 Water Level

Water table levels were measured at 18 wells before extracting samples. The water
table at a respective well was deepest in the fall (usually October) and shallowest
in the spring (usually April). The median annual water table fluctuation was 5.60
ft, with a range between 2.0 ft at V12 and 15.0 ft at T2 (Figure 25, page 66). The
high value at T2 was unique because T2 is an irrigation well that could not be
turned off during sampling. The drawdown during summer pumping at well T2
was 8 to 10 ft. Water-level hydrographs for the northern (H2) and southern (T1)
regions of the study area typify seasonal fluctuations (Figure 26, page 67). The
median depth to the water table was used to estimate the depth of a respective well
below the water table (Table 4, page40).

We assumed that groundwater flow is primarily horizontal. Accordingly, we ap-
plied a regression technique described in Kelly and Bogardi (1989) to estimate
the magnitude and direction of the hydraulic gradient. We used water-table eleva-
tions and UTM coordinates for 18 wells in our study area and 4 wells north of the
study area in BC. The resulting hydraulic gradient for a high water-table condition
(November 2003) was 0.0053 with a direction of 155.5◦. The hydraulic gradient
for a low water-table state (April 2004) was 0.0056 with a direction of 159.1◦.
These values are consistent with Hii et al., (1999) who estimated the hydraulic
gradient to be between 0.003 and 0.008 north of our study area in BC.

We estimated the horizontal-hydraulic conductivity of the aquifer material in the
study area using specific capacity data from 8 wells, and the techniques described
in Cox and Kahle (1999). The mean, median and geometric-mean hydraulic con-
ductivities were 475, 585, and 532 feet per day, respectively. These values corre-
spond to a sand/gravel (Freeze and Cheery, 1979), which is typical of our study
area. The average horizontal pore-water velocity is 10 feet per day (≈ 157◦) using
a hydraulic conductivity of 532 feet per day, an estimate of porosity of 0.30, and
a hydraulic gradient of 0.0056.
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6 Surface Water Quality Results

Creeks were sampled every other month for two years (13 times). A total of
109 surface water samples from 10 stream sites were analyzed over the 24-month
period: 49 samples from 5 sites along Johnson Creek and 61 samples from 5
sites along Pangborn Creek (Figure 2, page 43). An additional 61 samples were
analyzed for quality control. Two sites in Johnson Creeks (Sites 4 and 5) were not
sampled during certain summer months because of low-flow conditions.

6.1 Nitrate

With the exception of Site PB1, all the stream nitrate values in Pangborn Creek
were greater than 3 mg N/L, indicating probable anthropogenic contamination
(Figure 27, page 68). The low nitrate values measured at Site PB1 were likely
the result of denitrification that occurs in the peat bog adjacent to the site. The
median nitrate value for Pangborn Creek was 8.95 mg N/L, with minimum and
maximum values of 0.94 and 19.06 mg N/L, respectively. Nitrate values were
usually lower in Johnson Creek. The median nitrate value for Johnson Creek was
6.46 mg N/L. The minimum and maximum values from Johnson Creek median
were 3.53 and 8.80 mg N/L, respectively. Nitrate was not as highly correlated
to total nitrogen in the surface water because of higher ammonia concentrations,
especially in Pangborn Creek (Figures 28–29, pages 69–70). The creek sites show
a temporal pattern of high summer nitrate concentrations and lower winter and
spring concentrations (Figures 30–31, pages 71–72).

6.2 Ammonia

Ammonia concentrations ranged from non-detectable (<21 µg N/L) in both
creeks to a maximum of 293.38 µg N/L in Pangborn Creek and 691.14 µg N/L
in Johnson Creek (Figure 32, page 73). About 85% of the all the values were be-
low 70 µg N/L and they tended to decrease down gradient in Pangborn Creek and
up gradient in Johnson Creek. Ammonia concentrations were typically higher in
Pangborn Creek (median = 25.70 µg N/L) than in Johnson Creek (median = 8.42
µg N/L). When an ammonia outlier measured at well JN5 (2.37 mg/L) is elimi-
nated, the difference between the two creeks is more distinguishable (Figure 33,



2002/2004 Abbotsford-Sumas Final Monitoring Report Page 18

page 74). The higher ammonia concentrations measured at PB1 were likely the
result of organic decomposition of peat in the anoxic environment. A secondary
source of ammonium is via dissimilatory nitrate reduction to ammonium in the
peat. The timing of peaks in ammonia concentrations along the creeks varied
and likely coincided with agronomic loading and precipitation or irrigation events
(Figures 34–35, pages 75–76). For example, two peaks in ammonia concentra-
tions (which correlate to peaks in other measured surface water parameters) occur
on sampling dates in April 2003 and October 2003. The amount of rainfall was
large during the week prior to these sampling dates, 1.1 inches in April and 2.0
inches in October.

6.3 Nitrogen Isotopes

A total of 33 surface water samples were analyzed for nitrogen isotope magni-
tudes. The median nitrogen isotope value from Pangborn Creek was 10.9 δ15N

(Figure 36, page 77). The range was between 7.4 and 12.3 δ15N. The isotopes
values were similar in Johnson Creek (median of 10.9 δ15N and a range between
8.3 and 11.9 δ15N). These δ15N values are indicative of a manure source. It is
also possible that the isotopes were enriched due to denitrification processes in
the bog.

6.4 Chloride

The chloride concentrations ranged from 5.72 mg/L to 14.70 mg/L in Pangborn
Creek and between 10.0 mg/L and 14.70 mg/L in Johnson Creek (Figure 37, page
78). The median value in Johnson Creek (11.20 mg/L) was higher that the median
in Pangborn Creek (9.85 mg/L). The chloride values increased slightly down-
stream in Pangborn Creek. In most cases, the peaks in chloride concentrations
correlated to peaks in stream nitrate (Figures 38–39, pages 79–80).

6.5 Conductivity

The conductivity values in both creeks increased and decreased with chloride con-
centrations. Measurements in Pangborn Creek ranged from 198 to 359 µs/cm and



2002/2004 Abbotsford-Sumas Final Monitoring Report Page 19

resulted in a median of 285 µs/cm. Conductivity values in Johnson Creek ranged
from 282 to 332 µS/cm and resulted in a median value of 300 µS/cm (Figure 40,
page 81).

6.6 Fecal Coliforms

The streams in the Johnson Creek watershed are Class A, as such, fecal coliform
concentrations should not exceed 100 cfu/100 mL (Butkus et al., 2000). About
50% of the samples measured in both creeks exceeded 100 cfu/100 mL. Fecal
coliform concentrations ranged from 5 to 1200 cfu/100 mL in Johnson Creek
and from 2 to 12,000 cfu/100 mL in Pangborn Creek (Figure 41, page 82). The
geometric mean values for Pangborn and Johnson Creeks were 125.1 and 95.8
cfu/100 mL, respectively. There was a much larger variability in fecal counts in
Pangborn Creek. The highest fecal counts occurred in the summer months, in
both creeks. The fecal geometric mean exceeded the target value of 37 cfu/100
mL in Pangborn Creek (Henderson, 2003) 10 out of the 13 sampling months. The
fecal geometric mean exceeded the target value of 100 cfu/100 mL in Johnson
Creek (Henderson, 2003) 7 out of the 13 sampling months. As in the chloride
results, fecal coliforms increase downstream (Figures 42–43, pages 83–84). The
timing of peaks in fecal colonies (like the ammonia concentrations) varied, and
likely coincide with agronomic loading and precipitation or irrigation events. For
example, the peaks in fecals in Pangborn Creek occur during the aforementioned
heavy rain events in April and October 2003.

6.7 Dissolved Oxygen

The median dissolved oxygen concentration in Pangborn Creek was 5.66 mg/L
and ranged between 1.02 mg/L to 12.51 mg/L (Figure 44, page 85). The streams
in the Johnson Creek watershed are Class A, as such, dissolved oxygen concentra-
tions should exceed 8.0 mg/L (Butkus et al., 2000). Of the samples measured in
Johnson Creek, 27% exceeded 8.0 mg/L and 30% of the samples from Pangborn
exceeded 8.0 mg/L. The lower values of dissolved oxygen occurred in the summer
months when the biological oxygen demand was highest. The dissolved oxygen
values were low near the head of the creek (in the anoxic peat bog) and increased
down gradient due to oxygenated groundwater discharging into the stream and
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stream aeration. The median dissolved oxygen concentration in Johnson Creek
was 6.73 mg/L and ranged between 1.82 mg/L to 10.45 mg/L (Figure 44, page
85). The seasonal trends in dissolved oxygen in Johnson Creek were similar to
those observed in Pangborn Creek. Although the up gradient concentrations were
lower, there was a smaller difference between up gradient and down gradient dis-
solved oxygen values in Johnson Creek (Figures 45– 46, pages 86–87).

6.8 Temperature

The surface water temperature trends and magnitudes in both creeks were simi-
lar (Figure 47, page 88). The median temperature for Pangborn Creek was 49.73
◦F (9.85 ◦C) and ranged between 38.12 ◦F (3.40 ◦C) and 65.84 ◦F (18.80 ◦C).
Whereas the median for Johnson Creek was 50.54 ◦F (10.30 ◦C) and ranged be-
tween 40.64 ◦F (4.80 ◦C) and 58.82 ◦F (14.90 ◦C). Both creeks peaked in tem-
perature in July and were coolest in December (opposite of the dissolved oxygen
concentrations).

6.9 Phosphorus

The phosphorus concentrations were much greater in Pangborn Creek (median of
217.3 µg P/L) than in Johnson Creek (median of 89.7 µg P/L; Figure 48, page
89). The highest value (1502 µg P/L) was measured at Site PB1 near the mouth
of Pangborn Bog in October 2003 (coincident with the heavy rainfall and fecal
peak). The maximum value in Johnson Creek (265.5 µg P/L) occurred at Site JN5
in April 2003 during another heavy rainfall event, in concert with a second peak
in Pangborn Creek (1015 µg P/L).

6.10 Iron and Manganese

Iron and manganese concentrations are elevated in the surface water primarily due
to the iron and manganese concentrations in the peat that exists in the area. The
mean iron concentrations in Pangborn and Johnson Creeks were 0.12 and 0.15
mg/L, respectively (Figure 49, page 90). The manganese medians were 0.01 and
0.04 mg/L, respectively (Figure 50, page 91). The iron (and manganese) concen-
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trations increased in the winter and peaked in the spring, presumably because the
rising water table encountered a larger area of peat prior to discharging into the
creeks. The peak iron values in Pangborn and Johnson Creeks were 0.57 and 0.49
mg/L, respectively.

6.11 pH

The water discharging from Pangborn Bog is more acidic, therefore the median pH
value for Pangborn Creek was lower (6.74) than the 7.14 median pH for Johnson
Creek (Figure 51, page 92). In general, the pH tended to be higher in the summer
and lower in the winter in both creeks. The highest pH values were recorded at
Site PB5, whereas the lowest were measured near the bog (Site PB1). The EPA
secondary standard for pH of drinking water ranges between 6.5–8.5.

7 Groundwater Quality Discussion

Numerous factors may influence a nitrate concentration measured at a particular
well in the study area, including: southerly flowing groundwater having nitrate
originating in British Columbia, vadose zone thickness and residence time, depth
below the water table, up gradient land use including timings and types of nutri-
ent loading, seasonal precipitation and irrigation, vertical and lateral mixing due
to intermingling plumes along flow paths in the aquifer, mixing due to excessive
well pumping, nitrate recirculation due to irrigation (Guimera, 1998), and denitri-
fication (especially due to peat deposits in the area).

7.1 Nitrate Distribution

In general, nitrate concentrations were higher north of Pangborn Bog and Pang-
born Creek due to a combination of transport from British Columbia and leaching
in Whatcom County (Figure 52, page 93). All the wells north of the creek (except
V12) had median nitrate values greater than 3 mg N/L, indicating anthropogenic
sources (Tesoriero and Voss, 1997). Furthermore, 12 of the 15 wells north of the
creek had median nitrate concentrations above the EPA MCL of 10 mg N/L. The
nitrate concentrations from V12 were consistently below 1.0 mg N/L, likely due
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to denitrification as suggested by the low dissolved oxygen and high iron concen-
trations measured at the well. Well V12 was added to the monitoring list in the
fall of 2003 and was monitored 5 times between 11/03 and 3/04.

We assumed that deep wells H3, H4, H7, V7, and V8, and shallow wells V9
and V10 north of the creek withdraw groundwater derived upgradient in British
Columbia. The median nitrate concentrations for these wells ranged from 4.0
to 18.6 mg N/L (Figure 10, page 51).3 Due to their depth and proximity to the
border, it is unlikely that the elevated nitrate concentrations at these wells were
caused by Whatcom County sources. It would require large vertical gradients to
deliver nitrate to these wells and the vertical hydraulic gradients are minimal in the
region (Zebarth et al., 1998). Moreover, the high nitrate values from these wells
are consistent with the nitrate concentrations measured from four peizometers in
the British Columbia Study Area that Environment Canada monitors on a monthly
basis (Figure 52, page 93). Median nitrate concentrations for our study period
from piezometers BC3, BC4, BC5, and BC6 just north of our study area were
17.0, 8.2, 13.5 and 22.4 mg N/L, respectively (Figure 53, page 94).

The peat bog and creek serve as a discharge zone (and nitrate sink) for the shal-
low, nitrate-contaminated groundwater from the north (McKee, 2004). The low
nitrate concentrations south of Pangborn Bog and Pangborn Creek are due to den-
itrification that occurs in the reducing, iron-rich peat in the bog and along portions
of the creek. McKee (2004) used a combination of chemical indicators to doc-
ument denitrification in the peat. These include low nitrate concentrations, low
dissolved oxygen concentrations, presence of iron and manganese, enriched δ15N

signatures, a linear relationship between nitrogen and oxygen isotope values, and
detection of N2 gas measured in and around the bog (e.g., P1, P2, and K1).

Hydrostratigraphic data suggest that peat deposits may occur in other areas of
the study area, at various unmapped depths (e.g., Rigg, 1958; Kovanen and East-
erbrook, 2002; D. Easterbrook, personal communication, WWU Geology Dept.,
2003). Hence, groundwater nitrate may be reduced locally in the vicinity of un-
mapped peat deposits. Because of indicators such as low dissolved oxygen, high
metals, or enriched δ15N values, it is likely that such deposits and denitrification
are responsible for low nitrate concentrations measured from wells P3, V1, V2,
V3, V4, V7, V11, V12, and possibly V10.

3The anomalously low nitrate values measured at V7 may have been caused by denitrification,
which was suggested by the low dissolved oxygen values recorded at the well.
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7.2 Nitrate Stratification

When wells with low nitrate values in the entire study area (likely due to deni-
trification) are eliminated, the greatest contamination occurred in shallow wells
(<25 ft), which produced a median value of 15.7 mg N/L. The deep well (>25 ft)
nitrate concentrations were lower in magnitude, and resulted in a median value of
11.3 mg N/L. This stratification in nitrate concentrations is in agreement with his-
torical nitrate measurements in the study area (e.g., Mitchell et al., 2003) and the
British Columbia study area (Hii et al., 1999). The highest nitrate concentrations
(>20 mg N/L) occurred in shallow wells T1, V5, V6, and V9 (and H7, a deep
well assumed to be breached). Except for V9, the high nitrate concentrations in
shallow wells were likely due to agricultural practices in Whatcom County that
contributed to the regional nitrate contamination originating in British Columbia.

The high nitrate concentrations measured in a number of the deep wells (and shal-
low well V9 near the border) were in part due to British Columbia transport. Large
pumping wells can also draw shallow, more contaminated water deeper into the
aquifer, thus skewing the deeper nitrate concentrations. This process was observed
in an irrigation well, T2. Distinct summer drawdowns were observed at T2, which
correspond to summer nitrate peaks (Figure 54, page 95).

7.3 Nitrate Sources

The agricultural land use in the study area is primarily raspberries and crops grown
for dairy cow forage (grasses and corn). Raspberries are fertilized in February
(inorganic fertilizer) and March (manure) and dairy manure can be spread on
corn/grasses anytime between February and October. Irrigation water can be ap-
plied between May and August on raspberries and between April and September
on grasses; the largest magnitudes are applied between June and August.

Median values of δ15N measured from wells in the study area ranged from –0.7 to
28.6o/oo (Figure 14, page 55). Because the δ15N values were derived from ground-
water samples, it is probable that denitrification and mixing are in part responsible
for the range of δ15N values. Most of δ15N values suggest organic manure, or a
mix of organic and inorganic nitrogen as the source of the nitrate (between +2o/oo

and +8o/oo), an interpretation consistent with the mixed fertilization practices in
the study area (Figure 55, page 96). Wells having δ15N in the mixed range include
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H1, H2, H3, H4, H5, H8, P3, T1, T2, V3, V4, V8 and V10. Most wells showed
little variability in δ15N values in time, except for wells H1, H2, and H6 which
had values in the animal source range (>+8o/oo) in August of 2004, and V4 had
values in the animal source range in December of 2002 and 2003.

The median δ15N values measured at 10 wells (H6, H7, K1, P1, P2, V1, V5, V6,
V9, and V12) were within the animal manure range (δ15N>+8o/oo). Wells H6, H7,
V5 and V6 are in the central portion of the study area that is dominated by lands
that receive dairy manure and irrigation water. Well V9 is close to the British
Columbia border, its δ15N value likely indicates poultry manure as the nitrogen
source. Although the δ15N values measured at wells K1, P1, P2, V1 and V12 are
in the animal range, they are excessively high. Because of their location to peat, it
is likely that isotopic enrichment from denitrification was responsible for the high
values.

Wells V7 and V11 consistently had δ15N values indicative of an inorganic fertil-
izer (between –1o/oo and +2o/oo). The land use upgradient of well V7 is mixed,
but raspberries dominate the landscape further to the north in Whatcom County,
and across the border in British Columbia. Since well V7 is categorized as a deep
well, it likely that the low δ15N values are indicative of inorganic, commercial
fertilizers applied to these raspberries fields. The δ15N values measured at well
V7 during the 1997–1999 study were also below +2o/oo. The shallow well V11
however, is not directly down gradient from fields which receive dominantly inor-
ganic fertilizers. Since the nitrate concentrations were low (<3 mg N/L) at well
V7, the source is not of key importance.

Deep well V8 and shallow wells V9 and V10 near the British Columbia border
in the northeast portion of the study area are likely receiving groundwater from
British Columbia, as are H3 and H4 along Halverstick Road. The δ15N signa-
tures from all of these wells revealed a mix of organic and inorganic commercial
fertilizers, consistent with the land use north of the border, which is primarily
raspberry fields. There has been an increasing trend toward the reduction of poul-
try manure and an increase in inorganic fertilizers on raspberries in this region in
recent years (G. Hughes-Games, personal communication, BC Ministry of Agri-
culture, Food and Fisheries, 2004). Poultry manure was used dominantly in the
British Columbia region during our previous monitoring study (1997–1999). As
such, the δ15N signatures were useful for distinguishing British Columbia sources
of nitrate from Whatcom County sources. For example, the δ15N values measured
in 1997–1999 from V10 were in the manure range (Mitchell et al., 2003), as ex-
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pected. Because of the introduction of inorganic, commercial fertilizers in recent
years in the British Columbia region, nitrogen isotopes are not as useful for iso-
lating British Columbia sources in Whatcom County. Moreover, because of the
potential for denitrification and δ15N enrichment, a combination of nitrogen and
oxygen isotope analyses on the nitrate should be applied to distinguish organic
from inorganic sources the future.

7.4 Nitrate Trends

Nitrate concentrations were plotted by month for each well to check for site-
specific, seasonal patterns (Figures 56–60, page 97– 101). The nitrate-time series
from nearly all the wells displayed some kind of pattern, many showing highs and
lows of varying degrees, and at sporadic times. The time series for the four British
Columbia wells also show varying patterns (Figure 61, page 102). In many cases
it is difficult to interpret the pattern observed at a single well because it can be con-
trolled by any or all of the aforementioned factors. The time-series patterns were
divided into three groups: wells having nitrate peaks in the fall/winter/spring;
wells having nitrate peaks in the summer; and wells with no consistent nitrate
pattern.

Fall/Winter/Spring Nitrate Peaks Wassenaar (1995) concluded that nitrifica-
tion in the Abbotsford-Sumas aquifer occurred during the summer months; in the
fall and winter, nitrates would be flushed through the unsaturated zone due to
high precipitation rates and a rising water table. This process produces low nitrate
concentrations in the summer and peaks in the fall and winter.

The nitrate time series from only two wells, P3 and H8 in our study area revealed
this pattern. Both are shallow wells down gradient of raspberry fields. Raspberry
fields are not fertilized after May or irrigated in late summer, so it is possible that
the soil is storing nitrogen and releasing nitrate in the fall/winter. The δ15N val-
ues for these two wells indicate that the nitrate source is mixed, consistent with
the mix of organic and inorganic fertilizers the raspberries receive. An attenuated
version of this pattern occurred at well P1. The attenuation was due to denitrifi-
cation, which was supported by low nitrate, low dissolved oxygen, and enriched
δ15N values.
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The temporal pattern at well H7 depicted a nitrate spike from December to March,
consistent with the fall leaching process discussed above; however, after the 2003
spike (43 mg N/L maximum), the nitrate concentrations dropped and hovered
around 10 mg N/L. A nitrate spike of this magnitude is not typical of a well this
deep; therefore, a breach likely exists in the casing of well H7 that allowed local-
ized up gradient sources to influence the groundwater quality sooner. The high
δ15N values indicate that manure was the source of nitrate in the groundwater
sampled from H7. Historical evidence of this pattern is provided by data from an
unpublished study by Ecology from 1994–1997. Groundwater nitrate of approxi-
mately 40 mg N/L in well H7 was observed shortly after heavy manure loading to
the same grass field occurred (D. Garland, personal communication, Washington
State Department of Ecology, 2004). Within months after loading and during no
loading intervals, the nitrate levels dropped to approximately 10 mg N/L, consis-
tent with the other deeper wells along Halverstic Road. Similar large spikes were
observed at H7 during the 1997–1999 study (Mitchell et al., 2003).

Summer Nitrate Peaks The nitrate concentrations in five wells (K1, T1, V1,
V4, and V7) had summer peaks. One factor that was responsible for the summer
peaks was (as discussed above) higher summer pumping rates which drew shal-
low, more contaminated water deeper into the aquifer. Because of the conductive
aquifer material this probably only occurred in irrigation wells that create larger
cones of depression (typically < 10 feet). For example, the summer nitrate peaks
observed at irrigation well T2 correlate with the summer water-level drawdowns
recorded at T2 (Figure 54, page 95). A similar summer pattern was observed at
K1, a water association well that also likely has higher summer pumping volumes.

Water-level data indicate that excessive pumping may not be responsible for the
summer peaks recorded at shallow wells V1, V4, and V7. The large nitrate varia-
tion and summer peaks in V4 were unique, and mimiced the same nitrate pattern
observed in Pangborn Creek (Figure 62, page 103). Well V4 is extremely shallow
and close (< 200 feet) to Pangborn Creek; therefore, well V4 likely intercepts
groundwater discharging to the creek. One hypothesis is that summer irrigation
and early fall precipitation on the grasslands upgradient of V4 may be flushing
stored nitrates through the thin, highly permeable unsaturated zone. This hypoth-
esis is substantiated by a similar high summer chloride trend observed at the V4.
Chloride is a constituent in manure which is the nutrient applied to the grasslands.
The dissolved oxygen concentrations were also low (<2 mg/L) during the sum-



2002/2004 Abbotsford-Sumas Final Monitoring Report Page 27

mer at well V4, meaning that denitrification may be occurring in the vicinity of
the well, thus lowering the (already high) summer magnitudes. We cannot offer a
reasonable explanation for the low, summer peaks observed in V1 and V7.

Inconsistent Trends The nitrate time series from wells H6, T1, V6, V8 and V10
showed periodic peaks with decreasing trends. Wells T1, V8 and V10 are down
gradient of berry fields, and H6 and V6 are down gradient of mixed raspberry and
grass/corn. Wells with random patterns, but with increasing trends include wells
near the border, H1, H2, H5 and V9. Wells having inconsistent patterns and low
nitrate concentrations (<5 mg N/L) include V2, V3, V11 and V12. Nonagricul-
tural land use and denitrifcation were likely influencing the low concentrations at
these wells. Wells H3 and H4 had unpredictable patterns and consistently high ni-
trate concentrations (>5 mg N/L). The inconsistent patterns reflect the variability
in the timing of loading, irrigation, and mixing in the aquifer, or a combination of
the aforementioned factors.

8 Surface Water Quality Discussion

The nitrate levels measured in both Pangborn and Johnson Creeks were above
5 mg N/L throughout the duration of the study (except for Site PB1 near the
bog), indicating anthropogenic sources (Figure 27, page 68). Both creeks had
higher summer nitrate concentrations and lower winter and spring concentrations
(Figures 30–31, pages 71–72). The nitrate values in general, were usually lower
in Johnson Creek. The creeks also had peaks in other water quality parameters
that correlated to heavy precipitation events. The median nitrate concentration
for Pangborn Creek was 8.95 mg N/L. The median nitrate value resulting from
measurements along Pangborn Creek in November of 1997, February 1998 and
May 1998 was 8.07 mg N/L (Nanus 2000). Both creeks are on the approved
TMDL 303(d) list. Listed parameters include dissolved oxygen and fecal col-
iforms (Butkus et al., 2000; Henderson, 2003).

Pangborn Creek will be the focus of the surface water discussion because of its
proximity to the peat deposits and location within the domestic-well sampling
network. Water flow in Pangborn creek is sustained in part by discharge from the
bog, groundwater, and by runoff from bordering lands (mainly shallow, subsurface
flow). The surface material at the headwaters of the creek, along with Sites PB1
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and PB2, is primarily peat. Field observations indicate that surface peat deposits
extend as far east as stream Site PB3. As the creek flows eastward from Site PB3,
the surface material changes to cobbles, gravels, sand, and silt up through Site
PB5. The majority of the land use flanking the creek is agricultural (Figure 63,
page 104).

The water discharged from Pangborn Bog was high in ammonia, but low in ni-
trate and dissolved oxygen due to denitrification in the peat (McKee, 2004). The
sources of ammonia in the bog may include un-nitrified ammonia-based fertilizer
supplied by drainage ditches to the north of Pangborn Bog and ammonia inher-
ent in peat deposits (from organic decomposition in an anoxic environment). A
secondary source of ammonia is via dissimilatory nitrate reduction to ammonia in
the peat. Ammonia levels decreased downstream in the creek, with some months
below the detection limit of 0.02 mg N/L (Figure 32, page 73).

Ammonia levels deceased downstream due to nitrification, or incomplete redox
reactions, such as ammonium oxidizing to nitrite, and dilution by groundwater
discharge. Nanus (2000) attributed the downstream decrease in ammonium con-
centrations to nitrification in the more aerobic part of Pangborn Creek. Higher
surface-water temperatures likely amplify nitrification reactions, thus causing the
higher summer nitrate concentrations in the creeks and a reduction in ammonia
(Figure 64, page 105). Groundwater discharge to the creek is also diluting bog dis-
charge, as confirmed by a decrease in ammonia and increase in dissolved oxygen
downstream, and by water quality similarities between the creek and extremely
shallow well V4 close to Pangborn Creek. Nitrate and chloride (and ammonia,
to a lesser degree) at Site PB4 and from V4 followed comparable trends. More-
over, these values became nearly identical in the late summer and early fall when
groundwater is the dominant source of water in the creek (Figure 62, page 103).

The water quality in Pangborn Creek (and Johnson Creek) was also influenced
by surface or shallow subsurface runoff due to precipitation and irrigation events.
Winter rains and runoff elevated the winter creek chloride and nitrate concentra-
tions in the creeks. These high concentrations were not observed in the ground-
water at shallow well V4 in the winter. Peaks in ammonia, fecal coliform, and
chloride concentrations were also recorded in the creeks just after heavy rainfall
events in April 2003 (1.1 in of rain) and in October 2003 (2.0 in of rain). Smaller
spikes in these parameters may have been due to irrigation, or lighter rainfall
events which transported the chemicals via shallow groundwater to the stream.
The fecal counts were higher in the summer months due to irrigation and summer
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rain. Irrigation magnitudes for grasses in July reached an estimated value of 4 to
6 in (J. Gillies, personal communication, USDA Natural Resource Conservation
Service, 2004).

The δ15N values measured in the creeks are indicative of a manure source (Figure
36 and Figure 65, pages 77 and 106), which is consistent with the grass and corn
crops that flank Pangborn creek. It is also possible that the isotopes were enriched
due to denitrification processes in the bog. The correlation between creek nitrate
and chloride also suggest manure as the source (Figure 66, page 107).

9 DNMP Assessment

One of our objectives was to assess the effectiveness of Dairy Nutrient Manage-
ment Plans (DNMPs). These plans were to be implemented by December of
2003 in accordance with the State of Washington Dairy Nutrient Management Act
(RCW 90.64). While we were able to compare surface and ground water nitrate
at sites measured before and after the implementation of the DNMPs, direct cor-
relations between nitrate concentrations measured at a well and nutrient-loading
data from specific fields cannot be performed without extensive soil and soil pore-
water data, shallow peizometer data, and numerical modeling. This was beyond
the scope of our project.

The first method used to assess the effectiveness of DNMPs was to compare
ground water nitrate concentrations measured between 1997–1999 to those mea-
sured in 2002–2004. Fourteen of the wells sampled between July 2002 and June
2004 were also sampled monthly between April 1997 and February 1999 (H1,
H2, H5, H6, H7, H8, T1, T2, V5, V6, V7, V8, V10, and V11). The 2002–2004
nitrate concentrations increased in 7 of the 14 wells (Figure 67, page 108). The
overall nitrate median from these wells increased from 11.5 mg N/L in 1997–1999
to 13.6 mg N/L in 2002–2004. We also assessed the effectiveness of DNMPs by
comparing ground and surface water nitrate before and after the DNMPs were
implemented within the 2002–2004 sampling period. Assuming that most plans
were implemented by November of 2003, we determined the median nitrate con-
centration of each well for November 2002 to April 2003 and compared it to the
medians from November 2003 to April 2004. Out of 24 wells, 15 wells had me-
dian nitrate concentrations that increased after implementation (Figure 68, page
109). The study area median (median of all the wells except H6 and V12) for
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November 2002 to April 2003 was 11.3 mg N/L. The median increased to 12.1
mg N/L after implementation (November 2003 to April 2004). We also deter-
mined the nitrate medians after excluding data from the wells that are suspected
of being influenced by denitrification. The wells that did not appear to be in-
fluenced by denitrification (H1, H2, H3, H4, H5, H7, H8, T1, T2, V5, V6, V7,
V9, and V10) had median nitrate concentrations of 13.5 mg N/L in 1997–1999
compared to 13.2 mg N/L during 2002–2004.

In order to explore the influence of BC transport on nitrate concentrations in our
study area, we estimated the background concentration from BC by determining
the median nitrate concentration from the 4 peizometers just north of the study
area in BC (Sites BC3–6). The median nitrate concentration decreased from 17.60
mg N/L (November 2002 through April 2003) to 16.0 mg N/L (November 2003
to April 2004), which is consistent with the general trend in BC (B. Hii personal
communication, Environment Canada). Because of the transport time (≈ 10 feet
per day) the higher 2003 concentrations in BC may be responsible for the elevated
concentrations in our study area in 2004.

We also compared surface water nitrate medians for the following two time peri-
ods: December 2002 to April 2003 and December 2003 to April 2004 (sampling
was not performed in November). Johnson Creek had a median nitrate concentra-
tion of 5.3 mg N/L for the year before implementation of the DNMPs (December
2002 to April 2003). The median nitrate concentration increased to 7.2 mg N/L
after implementation (December 2003 to April 2004). The median nitrate concen-
tration for Pangborn Creek increased from 7.5 mg N/L before implementation to
9.2 mg N/L after implementation. The total rainfall during these two time periods
was roughly equivalent: 21.9 inches between December and April 2002–2003 and
19.1 inches between December and April 2003–2004.

Although our results suggest that nitrate concentrations are not decreasing in the
study area, the nitrate levels in 5 wells (H6, T1, V6, V8 and V10) did have de-
creasing trends in 2002–2004. Because there are many spatial and temporal fac-
tors that influence the nitrate concentration at individual wells, we recommend
further study, particularly at the sites that showed decreasing nitrate levels, to help
identify whether specific DNMPs have been effective at reducing nitrate.
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10 Conclusions

Elevated nitrate concentrations as a result of agricultural sources have persisted
in groundwater and surface water in the region, despite the implementation of
best management practices. Our results suggest that nitrate in excess of 10 mg
N/L is transported in the aquifer from British Columbia, into Whatcom County.
Local sources contribute to this regional plume, resulting in high concentrations
(in excess of 20 mg N/L) in shallow groundwater in the central portion of the study
area. The nitrate-time series from the wells showed a mix of patterns, mainly due
to the mix of spatial and temporal variables that can influence a concentration at
a respective well. Only four wells showed a decreasing trend in nitrate and 14 of
the 26 wells had medians above the nitrate MCL of 10 mg N/L.

Values of δ15N measured from wells validate that the source of the nitrate is a
mix of organic manure and inorganic commercial fertilizer; however, the manure
component was higher. Only two wells yielded δ15N values suggestive of inor-
ganic nitrogen. These results are consistent with the nutrient loading practices
that exists in both British Columbia and Whatcom County. The shift toward more
inorganic fertilizers in British Columbia in recent years makes it more difficult to
distinguish British Columbia sources from Whatcom County sources.

Nitrate concentrations were significantly lower south of Pangborn Bog and Pang-
born Creek due to denitrification in the organic and iron rich peat. We also sus-
pect denitrification is responsible for the anomalously low nitrate concentrations
measured at other locations in the study area because peat occurs throughout this
region at various unmapped depths. The implication of these findings is that a
natural mechanism for nitrate reduction exists in this region. Identifying peat de-
posits and their influence on nitrate concentrations may help facilitate nutrient
management in the region.

Nitrate concentrations were also high in Pangborn and Johnson Creeks. With the
exception of one site near the bog, the nitrate concentrations were typically above
5 mg N/L and occasionally above 10 mg N/L. Concentrations in Pangborn Creek
were higher than those in Johnson Creek. Values of δ15N measured from the
creeks validate that the source of the nitrate is organic manure which is coming
from a combination of surface runoff and shallow groundwater. The fecal geomet-
ric mean exceeded the target value of 37 cfu/100ml in Pangborn Creek (Hender-
son, 2003) 10 out of the 13 sampling months. The fecal geometric mean exceeded
the target value of 100 cfu/100ml in Johnson Creek (Henderson, 2003) 7 out of the
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13 sampling months. The timing and magnitude of peaks in fecal colonies varied,
and coincide with agronomic loading and precipitation or irrigation events.

Because of multiple sources in British Columbia and Whatcom County, conser-
vationists and farmers will continue to face the problematic task and economic
challenges of managing nutrient loading. To assess the affect of specific nutrient-
loading plans in the study area, extensive soil and soil pore-water data, shallow
peizometer data, and numerical modeling will have to be employed.

11 References

APHA. 1998. Standard Methods for the Examination of Water and Wastewater,
20th Edition. American Public Health Association, Washington, DC.

Aravena, R., M.L. Evans, and J.A. Cherry. 1993. Stable isotopes of oxygen and
nitrogen in source identification of nitrate from septic systems. Ground Water
31(2):180–186.

Butkus, S., M. Wills, and S. Hood. 2000. Johnson Creek Watershed Total Max-
imum Daily Load: Submittal Report. Washington State Department of Ecology
Publication No. 00–10–033.

Canter, L.W. 1997. Nitrates in Groundwater. Boca Raton: CRC Lewis.

Cox, S., and Kahle, S. 1999. Hydrogeology, Ground-Water Quality, and Sources
of Nitrate in Lowland glacial Aquifers of Whatcom County, Washington, and
British Columbia, Canada. Water Resources Investigations Report 98–4195. U.S.
Geological Survey, Reston, VA.

Easterbrook, D.J., 1976. Geologic Map of western Whatcom County, Washing-
ton: U.S. Geological Survey Map I–854–B, scale 1:62,500.

Erickson, D. 1998. Sumas-Blaine surficial aquifer nitrate characterization. Wash-
ington State Department of Ecology Publication No. 98–310.

Freeze, R.A. and J.A. Cherry. 1979. Groundwater. Prentice-Hall, Inc., Englewood
Cliffs, New Jersey.



2002/2004 Abbotsford-Sumas Final Monitoring Report Page 33

Garland, D.P., and D. Erickson. 1994. Groundwater Quality Survey near Edaleen
Dairy, Whatcom County Washington: January 1990 to April 1993. Washington
State Department of Ecology.

Guimera, J. 1998. Anomalously high nitrate concentrations in ground water.
Ground Water 36:275–282.

Halstead, E.C., 1986. Ground Water Supply - Fraser Lowland, B. C. NHRI Paper
No. 26; IWD Scientific Series 145.

Henderson, M. 2003. Johnson Creek Watershed Bacteria Total Maximum Daily
Load: Detailed Implementation Plan. Washington State Department of Ecology
Publication No. 03–10–079.

Hii, B., H. Liebscher, M. Mazallek, and T. Tuominen. 1999. Ground Water qual-
ity and flow rates in the Abbotsford aquifer, British Columbia. Aquatic and At-
mospheric Science Division, Environmental Conservation Branch, Environment
Canada, Pacific and Yukon Region, Vancouver, B.C.

Kendall, C. 1998. Tracing nitrogen sources and cycling in catchments. In Isotope
Tracers in Catchment Hydrology, ed. C. Kendall and J.J. McDonnell, 519–576.
Amsterdam, Lausanne, New York, Oxford, Shannon, Singapore, Tokyo: Elsevier.

Kelly, W.E. and I. Bogardi. 1989. Flow directions with a spreadsheet. Ground
Water 27(2):245–247.

Kovanen, D.J. 2002. Morphologic and stratigraphic evidence for Allerod and
Younger Dryas age glacier fluctuations of the Cordilleran Ice Sheet, British
Columbia, Canada and Northwest Washington, U.S.A. Boreas 31:1643–184.

Kovanen, D.J. and D.J. Easterbrook. 2002. Timing and extent of the Allerod
and Younger Dryas Age (ca. 12,500–10,000 14C yr B.P.) Ocillations of the
Cordilleran Ice Sheet in the Fraser Lowland, Western North America. Quater-
nary Research 57:208–224.

Liebscher, H., B. Hii, and D. McNaughton. 1992. Nitrates and pesticides in the
Abbotsford Aquifer, southwestern British Colombia. Inland Waters Directorate,
Environment Canada, North Vancouver, B.C.

Madison, R.J. and J.O. Brunet. 1985. Overview of the Occurence of Nitrate
in Ground Water of the United States. National Water Summary 1984 - Water
Quality Issue, U.S. Geological Survey, Office of Water Policy, Washington, DC.



2002/2004 Abbotsford-Sumas Final Monitoring Report Page 34

McKee, L. 2004. Denitrification along Pangborn Creek in the Abbotsford-Sumas
Aquifer, Washington. M.S. Thesis, Western Washington University, Bellingham,
WA.

Mitchell, R.J., R.S. Babcock, D. Stasney, L. Nanus, S. Boesser, R. Matthews,
and J. Vandersypen. 2000. Abbotsford-Sumas Aquifer Monitoring Project, Final
Report

Mitchell, R.J., R.S. Babcock, S. Gelinas, L. Nanus, and D. Stasney. 2003. Nitrate
distributions and source identification in the Abbotsford-Sumas Aquifer, north-
western Washington State. Journal of Environmental Quality 32(3):789–800.

Mitchell, R.J., R.A. Matthews, R.S. Babcock. 2002. Water Quality: Abbotsford-
Sumas Aquifer, Project No. FP02004, Quality Assurance Project Plan (approved
July 2002).

Nanus, L. 2000. Spatial and Temporal Variability of Nitrate Contamination in the
Abbotsford-Sumas Aquifer, Whatcom County, Washington. M.S. Thesis, Western
Washington University, Bellingham, WA.

Rigg, G.B. 1958. Peat Resources of Washington. Olympia, Washington: Depart-
ment of Conservation Division of Mines and Geology. Bulletin 44.

Ryan, P.J. 1994. An Evaluation of the State of Nitrate/Nitrogen Contamination of
the Abbotsford-Sumas Aquifer: M.S. Thesis, University of British Columbia.

Soil Survey of Whatcom County Area, Washington. 1992. United States Depart-
ment of Agricultural and National Cooperative Soil Survey. 481pp.

Scibek, J. and D.M. Allen. 2005. Development of the Abbotsford-Sumas Ground-
water Flow Model for a Climate Change Impacts Study. 5th Washington Hydro-
geology Symposium, April 12–14, Tacoma, WA.

Starr, R.C. and R.W. Gillham. 1993. Denitrification and Organic Carbon Avail-
ability in Two Aquifers. Ground Water 31(6):934–947.

Stasney, D. 2000. The Impacts of Hydrostratigraphy and Groundwater Flow on
Nitrate Concentrations Within the Abbotsford-Sumas Aquifer, Whatcom County,
Washington. M.S. Thesis, Western Washington University, Bellingham, WA.

Tesoriero, A.J., H. Liebscher, and S. Cox. 2000. Mechanism and rate of deni-
trification in an agricultural watershed: Electron and mass balance along ground
water flow paths. Water Resources Research 36(6):1545–1559.



2002/2004 Abbotsford-Sumas Final Monitoring Report Page 35

Tesoriero, A.J. and F.D. Voss. 1997. Predicting the probability of elevated nitrate
concentrations in the Puget Sound Basin: Implications for aquifer susceptibility
and vulnerability. Ground Water 35(6):1029–1039.

Wassenaar, L. 1995. Evaluation of the origin and fate of nitrate in the Abbots-
ford Aquifer using the isotopes of 15N and 18O in NO−

3 . Applied Geochemistry
10:391–405.

Wills, M. 1998. Dairy farming and the effects of agricultural, nonpoint-source
pollution on stream water quality, Johnson Creek watershed, Whatcom County,
Washington. M.S. Thesis, Western Washington University, Bellingham, WA.

Zebarth, B.J., B. Hii, H. Liebscher, K. Chipperfield, J.W. Paul, G. Grove, and
S.Y. Szeto. 1998. Agricultural land use practices and nitrate contamination in
the Abbotsford aquifer, British Columbia, Canada. Agriculture, Ecosystem, and
Environment 69:99–112.



2002/2004 Abbotsford-Sumas Final Monitoring Report Page 36

12 Tables



2002/2004 Abbotsford-Sumas Final Monitoring Report Page 37

Monthly Net
Loading Net Irrigation Application

Month Activity Type Requirement (cm) Method
January x x 0.00 x
February preplant manure 0.00 x
March bulb-break synthetic fertilizer 0.00 x
April growth x 0.00 x
May growth x 5.69 big-gun sprinkler
June growth x 9.73 big-gun sprinkler
July harvest x 14.10 big-gun sprinkler
August x x 8.89 big-gun sprinkler
September x x 1.17 big-gun sprinkler
October x x 0.00 x
November x x 0.00 x
December x x 0.00 x

Table 1: Possible monthly raspberry crop loading and irrigation activities.



2002/2004 Abbotsford-Sumas Final Monitoring Report Page 38

Monthly Net
Loading Net Irrigation Application

Month Activity Type Requirement (cm) Method
January x x 0.00 x
February nutrient up-take manure 0.00 x
March growth manure 0.00 big-gun sprinkler
April growth manure 1.35 big-gun sprinkler
May growth manure 4.72 big-gun sprinkler
June growth manure 6.45 big-gun sprinkler
July dormancy manure 10.29 big-gun sprinkler
August dormancy manure 7.42 big-gun sprinkler
September growth manure 2.26 big-gun sprinkler
October growth manure 0.00 big-gun sprinkler
November x x 0.00 x
December x x 0.00 x

Table 2: Possible monthly grasses crop loading and irrigation activities.
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Monthly Net
Loading Net Irrigation Application

Month Activity Type Requirement (cm) Method
January x x 0.00 x
February x x 0.00 x
March preplant manure 0.00 x
April preplant manure 0.00 x
May preplant/starter manure/synthetic 0.00 x
June x x 0.00 x
July sidedress fertilizer synthetic 5.69 big-gun sprinkler
August x x 8.43 big-gun sprinkler
September harvest x 3.40 big-gun sprinkler
October x x 0.00 x
November x x 0.00 x
December x x 0.00 x

Table 3: Possible monthly corn crop loading and irrigation activities.
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Ground Surface Well Depth Median Depth Median Depth Shallow (<25 ft)
Well Elevation Below Ground to Water Below Water or
ID (ft above sea level) Surface (ft) Table (ft) Table (ft) Deep (>25 ft)
H1 149.3 30.0 20.0* 10.0 S
H2 159.1 34.0 20.4 13.6 S
H3 163.2 80.0 24.5 55.5 D
H4 165.9 65.0 30.0 35.0 D
H5 161.4 31.0 24.7 6.3 S
H6 169.1 38.0 32.6 5.4 S
H7 165.7* 71.0 33.0* 38.0 D
H8 167.8 50.0 33.0* 17.0 S
K1 126.3* 49.0 20.0* 29.0 D
P1 137.6 55.0 28.4 26.6 D
P2 150.9 67.0 29.0* 38.0 D
P3 148.2 37.0 30.3 6.7 S
T1 142.1 43.0 28.0 15.0 S
T2 142.3 80.0 26.9 53.1 D
V1 91.1 36.0 18.3 17.7 S
V2 94.5 122.0 17.0 105.0 D
V3 146.0* 85.0 27.0* 58.0 D
V4 121.7 12.0 4.2 7.8 S
V5 151.2 20.0 18.6 1.4 S
V6 165.7* 41.5 34.0 7.5 S
V7 175.2 77.0 43.2 33.8 D
V8 183.5 95.0 57.3 37.7 D
V9 207.0 91.0 72.7 18.3 S
V10 198.5 90.0 73.0* 17.0 S
V11 86.2 45.0 14.5 30.5 D
V12 141.2 57.5 9.4 48.1 D
*Estimated values

Table 4: Abbotsford-Sumas well depth summary.
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13 Figures
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Figure 1: Location of the Abbotsford-Sumas aquifer and the Western Washington
University and Environment Canada study sites.
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Figure 3: Boxplot of monthly temperature averages for January 2002 through
June 2004 compared to the 30-year monthly averages (1973–2003; shown
as filled circles). Data obtained from the Clearbrook, WA weather station
(http://www.ncdc.noaa.gov/ol/climate/climatedata.html).
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Figure 4: Monthly precipitation averages for January 2002 through June 2004
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obtained from the Clearbrook, WA weather station.
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Figure 5: Soils and surface water in the Western Washington University study site.



2002/2004 Abbotsford-Sumas Final Monitoring Report Page 47

PANGBORN RD

HALVERSTICK RD

V
A

N
 B

U
R

E
N

 R
D

HALVERSTICK RD

Judson Lake

Pangborn Lake

JN5

JN4

JN3
JN2

JN1

PB5

PB4
PB3

PB2PB1

V9

T1

P3

V6
V5

V4

V1

H8
H6H5H2

H1

V10

K1

V8

V7

V3

V2
T2

P2

H7
H4

H3

V12

BC3
BC6

BC5
BC4

0 0.5 1 1.50.25
Miles

0 0.7 1.4 2.10.35
Kilometers

CANADA

UNITED STATES

Deep Wells

Shallow Wells

Stream Sampling Sites

Legend

blueberry

corn

grass

nuts

pasture

Crop Type (2002)

raspberry

Figure 6: Land use in the Western Washington University study site in 2002.
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Figure 7: Land use in the Western Washington University study site in 2003.
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Figure 8: Land use in the Western Washington University study site in 2004.
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Figure 9: An example boxplot. Boxes indicate the median and upper/lower 25%
quartiles; whiskers show upper/lower 50% quartiles; outliers (shown as open cir-
cles) are ≥ 1.5 × interquartile range.
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Figure 10: Boxplot of nitrate+nitrite concentrations for the well sites. The EPA’s
Maximum Contaminant Limit (MCL) of 10 mg-N/L for nitrate in drinking water
is shown as a line. Shading indicates a shallow vs. deep well classification (see
text for classification criteria).
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Figure 11: Scatterplot of nitrate+nitrite vs. total nitrogen concentrations for the
well sites. Kendall’s tau correlation results (shown here) indicate a significant
correlation.
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Figure 12: Boxplot of total nitrogen concentrations for the well sites. Shading
indicates a shallow vs. deep well classification (see text for classification criteria).
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Figure 13: Boxplot of ammonia concentrations for the well sites. Note that the
ammonia values are in µg-N/L, which differs from the mg-N/L scale used in plots
of the other nutrient variables. Shading indicates a shallow vs. deep well classifi-
cation (see text for classification criteria).
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Figure 14: Boxplot of nitrogen isotope ratios (δ15N, o/oo) for the well sites. A
guideline for nitrate source identification presented by Wassenaar (1995) states
that δ15N values from +8 o/oo to +16 o/oo indicate an animal waste source, val-
ues between +2 and +8 o/oo (the lines shown here) indicate a mixture of inorganic
fertilizer and animal waste sources, and values between -1 and +2 o/oo indicate in-
organic fertilizer sources. Shading indicates a shallow vs. deep well classification
(see text for classification criteria).
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Figure 15: Boxplot of chloride concentrations for the well sites. Shading indicates
a shallow vs. deep well classification (see text for classification criteria).



2002/2004 Abbotsford-Sumas Final Monitoring Report Page 57

0 10 20 30 40

5
10

15
20

25
30

35

Nitrate+Nitrite (mg−N/L)

C
hl

or
id

e 
(m

g/
L)

tau = 0.15
p−value <0.0001

Figure 16: Scatterplot of nitrate+nitrite vs. chloride concentrations for the well
sites. Kendall’s tau correlation results (shown here) indicate a significant correla-
tion.
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Figure 17: Boxplot of conductivity values for the well sites. Measurements were
made in the field using a YSI model 85 analyzer and a flow-through cell. Shading
indicates a shallow vs. deep well classification (see text for classification criteria).
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Figure 18: Boxplot of pH values for the well sites. The line represents the lower
criterion for pH in ground water (6.5); the upper criterion (8.5) is off scale. Shad-
ing indicates a shallow vs. deep well classification (see text for classification
criteria).
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Figure 19: Boxplot of ground water temperature values for the well sites. Mea-
surements were made in the field using a YSI model 85 analyzer and a flow-
through cell. Shading indicates a shallow vs. deep well classification (see text for
classification criteria).
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Figure 20: Boxplot of dissolved oxygen concentrations for the well sites. Mea-
surements were made in the field using a YSI model 85 analyzer and a flow-
through cell. Shading indicates a shallow vs. deep well classification (see text for
classification criteria).
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Figure 21: Scatterplot of nitrate+nitrite vs. dissolved oxygen concentrations for
the well sites. Measurements were made in the field using a YSI model 85 ana-
lyzer. Kendall’s tau correlation results (shown here) indicate a significant correla-
tion.
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Figure 22: Boxplot of total phosphorus concentrations for the well sites. Shading
indicates a shallow vs. deep well classification (see text for classification criteria).
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Figure 23: Boxplot of total iron concentrations for the well sites with one outlier
from well V5 removed (outlier had a total iron concentration of 2.37 mg/L mea-
sured on March 18, 2004). The line indicates the ground water quality criterion
for total iron of 0.3 mg/L. Shading indicates a shallow vs. deep well classification
(see text for classification criteria).
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Figure 24: Boxplot of total manganese concentrations for the well sites. The line
indicates the ground water quality criterion for total manganese of 0.05 mg/L.
Shading indicates a shallow vs. deep well classification (see text for classification
criteria).



2002/2004 Abbotsford-Sumas Final Monitoring Report Page 66

H
2

H
3

H
4

H
5

H
6

P
1

P
3

T
1

T
2

V
1

V
11

V
12 V

2

V
4

V
5

V
6

V
7

V
8

V
9

20

40

60

D
ep

th
 to

 W
at

er
 (

ft)

shallow wells
deep wells

Figure 25: Boxplot of depth to water for some well sites. Note that the water
level was not measured at all well sites due to some access restrictions. Shading
indicates a shallow vs. deep well classification (see text for classification criteria).
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Figure 26: Scatterplot of depth to water vs. date for well sites T1 and H2.
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Figure 27: Boxplot of nitrate+nitrite concentrations for the stream sites.



2002/2004 Abbotsford-Sumas Final Monitoring Report Page 69

JN1 JN2 JN3 JN4 JN5 PB1 PB2 PB3 PB4 PB5

5
10

15

T
ot

al
 N

itr
og

en
 (

m
g−

N
/L

)

Figure 28: Boxplot of total nitrogen concentrations for the stream sites.
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Figure 29: Scatterplot of nitrate+nitrite vs. total nitrogen concentrations for the
stream sites. Kendall’s tau correlation results (shown here) indicate a significant
correlation.



2002/2004 Abbotsford-Sumas Final Monitoring Report Page 71

1
3

5
7

Site PB1

 

N
itr

at
e+

N
itr

ite
 (

m
g−

N
/L

)

2Jul2002 1Jan2003 2Jul2003 1Jan2004 1Jul2004

6
8

12
16

Site PB2

 

N
itr

at
e+

N
itr

ite
 (

m
g−

N
/L

)

2Jul2002 1Jan2003 2Jul2003 1Jan2004 1Jul2004

6
8

12
16

Site PB3

 

N
itr

at
e+

N
itr

ite
 (

m
g−

N
/L

)

2Jul2002 1Jan2003 2Jul2003 1Jan2004 1Jul2004

8
10

12
14

Site PB4

 

N
itr

at
e+

N
itr

ite
 (

m
g−

N
/L

)

2Jul2002 1Jan2003 2Jul2003 1Jan2004 1Jul2004

8
10

12
14

Site PB5

 

N
itr

at
e+

N
itr

ite
 (

m
g−

N
/L

)

2Jul2002 1Jan2003 2Jul2003 1Jan2004 1Jul2004

Figure 30: Multiple scatterplots of nitrate+nitrite concentration vs. date for the
Pangborn Creek stream sites. Note that each plot has a different y-axis scale, but
the same date range.
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Figure 31: Multiple scatterplots of nitrate+nitrite concentration vs. date for the
Johnson Creek stream sites. Note that each plot has a different y-axis scale, but
the same date range.
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Figure 32: Boxplot of ammonia concentrations for the stream sites.
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Figure 33: Boxplot of ammonia concentrations for the stream sites with one out-
lier for site JN5 removed (outlier had an ammonia concentration of 691.14 µg-N/L
measured on April 17, 2003).
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Figure 34: Multiple scatterplots of nitrate+nitrite and ammonia concentrations
vs. date for the Pangborn Creek stream sites. Note that the scales and units for
nitrate+nitrite and ammonia differ within each plot and the y-axis scales for both
variables differ from plot to plot, but the date range remains constant.
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Figure 35: Multiple scatterplots of nitrate+nitrite and ammonia concentrations
vs. date for the Johnson Creek stream sites. Note that the scales and units for
nitrate+nitrite and ammonia differ within each plot and the y-axis scales for both
variables differ from plot to plot, but the date range remains constant.
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Figure 36: Boxplot of nitrogen isotope ratios (δ15N, o/oo) for the stream sites. A
guideline for nitrate source identification presented by Wassenaar (1995) states
that δ15N values from +8 o/oo (the line shown here) to +16 o/oo indicate an ani-
mal waste source, values between +2 and +8 o/oo indicate a mixture of inorganic
fertilizer and animal waste sources, and values between -1 and +2 o/oo indicate
inorganic fertilizer sources.
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Figure 37: Boxplot of chloride concentrations for the stream sites.
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Figure 38: Multiple scatterplots of nitrate+nitrite and chloride concentrations vs.
date for the Pangborn Creek stream sites. Note that the scales for nitrate+nitrite
and chloride differ within each plot and the y-axis scales for both variables differ
from plot to plot, but the date range remains constant. Kendall’s tau correlation
results for each individual site (shown here) indicate that nitrate+nitrite and chlo-
ride are significantly correlated at site PB3 only. An exact p-value could not be
computed for site PB5 due to ties; therefore, the test statistic is the estimate scaled
to zero mean and unit variance, and is approximately normally distributed.
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Figure 39: Multiple scatterplots of nitrate+nitrite and chloride concentrations vs.
date for the Johnson Creek stream sites. Note that the scales for nitrate+nitrite
and chloride differ within each plot and the y-axis scales for both variables differ
from plot to plot, but the date range remains constant. Kendall’s tau correlation
results (shown here) indicate that nitrate+nitrite and chloride are not significantly
correlated on a site by site basis. Exact p-values could not be computed for sites
JN1, JN3, and JN5 due to ties; therefore, the test statistic is the estimate scaled to
zero mean and unit variance, and is approximately normally distributed.
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Figure 40: Boxplot of conductivity values for the stream sites. Measurements
were made in the field using a YSI model 85 analyzer.
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Figure 41: Boxplot of fecal coliform concentrations for the stream sites. The line
represents the maximum fecal coliform concentration of 100 cfu/100 mL for Class
A streams. Note that concentrations are shown in log scale.



2002/2004 Abbotsford-Sumas Final Monitoring Report Page 83

5
50

50
0

10
00

0

Site PB1

 

F
ec

al
 C

ol
ifo

rm
s 

(c
fu

/1
00

 m
L)

2Jul2002 1Jan2003 2Jul2003 1Jan2004 1Jul2004

5
50

50
0

10
00

0

Site PB2

 

F
ec

al
 C

ol
ifo

rm
s 

(c
fu

/1
00

 m
L)

2Jul2002 1Jan2003 2Jul2003 1Jan2004 1Jul2004

5
20

20
0

20
00

Site PB3

 

F
ec

al
 C

ol
ifo

rm
s 

(c
fu

/1
00

 m
L)

2Jul2002 1Jan2003 2Jul2003 1Jan2004 1Jul2004

10
50

20
0

10
00

Site PB4

 

F
ec

al
 C

ol
ifo

rm
s 

(c
fu

/1
00

 m
L)

2Jul2002 1Jan2003 2Jul2003 1Jan2004 1Jul2004

50
20

0
10

00

Site PB5

 

F
ec

al
 C

ol
ifo

rm
s 

(c
fu

/1
00

 m
L)

2Jul2002 1Jan2003 2Jul2003 1Jan2004 1Jul2004

Figure 42: Multiple scatterplots of fecal coliform concentration vs. date for the
Pangborn Creek stream sites. Note that concentrations are shown in log scale and
that each plot has a different y-axis scale, but the same date range.
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Figure 43: Multiple scatterplots of fecal coliform concentration vs. date for the
Johnson Creek stream sites. Note that concentrations are shown in log scale and
that each plot has a different y-axis scale, but the same date range.



2002/2004 Abbotsford-Sumas Final Monitoring Report Page 85

JN1 JN2 JN3 JN4 JN5 PB1 PB2 PB3 PB4 PB5

2
4

6
8

10
12

Y
S

I D
is

so
lv

ed
 O

xy
ge

n 
(m

g/
L,

 fi
el

d 
m

et
er

)

Figure 44: Boxplot of dissolved oxygen concentrations for the stream sites. The
line represents the dissolved oxygen limit of 8.0 mg/L that must be exceeded for
Class A streams. Measurements were made in the field using a YSI model 85
analyzer.
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Figure 45: Multiple scatterplots of dissolved oxygen concentration vs. date for
the Pangborn Creek stream sites. Measurements were made in the field using a
YSI model 85 analyzer. Note that each plot has a different y-axis scale, but the
same date range.
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Figure 46: Multiple scatterplots of dissolved oxygen concentration vs. date for
the Johnson Creek stream sites. Measurements were made in the field using a YSI
model 85 analyzer. Note that each plot has a different y-axis scale, but the same
date range.
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Figure 47: Boxplot of water temperature for the stream sites. Measurements were
made in the field using a YSI model 85 analyzer.
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Figure 48: Boxplot of total phosphorus concentrations for the stream sites.
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Figure 49: Boxplot of total iron concentrations for the stream sites. The line
indicates the ground water quality criterion for total iron of 0.3 mg/L.
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Figure 50: Boxplot of total manganese concentrations for the stream sites. The
line indicates the ground water quality criterion for total manganese of 0.05 mg/L.
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Figure 51: Boxplot of pH values for the stream sites. The lines represent the upper
and lower criteria for pH in ground water of 8.5 and 6.5, respectively.
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Figure 52: Median groundwater nitrate values and 2003 land use in the Western
Washington University study site.
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Figure 53: Boxplot of nitrate+nitrite concentrations for the British Columbia (BC)
wells located north of the study area across the international boundary. The EPA’s
Maximum Contaminant Limit (MCL) of 10 mg-N/L for nitrate in drinking water
is shown as a line.
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Figure 54: Scatterplot of nitrate+nitrite concentration and depth to water vs. date
for well site T2 (an irrigation well). Note that the y-axis scales for nitrate+nitrite
and depth to water are different.
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Figure 55: Median groundwater nitrogen isotope values and 2003 land use in the
Western Washington University study site.
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Figure 56: Multiple scatterplots of nitrate+nitrite concentration vs. date for some
of the well sites. Note that each plot has a different y-axis scale, but the same date
range.
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Figure 57: Multiple scatterplots of nitrate+nitrite concentration vs. date for some
of the well sites. Note that each plot has a different y-axis scale, but the same date
range.
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Figure 58: Multiple scatterplots of nitrate+nitrite concentration vs. date for some
of the well sites. Note that each plot has a different y-axis scale, but the same date
range.
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Figure 59: Multiple scatterplots of nitrate+nitrite concentration vs. date for some
of the well sites. Note that each plot has a different y-axis scale, but the same date
range.
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Figure 60: Multiple scatterplots of nitrate+nitrite concentration vs. date for some
of the well sites. Note that each plot has a different y-axis scale, but the same date
range.
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Figure 61: Multiple scatterplots of nitrate+nitrite concentration vs. date by site
for the British Columbia (BC) wells located north of the study area across the
international boundary. Note that each plot has a different y-axis scale, but the
same date range.
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Figure 62: Scatterplots of dissolved oxygen, nitrate+nitrite, ammonia, and chlo-
ride concentrations vs. date for well site V4 and stream site PB4. Note that each
plot has a different y-axis scale, but the same date range. Dissolved oxygen mea-
surements were made in the field using a YSI model 85 analyzer and, at the well
site, a flow-through cell.
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Figure 63: Median surface water nitrate values and 2003 land use in the Western
Washington University study site.
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Figure 64: Scatterplot of nitrate+nitrite vs. ammonia concentrations for the Pang-
born Creek stream sites only. Kendall’s tau correlation results (shown here) indi-
cate a significant correlation.
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Figure 65: Median surface water nitrogen isotope values and 2003 land use in the
Western Washington University study site.
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Figure 66: Scatterplot of nitrate+nitrite vs. chloride concentrations for the Pang-
born Creek stream sites only. Kendall’s tau correlation results (shown here) indi-
cate a significant correlation.



2002/2004 Abbotsford-Sumas Final Monitoring Report Page 108

H1 H2 H5 H6 H7 H8 T1 T2 V10 V11 V5 V6 V7 V8

0
5

10
15

20
25

30

Nitrate+Nitrite from the 97−99 and 02−04 Studies by Site

N
itr

at
e+

N
itr

ite
 (

m
g−

N
/L

)

0
5

10
15

20
25

30

N
itr

at
e+

N
itr

ite
 (

m
g−

N
/L

)

EPA MCL (10 mg−N/L)

1997−1999
2002−2004

Figure 67: Boxplot of nitrate concentrations from the 1997–1999 and 2002–2004
studies (only the wells that were sampled during both studies are shown). The
EPA’s Maximum Contaminant Limit (MCL) of 10 mg-N/L for nitrate in drinking
water is shown as a line. Note that the shading in this boxplot corresponds to the
study years. Refer to the text to determine which wells are shallow vs. deep.
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Figure 68: Boxplot of nitrate concentrations from the winter months (Nov-Apr) of
2002–2003 and 2003–2004. The EPA’s Maximum Contaminant Limit (MCL) of
10 mg-N/L for nitrate in drinking water is shown as a line. Note that the shading
corresponds to winter years. Refer to the text to determine which wells are shallow
vs. deep.
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A Quality Control

Data were entered from field sheets and laboratory notebooks into Excel spread-
sheets. Each month, the laboratory manager reviewed field and

laboratory log books and spreadsheets for this project. At the end of the project,
the laboratory manager verified all printed and electronic versions of the raw data
to correct any data transcription or entry mistakes. The data used to calculate
statistics were not screened to remove values below detection limits. These data
may include negative numbers because the location assigned as zero for the cal-
ibration curve has some degree of associated error. Detection limits and holding
times for each parameter are listed in Tables 5–6 (pages 113–114).

A.1 Laboratory duplicates

Laboratory duplicates were analyzed for at least 10% of all water quality param-
eters except the YSI and isotope samples (Figures 69–75, pages 116–122). Labo-
ratory duplicates were used to create control charts that track analytical precision
over time. Upper and lower acceptance limits (±2 standard deviations from the
mean pair difference) and upper and lower warning limits (±3 standard deviations
from the mean pair difference) were developed using training data from July 2002
through June 2003. These limits were used to track the continuing performance
of the results from July 2003 through June 2004. The control charts indicated that
there were no significant changes in analytical precision over time.

A.2 Field duplicates

Field duplicates are used to estimate the variability associated with duplicate sam-
ples collected from the same site at the same time. During each sampling period,
10% of the field samples were duplicated. To evaluate the accuracy of the YSI
field meter, water samples were collected at 10% of the sampling locations and
analyzed in the laboratory following the methods listed in Table 5.
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The field duplicate figures show the original and duplicate values and the absolute
mean difference between duplicates (Figures 76–79, pages 123–126). Because the
data have not been censored, some analytes (e.g., ammonia) had negative or below
detection values. For these analytes, the analytical detection limit is indicated on
the figure.

The absolute mean differences for ammonia, chloride, pH, nitrate+nitrite, total
iron, total manganese, total nitrogen, and YSI conductivity duplicates were similar
to expected analytical precision estimates (see Table 5). The mean differences
for total phosphorus and YSI dissolved oxygen were higher than the analytical
precision estimates in Table 5, but this is not unusual because field duplicates
include both sampling and analytical variability. For total phosphorus, most of
the variation was caused by three outliers, all with concentrations ≥250 µg P/L.
When a 5% trimmed mean was used, the field precision improved considerably
(Figure 86).

The YSI dissolved oxygen results indicated a consistent bias, with the YSI field
meter reporting higher oxygen concentrations than the laboratory Winkler results.
It is not unusual for field dissolved oxygen meters to be less accurate than the
Winkler method. Some of the variability may have been introduced during sample
collection. The YSI well data were measured inside a sealed flow cell, but came
from a flushed water line for the Winkler results. This could have introduced
oxygen into the Winkler samples, particularly since duplicates from the streams
had a lower mean difference (0.62 mg/L) than duplicates from wells (1.03 mg/L).

A.3 Field blanks

Field blanks were collected on each sampling day by filling an extra sample bottle
with deionized water from the IWS laboratory. the field blank was treated iden-
tically as if it were a regular sample and was analyzed for ammonia, chloride,
nitrate+nitrite, total iron, total manganese, total nitrogen, and total phosphorus.
Chloride and total manganese concentrations were below detection in all field
blanks (see Table 5 for detection limits). Total phosphorus and total iron was de-
tectable in 4% of the blanks; total nitrogen and nitrate+nitrite concentrations were
detectable in 8 and 10% of the blanks, respectively; and ammonia was detectable
in 23% of the blanks. The mean and median analyte concentration for all blanks
was below detection.
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A.4 Laboratory check standards

Two external check standards (20% and 80% of the calibration standard) were
analyzed with each analytical run for ammonia, chloride, nitrate+nitrite, total iron,
total manganese, total nitrogen, and total phosphorus (Figures 87–93, pages 134–
140). Training data from July 2002 through June 2003 were used to generate
control charts to verify that analytical precision and accuracy was acceptable. If
results were unacceptable, a cause was identified, the sample was re-analyzed if
necessary, or the associated sample results were not reported.

A.5 Laboratory spike recoveries

Laboratory spikes were used to measure analyte recovery for ammonia, ni-
trate+nitrite, total nitrogen, and total phosphorus (Figures 94–97 (pages 141–144).
Training data from July 2002 through June 2003 were used to generate control
charts to verify that analyte recovery was acceptable. Although no specific recov-
ery objectives were stated in the original sampling plan, a common objective is
to maintain at least 80% recovery rates. The upper and lower acceptance limits
generated from the training data were all within 80–120% Recovery, and most of
the test data fell within the acceptance limits.

A.6 Annual performance evaluations

The IWS laboratory is accredited by the Washington State Department of Ecology.
The process of accreditation includes performance and system audits, and IWS
participates in regular proficiency testing through an independent contractor. For
the Abbotsford-Sumas project, ammonia, laboratory conductivity, nitrate, pH, and
total phosphorus are certified analytes; all other analyses were conducted using the
same quality-control procedures that have been defined for certified analyses. The
Performance Evaluation results for 2002–2004 are included in Table 7 (page 115).
All reported values were within acceptance limits for the analysis.
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Expected Detection
Parameter Method† Description Precision Range Limit
Ammonia (µg N/L) 4500-NH3 G Automated phenate ± 20.9 15–2000 8.4
Chloride (mg/L) 4110 Ion chromatography ± 0.2 0–20 1.0
Conductance (µS/cm) 2510 YSI 85 ± 2.2 70–400 2
Dissolved oxygen (mg/L) 4500-O G Membrane electrode YSI 85 ± 0.1 0–10 0.1
Dissolved oxygen (mg/L) 4500-O C Winkler method ± 0.1 0–10 0.1
Fecal coliforms (cfu/100 mL) 9222 Membrane filter na <1–2000 1
Nitrate+nitrite (µg N/L) 4500-NO3 I Automated Cd reduction ± 31.2 10–15000 16.1
pH 4500-H Orion EA940 meter ± 0.1 5–9 na
Temperature 2550 Thermometric ± 0.1 4–18 na
Total iron (mg/L) 3500-Fe AA, direct aspiration ± 0.09 0–2 0.06
Total manganese (mg/L) 3500-Mn AA, direct aspiration ± 0.05 0–2 0.03
Total nitrogen (µg N/L) 4500-N C Persulfate oxidation/auto Cd reduction ± 16.2 10–15000 15.9
Total phosphorus (µg N/L) 4500-P H Persulfate oxidation/auto colorimetry ± 2.3 10–500 8.3
†APHA (1998)

Table 5: Analytical methods, analytical precision, expected range, and detection
limits for the 2002–2004 Abbotsford-Sumas Monitoring Project.
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APHA Storage/ Regulatory IWS Storage/
Parameter Max Holding Time Holding Time Container Holding Time
Iron and Filter on site, 6 mo 6 mo Nalgene Filter within 8 hr, 6 mo
manganese ultra-pure HNO3 to pH<2 ultra-pure HNO3 to pH<2

(mercury, 28 days) (mercury, 28 days)

Temperature and Analyzed immediately na na Analyze immediately
d. oxygen (probe)

Chloride 28 days 28 days Nalgene 28 days

Conductivity Cool, 4◦ C, 28 days 28 days Nalgene Cool, 4◦ C, 28 days

pH None required, analyze 15 min Nalgene, no Cool, 4◦ C
immediately 8 hr for natural waters

D. oxygen Fix on site, store dark, 8 hrs BOD Fix on site, store 4◦ C, dark
(Winkler) 8 hrs glass bottle 3 days with water seal

Ammonia Filer, cool, 4◦ C, 28 days Nalgene Filter, freeze†, analyze within
H2SO4 to pH <2, 7 days 28 days

Nitrate+nitrite Filer, cool, 4◦ C, 28 days Nalgene Filter, freeze†, analyze within
H2SO4 to pH <2, 1–2 days 60 days

Ammonia Cool, 4◦ C, 28 days Nalgene Freeze†, analyze within 28 days, or
H2SO4 to pH <2, 28 days digest within 8 hrs and hold up to 28 days

†Freezing is in replacement of preservation with H2SO4

Table 6: Proper container, storage, and sample holding time for the 2002–2004
Abbotsford-Sumas Monitoring Project.
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PE Report Reported True Acceptance
Date Value† Value† Limits

Specific conductance May 22, 2002 952.0 934 856–1012
(µS/cm at 25◦C) Nov 15, 2002 1140 1100 1008–1192

June 30, 2003 465.0 462 426–499
June 1, 2004 1044.0 1020 935–1110

Ammonia-N, automated phenate May 22, 2002 14.1 14.5 11.3–17.6
(mg N/L) Nov 15, 2002 5.39 5.36 4.11–6.57

June 30, 2003 1.35 1.30 0.926–1.69
June 1, 2003 1.03 1.20 0.847–1.56

Nitrate-N, automated Cd reduction May 22, 2002 23.2 22.5 17.8–26.7
(mg N/L) Nov 15, 2002 9.46 9.39 7.42–11.2

June 30, 2003 36.8 36.6 29.0–43.4
June 1, 2003 6.59 6.58 5.19–7.84

Total phosphorus, persulfate oxidation May 22, 2002 4.65 4.98 3.79–5.84
(mg P/L) Nov 15, 2002 4.87 5.28 4.01–6.19

June 30, 2003 4.47 4.30 3.27–5.05
June 1, 2003 3.68 3.78 2.87–4.44

pH May 22, 2002 5.16 5.20 5.10–5.31
Nov 15, 2002 5.68 5.70 5.58–5.86
June 30, 2003 9.38 9.20 8.92–9.48
June 1, 2003 5.86 5.90 5.77–5.99

Table 7: Summary of 2002–2004 Performance Evaluation Reports WP-073, WP-
077, WP-083, and WP-093.
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Figure 69: Ammonia laboratory duplicates for the 2002–2004 Abbotsford-Sumas
Monitoring Project. Upper/lower acceptance limits (±2 std. dev. from mean pair
difference) and upper/lower warning limits (±3 std. dev. from mean pair differ-
ence) were calculated using data from July 2002 through June 2003.
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Figure 70: Chloride laboratory duplicates for the 2002–2004 Abbotsford-Sumas
Monitoring Project. Upper/lower acceptance limits (±2 std. dev. from mean pair
difference) and upper/lower warning limits (±3 std. dev. from mean pair differ-
ence) were calculated using data from July 2002 through June 2003.



2002/2004 Abbotsford-Sumas Final Monitoring Report Page 118

−2000

−1000

0

1000

2000

Nitrate+Nitrite Laboratory Duplicates, Training Data

D
up

lic
at

e 
Q

C
1−

Q
C

2

29Jul2002 6Nov2002 14Feb2003 25May2003

  1910

  1270

  0

  −1270

  −1910

−2000

−1000

0

1000

2000

Nitrate+Nitrite Laboratory Duplicates, Test Data

D
up

lic
at

e 
Q

C
1−

Q
C

2

14Jul2003 22Oct2003 30Jan2004 9May2004

  1900

  1300

  0

  −1300

  −1900

Figure 71: Nitrate+nitrite laboratory duplicates for the 2002–2004 Abbotsford-
Sumas Monitoring Project. Upper/lower acceptance limits (±2 std. dev. from
mean pair difference) and upper/lower warning limits (±3 std. dev. from mean
pair difference) were calculated using data from July 2002 through June 2003.



2002/2004 Abbotsford-Sumas Final Monitoring Report Page 119

−0.04

−0.02

0.00

0.02

0.04

Total Iron Laboratory Duplicates, Training Data

D
up

lic
at

e 
Q

C
1−

Q
C

2

29Jul2002 6Nov2002 14Feb2003 25May2003

  0.0324

  0.0216

  0

  −0.0216

  −0.0324

−0.04

−0.02

0.00

0.02

0.04

Total Iron Laboratory Duplicates, Test Data

D
up

lic
at

e 
Q

C
1−

Q
C

2

14Jul2003 22Oct2003 30Jan2004 9May2004

  0.032

  0.022

  0

  −0.022

  −0.032

Figure 72: Total iron laboratory duplicates for the 2002–2004 Abbotsford-Sumas
Monitoring Project. Upper/lower acceptance limits (±2 std. dev. from mean pair
difference) and upper/lower warning limits (±3 std. dev. from mean pair differ-
ence) were calculated using data from July 2002 through June 2003.
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Figure 73: Total manganese laboratory duplicates for the 2002–2004 Abbotsford-
Sumas Monitoring Project. Upper/lower acceptance limits (±2 std. dev. from
mean pair difference) and upper/lower warning limits (±3 std. dev. from mean
pair difference) were calculated using data from July 2002 through June 2003.
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Figure 74: Total nitrogen laboratory duplicates for the 2002–2004 Abbotsford-
Sumas Monitoring Project. Upper/lower acceptance limits (±2 std. dev. from
mean pair difference) and upper/lower warning limits (±3 std. dev. from mean
pair difference) were calculated using data from July 2002 through June 2003.
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Figure 75: Total phosphorus laboratory duplicates for the 2002–2004 Abbotsford-
Sumas Monitoring Project. Upper/lower acceptance limits (±2 std. dev. from
mean pair difference) and upper/lower warning limits (±3 std. dev. from mean
pair difference) were calculated using data from July 2002 through June 2003.
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Figure 76: Ammonia field duplicates for the 2002–2004 Abbotsford-Sumas Mon-
itoring Project. Diagonal reference line shows a 1:1 relationship.
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Figure 77: Chloride field duplicates for the 2002–2004 Abbotsford-Sumas Moni-
toring Project. Diagonal reference line shows a 1:1 relationship.
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Figure 78: Comparison between field meter (YSI) and laboratory conductivity
duplicate samples for the 2002–2004 Abbotsford-Sumas Monitoring Project. Di-
agonal reference line shows a 1:1 relationship.
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Figure 79: Comparison between field meter (YSI) and laboratory dissolved oxy-
gen duplicate samples for the 2002–2004 Abbotsford-Sumas Monitoring Project.
Diagonal reference line shows a 1:1 relationship.
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Figure 80: Fecal coliforms field duplicates for the 2002–2004 Abbotsford-Sumas
Monitoring Project. Diagonal reference line shows a 1:1 relationship. Results are
shown for raw counts and log10 transformed counts.
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Figure 81: Nitrate+nitrite field duplicates for the 2002–2004 Abbotsford-Sumas
Monitoring Project. Diagonal reference line shows a 1:1 relationship.
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Figure 82: pH field duplicates for the 2002–2004 Abbotsford-Sumas Monitoring
Project. Diagonal reference line shows a 1:1 relationship.
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Figure 83: Total iron field duplicates for the 2002–2004 Abbotsford-Sumas Mon-
itoring Project. Diagonal reference line shows a 1:1 relationship.
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Figure 84: Total manganese field duplicates for the 2002–2004 Abbotsford-Sumas
Monitoring Project. Diagonal reference line shows a 1:1 relationship.
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Figure 85: Total nitrogen field duplicates for the 2002–2004 Abbotsford-Sumas
Monitoring Project. Diagonal reference line shows a 1:1 relationship.
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Figure 86: Total phosphorus field duplicates for the 2002–2004 Abbotsford-
Sumas Monitoring Project. Diagonal reference line shows a 1:1 relationship.
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Figure 87: Ammonia check standards for the 2002–2004 Abbotsford-Sumas Mon-
itoring Project. Upper/lower acceptance limits (±2 std. dev. from mean pair dif-
ference) and upper/lower warning limits (±3 std. dev. from mean pair difference)
were calculated using data from July 2002 through June 2003.
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Figure 88: Chloride check standards for the 2002–2004 Abbotsford-Sumas Mon-
itoring Project. Upper/lower acceptance limits (±2 std. dev. from mean pair dif-
ference) and upper/lower warning limits (±3 std. dev. from mean pair difference)
were calculated using data from July 2002 through June 2003.
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Figure 89: Nitrate+nitrite check standards for the 2002–2004 Abbotsford-Sumas
Monitoring Project. Upper/lower acceptance limits (±2 std. dev. from mean pair
difference) and upper/lower warning limits (±3 std. dev. from mean pair differ-
ence) were calculated using data from July 2002 through June 2003.
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Figure 90: Total iron check standards for the 2002–2004 Abbotsford-Sumas Mon-
itoring Project. Upper/lower acceptance limits (±2 std. dev. from mean pair dif-
ference) and upper/lower warning limits (±3 std. dev. from mean pair difference)
were calculated using data from July 2002 through June 2003.



2002/2004 Abbotsford-Sumas Final Monitoring Report Page 138

−0.10

−0.05

0.00

0.05

0.10

Total Manganese Check Standards, Training Data

T
ru

e 
−

 M
ea

su
re

d

29Jul2002 6Nov2002 14Feb2003 25May2003

  0.0698

  0.0466

  0

  −0.0466

  −0.0698

−0.10

−0.05

0.00

0.05

0.10

Total Manganese Check Standards, Test Data

T
ru

e 
−

 M
ea

su
re

d

14Jul2003 22Oct2003 30Jan2004 9May2004

  0.07

  0.047

  0

  −0.047

  −0.07

Figure 91: Total manganese check standards for the 2002–2004 Abbotsford-
Sumas Monitoring Project. Upper/lower acceptance limits (±2 std. dev. from
mean pair difference) and upper/lower warning limits (±3 std. dev. from mean
pair difference) were calculated using data from July 2002 through June 2003.
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Figure 92: Total nitrogen check standards for the 2002–2004 Abbotsford-Sumas
Monitoring Project. Upper/lower acceptance limits (±2 std. dev. from mean pair
difference) and upper/lower warning limits (±3 std. dev. from mean pair differ-
ence) were calculated using data from July 2002 through June 2003.
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Figure 93: Total phosphorus check standards for the 2002–2004 Abbotsford-
Sumas Monitoring Project. Upper/lower acceptance limits (±2 std. dev. from
mean pair difference) and upper/lower warning limits (±3 std. dev. from mean
pair difference) were calculated using data from July 2002 through June 2003.
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Figure 94: Ammonia spike recoveries for the 2002–2004 Abbotsford-Sumas
Monitoring Project. Upper/lower acceptance limits (±2 std. dev. from mean pair
difference) and upper/lower warning limits (±3 std. dev. from mean pair differ-
ence) were calculated using data from July 2002 through June 2003.
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Figure 95: Nitrate+nitrite spike recoveries for the 2002–2004 Abbotsford-Sumas
Monitoring Project. Upper/lower acceptance limits (±2 std. dev. from mean pair
difference) and upper/lower warning limits (±3 std. dev. from mean pair differ-
ence) were calculated using data from July 2002 through June 2003.
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Figure 96: Total nitrogen spike recoveries for the 2002–2004 Abbotsford-Sumas
Monitoring Project. Upper/lower acceptance limits (±2 std. dev. from mean pair
difference) and upper/lower warning limits (±3 std. dev. from mean pair differ-
ence) were calculated using data from July 2002 through June 2003.
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Figure 97: Total phosphorus spike recoveries for the 2002–2004 Abbotsford-
Sumas Monitoring Project. Upper/lower acceptance limits (±2 std. dev. from
mean pair difference) and upper/lower warning limits (±3 std. dev. from mean
pair difference) were calculated using data from July 2002 through June 2003.


