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Multiply By To obtain
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gallon (gal) 3.785 liter
acre-foot (acre-ft) 1,234 cubic meter
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(gal/day/ftz)
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United States and Canada, formerly called Sea Level Datum of 1929.
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Hydrogeology, Ground-Water Quality, and Sources of
Nitrate in Lowland Glacial Aquifers of Whatcom County,
Washington, and British Columbia, Canada

By Stephen E. Cox and Sue C. Kahle

ABSTRACT

Ground water is an important source of
domestic, municipal, and irrigation water supply
throughout the Fraser-Whatcom Lowland, particu-
larly for the 225-square mile agricultural area
surrounding the Whatcom County communities of
Lynden, Everson, Nooksack, and Sumas and the
British Columbia communities of Abbotsford and
Aldergrove. Population growth and developing
ground-water-quality problems have increased the
demand for additional sources of ground water.
The U.S. Geological Survey, in cooperation with
the Whatcom County Planning Department, col-
lected water-level, lithologic, and water-quality
data from 608 wells during 1990-92 to complete a
regional appraisal of the ground-water system.

The study area is underlain largely by gla-
cial sediments that vary from zero to more than
1,500 feet thick and overlie Tertiary bedrock. Ten
hydrogeologic sections were constructed and used
to delineate four principal hydrogeologic units:
the Sumas aquifer and the Everson-Vashon,
Vashon, and bedrock semiconfining units. The
Sumas aquifer can supply large quantities of
ground water to wells and is the major aquifer in
the study area, whereas the semiconfining units
supply limited quantities of ground water to some
wells.

Precipitation ranges from 32 to more than
60 inches across the study area and is the primary
source of ground-water recharge, which ranges
from 11 to 45 inches per year. Most recharge
occurs from October to March.

The chemical quality of most ground-water
samples was generally good; however, nitrate con-
centrations exceeded the maximum contaminant
level of 10 milligrams per liter (mg/L), established
by the Environmental Protection Agency and
Health Canada, in 15 percent of all wells sampled.
For iron and manganese, concentrations exceeded
drinking water guidelines based on esthetic con-
sideration in 20 and 50 percent, respectively, of
wells sampled for those constituents.

In the Sumas aquifer, nitrate concentrations
ranged from less than 0.1 to greater than 40 mg/L
as nitrogen, with a median concentration of
3.8 mg/L; in the other hydrogeologic units the
median concentration was less than 0.1 mg/L.
Nitrate concentrations in the Sumas aquifer ex-
ceeded the primary drinking water standard of
10 mg/L in more than 21 percent of the wells sam-
pled, and in the other hydrogeologic units, in less
than 2 percent of the wells sampled. The primary
sources of nitrate in the shallow ground water
includes the storage and application of barnyard
manures, the application of nitrogen fertilizers to
crops, and the use of domestic septic systems.

Nitrate concentrations in the Sumas aquifer
showed significant short-term (seasonal) varia-
tion; long-term trends were difficult to discern, but
concentrations appeared to be increasing in some
areas. Nitrate concentrations in almost all wells in
the Everson-Vashon, Vashon, and bedrock semi-
confining units remained relatively unchanged
over time.

Chloride concentrations ranged from 0.3 to
2,800 mg/L, and median chloride concentrations
in the Sumas aquifer, Everson-Vashon, Vashon,



and bedrock semiconfining units were 9, 8, 137,
and 37 mg/L, respectively. In the Sumas aquifer,
more than 70 percent of wells sampled had con-
centrations larger than background chloride con-
centrations of 4 mg/L, suggesting that ground
water in most of the aquifer has been affected by
land-use activities. Large chloride concentrations
found in many wells tapping the fine-grained
glacial deposits are most likely associated with
remnant seawater that was incorporated into these
fine-grained deposits 13,000 to 20,000 years ago
and has not been completely flushed by meteoric
water. The widespread occurrence of remnant sea-
water in the deeper hydrogeologic units indicates
that there is little chance of locating large, sustain-
able sources of fresh water within these units.

Ground-water samples from 24 wells open
to the Sumas aquifer were analyzed for selected
volatile organic compounds, triazine herbicides,
and carbamate insecticides. One or more synthetic
organic compounds were found in samples from
four wells. Concurrent and subsequent sampling
by other agencies also detected synthetic organic
compounds.

Potential sources of nitrate in the ground
water of the study area include dairy and poultry
farming; fertilizers applied to croplands, lawns
and gardens; residential septic systems; irrigation
with ground water containing nitrates; land dis-
posal of municipal biosolid wastes; and naturally
occurring soil nitrogen, peat materials, and precip-
itation. About 75 percent of the area is used for
agricultural activities, and evaluation of nitrate
loading to ground water from these activities
indicates that land application of manure, manure
storage, and the use of fertilizers contribute the
greatest quantities of nitrate. Residential sources
contribute about 6 to 7 percent of total nitrogen
input to ground water, but because this often
occurs near areas where domestic wells are
located, the impact of residential nitrate sources on
concentrations of nitrates in some well water may
be large. Even though agricultural sources con-
tribute much larger quantities of nitrate to ground
water than do residential sources, on a per-acre

basis the rate of nitrate entering ground water from
agricultural sources is about 1.5 to 3 times larger
than for residential sources.

INTRODUCTION

The Nooksack River floodplain and the upper
Sumas River Valley region of Whatcom County and
British Columbia are located on glacial sediments of
the Fraser-Whatcom Lowlands, much of which has
been developed extensively as a major farming region.
This study covers approximately 225 square miles of
the southeastern portion of the Fraser-Whatcom
Lowlands and is locally referred to as the LENS study,
which refers to the Whatcom County communities of
Lynden, Everson, Nooksack, and Sumas (fig. 1).
Shallow ground water within these glacial sediments
currently supplies much of the domestic, irrigation, and
municipal water for the area. Early studies of the
ground water within the LENS area (Newcomb and
others, 1949; Washington State Division of Water
Resources, 1960) considered the supply of shallow
ground water to be ample and its quality “good.” How-
ever, increasing numbers of water-quality problems
were identified between 1973 and 1988 (Obbert, 1973;
Black and Veatch, 1986; Liebscher and others, 1992;
and Kwong, 1986). The study by Obbert (1973) and
recent Whatcom County Health Department drinking
water records show large concentrations of nitrate and
iron commonly are found in ground water throughout
the area. A trend of increasing nitrate concentration is
also apparent in several wells where historical data are
available. Areas of salty and corrosive water have been
identified. Ethylene dibromide (EDB), a pesticide once
commonly used in berry farming, also has been found
in ground water at several locations. More recently,
concerns have been raised regarding the extent and
availability of ground water within the LENS area.

Declining water-quality conditions and an
increasing population have resulted in an increased
demand for supplies of potable ground water. Attempts
to find additional sources of potable ground water have
been hampered in part by inadequate knowledge of the
hydrologic conditions of the area. Previous hydrologic
investigations of this area have been limited in either
scope or areal extent. Because of the need for a current,
comprehensive hydrologic assessment of the area, the
U.S. Geological Survey (USGS), in cooperation with
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the Whatcom County Planning Department (WCPD),
began a study to conduct a regional appraisal of the
hydrogeology and water quality of the glacial aquifers
in the LENS area centered on the communities of
Lynden, Everson, Nooksack, and Sumas.

Purpose and Scope

This report describes the results of a study of the
regional hydrogeology and ground-water quality of the
LENS area. The study objectives were to (1) define, to
the extent that available data allow, the general lithol-
ogy of glacial sediments within the study area; (2)
delineate and characterize hydrogeologic units; (3)
characterize the water quality of individual hydrogeo-
logic units; (4) delineate the extent of existing water-
quality problems; and (5) evaluate the sources of
existing water-quality problems.

Data used in the appraisal of the ground-water
resources of the LENS area included field and labora-
tory data collected by the USGS, as well as published
and unpublished data from other agencies and other
investigators. Information from well logs and surficial
geologic maps were used to construct 10 hydrogeo-
logic sections and to map the geographic extent of the
primary hydrogeologic units. Hydrologic and geologic
information was obtained from 608 wells, including
preliminary water-quality samples from 356 wells.
Samples from 124 wells were collected and analyzed
for detailed water chemistry, including samples from
24 wells that were analyzed for concentrations of pes-
ticides and 20 wells sampled for concentrations of trace
elements. Additional water-quality samples were
collected from 70 wells to aid in the determination of
potential sources of nitrate contamination. Variations
in water chemistry were determined to the extent that
data allowed. Much of the basic data used in this report
can be found in appendix tables 1-8 at the end of the
report.

Well-Numbering System

Because the study area lies in both the United
States and Canada, two well-numbering systems are
used in this report. Both well-numbering systems are
based on the geographic locations of the wells. Wells
located within Whatcom County, Wash., are identified
by the well-numbering system used in the State of
Washington. Wells located within British Columbia,

Canada, are identified by the well-numbering system
used by the British Columbia Ministry of Environment
(BC Environment).

The well-numbering system used in the State of
Washington is based on the rectangular grid system of
the Public Land Survey (see fig. 2a). The Willamette
baseline and meridian form the basis of a grid system
that indicates township, range, section, and 40-acre
tract. The well number is created by first listing the
number of the township and range, followed by the
section number and the letter representing the 40-acre
subsection. For example, well 39N/03E-12R02 is
located in township 39 north and range 3 east, which is
north and east of the Willamette baseline and meridian.
Following the hyphen, the two-digit number indicates
that the well is in section 12. The letter (“R”) indicates
the appropriate 40-acre tract within the section, as
shown on figure 2. The last number (02) is the
sequence number and indicates that this is the second
well inventoried in this tract by USGS personnel. In
instances where a spring has been inventoried as a
ground-water site, the local number ends with an “S”.

The well-numbering system used by BC Envi-
ronment is based on divisions of the primary quadran-
gles of the National Topographic System of Canada.
Each primary quadrangle is 4 degrees of latitude by 8
degrees of longitude. For purposes of numbering
wells, the quadrangles are subdivided as shown in fig-
ure 2b. Each primary quadrangle is first subdivided
into 16 areas of 1 degree of latitude by 2 degrees of
longitude, each of which is identified by a letter. These
areas then are subdivided into 100 6-minute by
12-minute numbered areas that are identified by 3-digit
numbers and are further subdivided through a process
of 3 successive quarterings. Each successive quarter-
ing is numbered as shown in figure 2b, producing a
three-digit number of the form “1.2.3.” The final sub-
divisions are 45 seconds of latitude by 1 minute and
30 seconds of longitude and cover about 590 acres
each. Wells located within this final subdivision are
numbered sequentially from one, and the sequential
number is added to the subdivision identifier. For
example, well 92G.008.1.2.3-12 indicates that this well
is the twelfth well inventoried by BC Environment in
the 45 second by 1 minute 30 second subdivision
identified as 92G.008.1.2.3. In wells where nested
piezometers have been installed, the individual pie-
zometer cannot be distinguished by the well local
number. In those cases the depth of the bottom of the
screened-interval has been added to the end of the local



(a) State of Washington well-numbering system

6 [E5 4 NSE S0 e
o Section 12

0 3
39 18 ‘13 D|C|B|A
N 19 24\ E|F|G|H
30 25| ML |K]|J

Willamette Meridian 31/32(33 /34|35 36 JAUN|P|Q R,
R.3E
39N/03E-12R02
(b) British Columbia well-numbering system
Ft. Nelgon \

104 94 84 091/ 092] 093] 094|095 006 097[098 099 100|
Stewart 081 ‘ 090,
Prince 071 | 030]
o6t | I orol
| 051 060|
041 050
031 040
| 021 030
o011 020
| 001 002| 003 | 004 005 | 006 007/008/009.010

1980 126° 124 122 1;\0°

/M [n]ole |
i fog o

2

FE fF G

/| D B

C

A

o
|

3[4]

17 2|

3 4
1 2

Figure 2. Well- and spring-numbering systems used in (a) Washington and (b) British Columbia.



number as in well 092G.009.1.1.1-12(25). Wells that
did not have BC Environment assigned sequence num-
bers were designated as XX or in cases where the well
in question was a monitoring well installed by Environ-
ment Canada (EC), the EC monitoring well number
was used, as in 092G.008.1.1.4-ABBI.
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DESCRIPTION OF STUDY AREA

The Fraser-Whatcom Lowland lies within the
transborder region of the United States and Canada and
encompasses about 1,000 mi? (square miles). This
region is bounded by the Coast Mountains of British
Columbia, the Cascade Range, and the Strait of
Georgia (see fig. 1). The LENS study area is limited to
about 225 mi? in the southeastern part of the Fraser

Lowland near the Cascade foothills. Seventy-six
percent of the study area is in Whatcom County, and
the remaining area is in British Columbia.

The land surface of the study area is dominated
by glacial features and can be characterized by three
landforms that correspond to the major surficial geo-
logic features: glacial outwash plains, hummocky
uplands, and alluvial floodplains. The study area falls
mostly within the area of glacial outwash plains, with
smaller areas of hummocky uplands occurring on the
southern and northwestern margins. The alluvial
floodplain of the Nooksack River arcs across the study
area from east to west, while the Sumas River flood-
plain follows the study area's eastern border.

The glacial outwash plain is a broad expanse of
unconsolidated sand, silt, and gravel sediments depos-
ited by streams issuing from the terminus of advancing
and retreating continental glaciers. The surface of the
outwash plain has limited relief except in places where
it has been incised by streams, rivers, or glacial melt-
water. Local depressions formed by glacial kettles are
common, and because of the shallowness of the water
table in this area, many of these kettles now contain
lakes, ponds, or marshy peat bogs.

The Nooksack River has eroded and cut down
through the outwash plain to bisect the study area.
Near the town of Lynden, the altitude of the present
floodplain of the Nooksack River is typically 40 to
60 feet below the altitude of the outwash plain, creating
what is commonly called the Lynden terrace. The
northeastern part of the study area is dominated by the
alluvial floodplain of the Sumas River, a flat, low lying,
poorly drained area, which is also 40 to 60 feet below
the general altitude of the glacial outwash plain. In the
Sumas River floodplain along the northeastern margin
of the study area, the area is flat, low lying and poorly
drained and prior to the 1920’s, this area was part of a
shallow lake in which recent lacustrine sediments were
deposited.

In the floodplain and outwash areas, most of the
original forest cover of cedar, hemlock, and fir has been
displaced by agriculture, although some forested areas
remain. Much of the agricultural land has been planted
with hay, grasses, and other forage crops suitable for
supporting dairy operations. One third of all the dairies
in Washington State are located within the study area.
In addition to pasture lands, berry production makes up

a significant part of agricultural lands within the study
area.



The hummocky upland areas occur above the
level of accumulation of the glacial outwash sediments
that make up the outwash plain. These areas are char-
acterized by undulating topography, fine-grained soils,
and generally poor drainage. During heavy winter
rains, water tends to accumulate within the many
depressions of these areas.

Drainage

The study area is drained by two rivers--the
Nooksack and the Sumas--and by a number of creeks
and drainage ditches that empty into these rivers. The
Nooksack River originates in the Cascade Range to the
east of the project area, and most (72 percent) of its
drainage area lies upstream of the study area. The
Nooksack River traverses the study area for a distance
of 25 miles, with an average gradient of 10 feet per mile
above and 4 feet per mile below the town of Everson.
During floods, the Nooksack River often overflows its
banks near the town of Everson, where part of the over-
bank flow then enters the Sumas River drainage to the
Fraser River in British Columbia. Tributaries to the
Nooksack River include Bertrand, Fishtrap, Tenmile,
and Anderson Creeks. The Sumas River flows north-
ward, draining the eastern part of the study area and the
adjacent Cascade Range foothills before leaving the
study area and discharging to the Fraser River 10 miles
northeast of Abbotsford.

Because much of the study area initially was
poorly drained, numerous surface drainage ditches and
subsurface tile drains have been built to remove excess
surface and shallow ground water, allowing greater
agricultural use of the land. Surface-water features and
the extent of artificially drained soils (U.S. Department
of Agriculture, Soil Conservation Service, 1992b) are
shown in figure 3. Soils within the Canadian part of the
study area, which is generally found at higher altitudes,
typically are undrained (Bernard Zebarth, Agriculture
Canada, oral commun., 1993).

Climate

The climate of the Fraser-Whatcom Lowlands is
strongly influenced by maritime air from the Pacific
Ocean, which has a moist moderating effect (Phillips,
1966). The Cascade Range and Rocky Mountains
typically shield the region from cold air masses moving
southward from Canada. The region generally
experiences warm, dry summers and mild, rainy

winters. Winter weather consists of a steady progres-
sion of low-pressure systems entering from the Pacific
Ocean, bringing cloudy and rainy conditions; however,
occasional high-pressure systems over the continental
interior introduce strong, cold northeasterly winds to
the area. Rainfall intensity is usually light to moderate,
and rains can be continuous for several days. Thunder-
storms and heavy downpours are infrequent. Typically,
there are 4 to 5 days per year when rainfall amounts
exceed 1 inch, 20 to 25 days per year when rainfall
exceeds half an inch, and roughly 150 days per year
with measurable (greater than 0.01 inch) rainfall
(Phillips, 1966). The mean annual temperature is 49°F,
with the warmest weather occurring in July and the
coldest in January. The frost-free growing season
generally begins around mid-May and ends in
mid-October.

Precipitation within the Fraser-Whatcom
Lowlands is quite variable. Within the study area
annual precipitation ranges from about 32 inches per
year near the southwestern corner of the study area, to
over 60 inches per year near Abbotsford, in the north-
east. Isohyetal lines (contours of equal rainfall depth)
generated from rainfall data provided from United
States and Canadian weather service agencies are
shown in figure 4. The influence of both the Coast
Mountains and the Cascade Range is apparent, as
precipitation increases near these mountains to the
east and north.

Although the annual precipitation that falls on
the study area is relatively large, rainfall during the
summer is light, and irrigation of some agricultural
crops is usually necessary because soil-moisture defi-
cits occur during part of the summer growing season.
Most precipitation falls during the October-April
period, while evapotranspiration is largest during the
June-to-August period. At the Bellingham weather sta-
tion, located 20 miles southwest of the study area, pan
evaporation is typically at least twice the rate of precip-
itation during the months of June, July, and August.
Over the course of the growing season, recommended
irrigation requirements range from 6 to 17 inches of
water (U.S. Department of Agriculture, 1985).

Soils

The physical characteristics of soil affect the
quantity and quality of water recharging shallow
aquifers. The soils within the study area were derived
largely from the underlying glacial and alluvial
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deposits. In some areas, soils have accumulated. sub-
stantial amounts of organic material; peat deposits are
reported to be as much as 30 feet thick in some areas
(Riggs, 1958). Regional soil surveys of thfi area (U-S-
Department of Agriculture, Soil Conservation Serv.lce,
1992b; Luttmerding, 1981) have mapped many soil
units resulting from the combined variations in gnder-
lying geological deposits, surface relief, and drainage
properties. The primary soil groups within the §tudy
area are largely based on parent geologic material qf
the soils. Selected physical and hydrologic properties
of soils overlying glacial outwash, glaciomarine, anq
alluvial deposits are shown in table 1. The permeabil-
ity rates of all the surficial soils listed in table 1 exceed
typical rates of precipitation for the area.

Prominent soils on the glacial outwash deposits
north and south of the Nooksack floodplain include the
Lynden, Kickerville, and Hale series, which range from
silty loam to gravelly loam. The drainage of these soils
ranges from well drained to poorly drained, due largely
to differences in texture, topography, and slope. In
many of these soils permeability increases with depth,
while clay content, if present, declines with depth.
These well-drained, loamy soils generally allow mod-
erate to rapid infiltration of water and are the primary
agricultural soils of the area, capable of producing a
wide range of climatically adaptable crops. Locally,
peat deposits have developed in depressions on some
of these soils.

Soils derived from alluvial deposits in the flood-
plains of the Nooksack and Sumas Rivers and of
Anderson Creek are generally loamy but can be further
divided into excessively well-drained soils and the silt-
clay soils that require artificial drainage. This soil
distinction forms the basis for distinguishing surficial
geologic deposits within the previously mapped allu-
vial unit of Easterbrook (1976a). In the Sumas Valley
the silt-clay soils are extensive and hydrologically
significant because they can create confined conditions
in the shallow aquifer and because they are a barrier to
ground-water recharge.

Soils along the southern and northwestern
margins of the study area, such as the Whatcom and
Skipapoa soils, are derived from glaciomarine depos-
its. These are heavy, deep soils that range from moder-
ately well drained to poorly drained. In these soils, the
clay content tends to increase with depth; while the
permeability of these soils tends to decrease with
depth. The hummocky, undulating land surface results
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in variable drainage and increases the cost and diffi-
culty associated with crop production. Agriculture o
these soils is limited largely to hay and pasture.

Development, Population Growth, and
Land Use

Development within the study area is chronicled
in early soil surveys of the area by Mangum and Hurst
(1907) and Poulson and Flannery (1953). Settlement
of the study area by Europeans began slowly in the
1850’s but developed much more rapidly in the 1880’
as a result of the developing timber industry. Initially
the area was covered with dense stands of Douglas fir,
western red cedar, and western hemlock, with tree
diameters frequently in the range of from 5 to 15 feet.
The lush understory was made up largely of shade-
tolerant species such as western swordfern, red huckle-
berry, and vine maple. The forest provided a rich
resource for the early economy, and the Nooksack
River provided an avenue for the transportation of logs
and lumber. Agriculture developed as land was
cleared, particularly on the broad outwash plain north
of Lynden and on the flat-lying bottomland along the
Nooksack and Sumas Rivers. Portions of the plain
north of Lynden were covered with a deep accumula-
tion of organic matter, much of which was burned off
once the area had been thoroughly drained. As of 1950,
all of the lowland virgin forests had been cut, and the
economy of the study area was based largely on
agriculture.

The population within the study area and sur-
rounding regions has been increasing steadily over the
last 50 years (fig. 5). In 1990, the population within the
study area was estimated to be about 35,000, much of
it centered around the municipalities of Lynden, Ever-
son, Nooksack, and Sumas in Whatcom County and of
Abbotsford and Aldergrove in British Columbia. In
1990, the Whatcom County communities of Lynden,
Everson, Nooksack, and Sumas had populations of
5,709, 1,490, 584, and 744, respectively; this accounts
for about 33 percent of the total population within the
Whatcom County part of the study area (Diane Harper,
Whatcom County Planning Department, written
commun., 1992). In general, population growth has
been faster in the unincorporated parts of the county

than in the municipalities and appears to be fastest in
British Columbia.



Table 1. Physical and hydrologic properties of major soils in the Lynden-Everson-Nooksack-Sumas study area,
Whatcom County, Wash., and British Columbia, Canada (U.S. Department of Agriculture Soil Conservation
Service, 1992b)

[>, greater than; --, no data]

Available
Primary water Permeability Organic
Soil soil Depth Clay capacity rate (inches matter
series texture (inches) (percent) (inches) per hour) (percent)

Soils overlying glacial outwash deposits

Lynden Sandy loam 0-8 - 0.15-0.25 2-6 3-9
Sandy loam 8-18 -- 0.10-0.15 2-6 --
Loamy sand 18-30 0-5 0.05-0.10 >20 --
Sand 30-60 0-5 0.05-0.10 >20 --
Hale Silt loam 0-10 10-18 0.19-0.21 0.6-2.0 1-4
Loam 10-26 10-18 0.16-0.20 0.6-2.0 --
Loamy fine sand 26-60 0-5 0.16-0.20 >20 --
Kicker- Silt loam 0-9 - 0.25-0.35 0.6-2.0 3-9
ville Silt loam 9-22 - 0.20-0.30 0.6-2.0 --
Very gravelly
silt loam 22-32 -- 0.15-0.20 0.6-2.0 --
Very gravelly
loamy sand 32-60 0-5 0.03-0.08 >20 --
Pangborn Muck 0-15 - 0.40-0.50 0.6-2.0 40-90
Muck 15-60 -- 0.40-0.50 0.6-2.0 --
Tromp Loam 0-11 - 0.20-0.30 0.6-2.0 3-9
Loam 11-20 -- 0.15-0.20 0.6-2.0 --
Sandy loam 20-26 - 0.10-0.15 2.0-6.0 -
Sand 26-46 0-5 0.10-0.15 6.0-20 --
Sand 46-60 0-5 0.10-0.15 >20 --
Edmonds Loam 0-11 -- 0.30-0.40 0.6-2.0 3-9
Loam 11-18 -- 0.20-0.30 0.6-2.0 --
Loamy sand 18-37 0-5 0.10-0.15 6.0-20 --
Sand 37-60 -- 0.10-0.14 >20 --
Clipper Silt loam 0-9 10-18 0.25-0.35 0.6-2.0 2-9
Silt loam 9-18 10-18 0.20-0.30 0.6-2.0 --
Gravelly loam 18-30 5-15 0.15-0.20 2.0-6.0 --
Very gravelly
loamy sand 30-60 0-5 0.05-0.10 6.0-20 --
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major soils in the Lynden-Everson-Nooksack-Sumas study area,

i i rties of
s Canada (U.S. Department of Agriculture Soil Conservation

Whatcom County, Wash., and British Columbia,
Service, 1992b)--Continued

Available
Primary water Permeability Organic
Soil soil Depth Clay capacity rate (inches matter
series texture (inches) (percent) (inches) per hour) (percent)
Soils overlying alluvial deposits
Briscot Silt loam 0-9 5-12 0.19-0.24 0.6-2.0 3-9
Stratified
silt loam 9-60 5-12 0.13-0.20 0.6-2.0 o
Puget Silt loam 0-9 18-27 0.19-0.21 0.6-2.0 3-9
Silty clay loam 9-60 18-35 0.19-0.21 0.2-0.6 -
Oridia Silt loam 0-10 8-18 0.19-0.21 0.6-2.0 2-6
Silt loam 10-60 8-18 0.19-0.21 0.6-2.0 --
Mt Vernon
Fine Sandy loam 0-7 - 0.13-0.15 0.6-2.0 3-9
Very fine
sandy loam 7-60 -- 0.13-0.15 0.6-2.0 --
Sumas Silt loam 0-8 18-27 0.19-0.21 0.6-2.0 3-9
Silt loam 8-28 18-35 0.18-0.20 0.2-0.6 -
Loamy sand 26-60 0-5 0.05-0.09 6.0-20 -
Soils overlying fine-grained glaciomarine deposits
Whatcom Silt loam 0-9 -- 0.30-0.40 0.6-2.0 3-9
Silt loam 9-16 -- 0.20-0.35 0.6-2.0 --
Loam 16-26 18-35 0.15-0.20 0.2-0.6 -
Loam 26-20 18-35 0.13-0.20 0.06-0.2 -
Skipapoa Silt loam 0-8 -- 0.30-0.40 0.6-2.0 3-9
Silt loam 8-20 - 0.20-0.30 0.6-2.0 -
Silty clay 20-60 35-60 0.15-0.20 <0.06 -
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Land use within the study area is predominantly
rural-agricultural (fig. 5). Estimates of land-use classi-
fications were made from aerial photographs of the.
entire study area and from the Geographic Information
Retrieval and Analysis System (GIRAS) map of land_-
use data of the Bellingham quadrangle (U.S. Geologi-
cal Survey, 1979). The photographs of Whatcom
County were taken in 1990, and the aerial photographs
of British Columbia were taken in 1984. Agricultural
lands made up 75 percent of the land area in those
years. Patches of forest or brushland are common
along the southern and northwestern margins of the
study area, but are nearly absent along the eastern mar-
gin and in the large area north and west of the City of
Lynden.

Important agricultural activities within the study
area include livestock production and berry farming.
Whatcom County is the leading dairying county in the
State of Washington. Within the study area there are
approximately 310 dairies with over 46,000 milk-
producing cows. Much of the agricultural land has
been planted with hay, grasses, and other forage crops
to support these dairies. Poultry production is also an
important agricultural activity; 60 percent of the
poultry in British Columbia is produced in the northern
part of the study area (Liebscher and others, 1992).
Raspberries are a major agricultural crop in the study
area. In 1990, more than 13,500,000 pounds of berries
were grown in Whatcom County, which accounted for
about 30 percent of the total 1990 production of rasp-
berries in the United States (Washington Agricultural
Statistics Service, 1991). Strawberries and blueberries
are also grown in the area.

Ground water is the primary source of water for
most of the inhabitants of the study area, with the
exception of the City of Lynden, which uses the
Nooksack River as its water source. Ground water
from within the study area is exported for use in parts
of the Cities of Abbotsford and Aldergrove, which are
not in the study area, and is used as a back-up supply
for the municipality of Clearbrook. The Cities of
Lynden, Everson, Sumas, Abbotsford, and Aldergrove
have centralized sewer systems, but most of the rest of
the study area, including the outlying areas of Abbots-
ford and Clearbrook, rely on on-site septic systems to
handle domestic waste water.
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GROUND-WATER HYDROLOGY

The basic principles of ground-water hydrology
are described by Heath (1983) and in more detail by
Freeze and Cherry (1979) and Todd (1980). A brief
description of how these principles apply specifically
to the study area is presented in the material that
follows. The reader is referred to the literature cited
above for more comprehensive discussions of ground-
water hydrology.

The Hydrologic Cycle and Ground Water

The constant circulation of water from the
oceans to the atmosphere, to land, and back again to the
ocean is referred to as the hydrologic cycle. An under-
standing of the movement of water beneath the land
surface will be helpful in understanding the ground-
water system of the study area. A description of the
hydrologic cycle and the general occurrence of ground
water is presented in the following paragraphs.

Precipitation in the form of rain or snow is the
source of all fresh ground water. Precipitation that falls
on the land surface can follow several pathways: evap-
oration back to the atmosphere, infiltration into the
ground, or runoff to streams and lakes. Some of the
water entering the soil is drawn up by plant roots and
returned to the atmosphere by way of transpiration;
some water can also be evaporated directly to the atmo-
sphere. Water that percolates below the root zone and
continues to percolate downward to the water table is
referred to as recharge; when it reaches the water table,
it becomes ground water. Gravity is the driving force
that moves ground water from higher altitudes toward
lower altitudes, insuring that ground water will eventu-
ally return to the ocean. Some ground water returns to
the land surface as seepage to springs, lakes, or streams
before reaching the ocean.

Ground water can often be found beneath the
land surface in the pore spaces or openings of porous
geologic materials, like sediments and fractured rock.
However, only a small fraction of saturated geologic
materials can yield ground water in usable quantities.
Aquifers are defined as geologic deposits that contain
sufficient saturated permeable material and which can
yield ground water to wells or springs in usable quanti-
ties. Confining units, on the other hand, are geologic
materials that, because of their low permeability, gen-
erally do not yield water in usable quantities and that
also restrict the movement of ground water into and out



of adjacent aquifers. Semiconfining units are deposits
that have properties of both aquifers and confining
units; in particular, small supplies of ground water can
be extracted from semiconfining units, but in much
smaller quantities than from aquifer deposits.

From this standpoint, all saturated geologic
materials that underlie the Earth’s surface can be
classified as either aquifers, confining, or semiconfin-
ing units. The distinction, however, will vary from
place to place. The variations arise from interpretation
of what constitutes a usable quantity of water and from
the scale or size of area under consideration. Geologic
materials are not homogeneous, and highly permeable
aquifers such as the ones throughout much of the study
area contain localized areas of fine-grained, low-
permeability materials that yield much smaller
quantities of ground water than the unit as a whole.
The reverse situation is also fairly common; confining
units can have lenses of coarse-grained material that
yield smaller quantities of ground water for limited
periods. The term semiconfining unit is used herein to
describe a geologic deposit which has bulk hydrologic
properties typical of a confining unit but which also
contains a sufficient number of localized occurrences
of usable ground-water supplies.

Within aquifers, ground water occurs under two
different conditions. In unconfined or water-table
conditions, the aquifer is only partially saturated with
water, and the upper surface of the saturated zone (the
water table) is free to rise and fall with changes in
recharge and discharge. Under these conditions the
level of water within a well will be close to the level of
the water table in the aquifer. Most of the wells within
the study area are completed in the unconfined aquifer.

Confined conditions occur when the aquifer is
completely filled with water and is bounded above and
below by confining units. Because the aquifer is com-
pletely filled, the upper surface of the saturated zone
cannot rise and fall in response to changes in recharge
and discharge. This situation results in the develop-
ment of hydrostatic pressure within the aquifer that
causes water levels in wells completed in this unit to
rise above the top of the aquifer. A well that is screened
in such a system is called an artesian well. If the pres-
sure is sufficient to raise the water above land surface,
the well flows and is called a flowing artesian well.
Confined ground water is defined by a pressure (poten-
tiometric) surface analogous to the water-table surface,
and, like the water table, this potentiometric surface
fluctuates in response to changing recharge and
discharge conditions.

The movement of ground water within an aquifer
is dependent on the size and hydraulic conductivity of
the aquifer and on the pressure gradient between differ-
ent locations within the aquifer. The general rate of
movement (velocity) can range from a few feet per sec-
ond to less than a few feet per year, although ground-
water velocities typically are on the order of a few feet
to several hundred feet per year (Todd, 1980, p. 82).

Hydraulic conductivity refers to the capacity of a
porous material to transmit water under a potential gra-
dient. This characteristic is largely dependent on the
size and interconnectedness of the voids (pore spaces)
in the porous medium. In unconsolidated sediments
such as glacial deposits, water will move in the pore
spaces between the sedimentary grains, whereas in
consolidated material such as bedrock ground water
will move through fractures, joints, and solution chan-
nels. Hydraulic conductivity in unconsolidated depos-
its generally increases with increasing size of the pore
spaces and with the degree of sorting of the sedimen-
tary particles.

A pressure gradient is required to move water
through the pore spaces of an aquifer and is referred to
as the hydraulic gradient. The hydraulic gradient is
derived from the difference in the altitudes of pressure
heads at different points in the aquifer. A head is deter-
mined by measuring the altitude of the water level in a
well. Water-level maps show contour lines of equal
pressure head and as such show the areal distribution of
pressure heads throughout the ground-water system.
The flow of ground water is in the direction of the
greatest hydraulic gradient, which on the water-level
map will be in the direction that is perpendicular to the
contour lines of pressure head. Flow lines that depict
the idealized path of ground water can thus be drawn
from maps of water-level contours.

In areas of irregular topography, ground-water
flow paths within a ground-water system can vary in
scale from local to regional. The difference is pri-
marily related to the depth of the flow path within the
aquifer. Local flow paths are generally shallow, with
short flow paths between the point of recharge and
point of discharge to springs, bogs, lakes, or streams.
Regional flow paths typically occur between the
regional highland and lowland areas. The residence
time of ground water in local systems can be on the
order of months to years, whereas the residence time of
ground water in the regional ground-water system can
be from tens to thousands of years.
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Within the study area, ground water is found in
both unconsolidated sediment and consolidated bed-
rock. In the loose, unconsolidated sediment, water
moves through the numerous pore spaces between the
individual particles. In dense, consolidated bedrock,
water can only move through interconnected joints,
fractures, and solution channels, which are generally
much less numerous and less productive than the inter-
stitial pore spaces of unconsolidated sediments. In
general, water production in wells from bedrock units
is much lower than in wells completed in sand and
gravel aquifers, unless the bedrock well encounters
large joints or fractures.

Hydrogeologic Framework

Many studies have contributed to our current
understanding of the hydrogeologic framework of the
study area. Previous geologic investigations or
mapping of Pleistocene deposits include those by
Armstrong (1960, 1976, 1977, and 1981), Armstrong
and Hicock (1976), Armstrong and others (1965),
Cameron (1989), and Easterbrook (1963, 1966a,
1966b, 1969, 1971, 1973, and 1976a). Studies of
Eocene sedimentary bedrock include those of Daly
(1912) and S.Y. Johnson (1984a, 1984b, and 1991).
Discussion of hydrogeologic conditions in the area is
included in Newcomb and others (1949), Washington
State Division of Water Resources (1960), Halstead
(1986), Kohut (1987), Creahan and Kelsey (1988),
Johanson (1988), Lindsay (1988), Kohut and others
(1989), and Kahle (1990).

Most of the hydrogeologic data used in this study
to describe and delineate the ground-water system
came from 608 wells (shown on plate 1) inventoried
during the initial phase of the project. The well-
inventory process included locating the well in the field
and establishing its location on aerial photographs;
determining the latitude, longitude, and land-surface
altitude from topographic maps; where possible,
measuring the water level in the well and collecting a
reconnaissance water sample; verifying general well
construction details listed on drillers’ logs, such as
casing diameter and material; and tabulating lithologic
and hydraulic information provided on drillers’ logs.
These data were then coded and entered into the USGS
National Water Information System (NWIS) data base.
Basic data on well location and construction, water
level, and reconnaissance water quality of the inven-
toried wells are tabulated in appendix table 1.
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The selection of wells to be inventoried was
based on several criteria. The primary consideration
was to obtain adequate areal representation of the shg].
low surficial aquifer and more general representation of
the deeper hydrogeologic units. In general, only
wells having Washington State or British Columbia
water-well drillers’ reports were selected; however, ip
instances where well selection was limited, wells
without official drillers’ reports were also inventoried,
Exploration wells drilled for coal, gas, or geotechnical
purposes also were used to obtain lithologic informa-
tion. In many instances, only one or two wells in a
given section (1 square mile) were available to inven-
tory. In instances where several wells were available
and of similar construction, field personnel were given
the discretion to choose wells that were more readily
accessible.

\

1'

The physical extent of the major hydrogeologic
units was determined from a map of surficial geology
and the 10 lithologic sections constructed for this study

(plate 2). The surficial geologic map is based on exist-
ing geologic maps of western Whatcom County (East-
erbrook, 1976a); New Westminster, British Columbia
(Armstrong and Hicock, 1976); and Mission, British

Columbia (Armstrong, 1976) and existing soils maps
of Whatcom County (U.S. Department of Agriculture,

Soil Conservation Service, 1992b) and southwestern
British Columbia (Luttmerding, 1981). For the
purpose of this study, several of the geologic units
recognized by Armstrong (1976) were combined to
form a single surficial geologic unit (plate 2). The
Holocene alluvium mapped by Easterbrook (1976a)
was divided into fine-grained and coarse-grained units
based on soils maps (U.S. Department of Agriculture,
Soil Conservation Service, 1992) and well records.
Ten hydrogeologic sections (see plate 2), ori-
ented in a north-south and east-west grid, were
constructed from surficial geologic maps, drillers’
lithologic descriptions, soils maps, and descriptions of
lithologic materials examined at outcrops. In the Cana-
dian part of the study area, existing fence diagrams of
the subsurface stratigraphy (Halstead, 1986) also were
used in the construction of the hydrogeologic sections.
Where sufficient data existed, primarily for the shallow
deposits, hydrogeologic units were correlated from
well to well. Correlating deeper hydrogeologic units
was much more difficult because of fewer available
logs and generally less-precise drilling records.
Although adequate drilling records exist for wells in
shallow unconsolidated deposits in the study area,



records for wells exceeding 100 feet in depth are rare.
Most of the logs available for deep wells were recorded
during coal exploration, where the emphasis of drilling
was to determine the location of coal-bearing strata
within the Tertiary bedrock; changes in lithology of the
overlying unconsolidated material, therefore, were
often poorly documented. The location of the bedrock
surface depicted in the hydrogeologic sections was
taken from the deep drilling information mentioned
previously and from a depth-to-bedrock map compiled
by Jones (1996). In areas where lithologic descriptions
were lacking for deposits below the numerous shallow
wells and above the bedrock surface, the deposits were
identified as undifferentiated deposits (see plate 2).

Regional Geologic Setting

The Fraser-Whatcom Lowlands represent the
landward extension of a geological depression known
as the Georgia Basin. The Georgia Basin is a large,
elongate sedimentary trough that developed in
response to tectonic activity beginning in Late
Mesozoic time (England, 1991). This tectonic activity
resulted in basin development (the Georgia Basin) in
some areas and mountain building (the Coast and
Cascade Ranges) in other areas. As the Coast and
Cascade Ranges were uplifted, they underwent rapid
weathering and erosion. This in turn resulted in enor-
mous quantities of sediment being deposited in the
Georgia Basin in fluvial, deltaic, and marine environ-
ments. Significant quantities of plant and other organic
matter were deposited along with the sediment.

Post-depositional geologic activity resulted in
the lithification and consolidation of the sediments into
sandstone, mudstone, and conglomerate and the trans-
formation of organic debris into hydrocarbon deposits,
including coal. Locally the sedimentary formations
have been described as the Huntingdon Formation
(Daly, 1912) and the Chuckanut Formation (McLellan,
1927), both of which are Eocene in age. Post-deposi-
tional deformation resulted in folding and faulting
of the sedimentary rock units, producing an irregular
bedrock surface topography. Pleistocene glaciers sub-
sequently eroded and smoothed this bedrock surface
prior to depositing unconsolidated glacial sediments of
variable thickness across the study area and much of
the Puget Sound Lowlands. It is these overlying glacial
sediments that comprise the principal aquifers of the
study area.

Local Geologic Setting

Geophysical surveys and test drilling for coal
and gas indicate that bedrock is beneath 1,000 to
2,000 feet of Pleistocene deposits throughout much of
the Fraser-Whatcom Lowlands. The thickness of the
overlying unconsolidated sediments in the study area,
which equals the depth to bedrock, is shown in figure
6. In general, the thickness of unconsolidated sediment
ranges from O to more than 1,500 feet, which is much
thinner than most of the Fraser-Whatcom Lowlands
(Jones, 1996). Sedimentary bedrock formations are
exposed at land surface in the southeastern part of the
study area.

Bedrock units described in the study area are of
the sedimentary Chuckanut and Huntingdon Forma-
tions (Johnson, 1984a, 1984b, and 1991). The Chuck-
anut Formation is composed primarily of sandstone,
mudstone, and conglomerate with local coal seams.
The unit was originally deposited in a nonmarine envi-
ronment as a thick sequence of alluvial strata. Easter-
brook (1973) concluded that the deeper Huntingdon is
lithologically similar to the Chuckanut Formation and
that the only differences between them are (1) an
erosional unconformity that separates them in geologic
time and (2) a greater amount of postdepositional
deformation in the Chuckanut Formation than in the
Huntingdon. Together, these formations approach a
combined thickness of 20,000 feet and represent one of
the thickest nonmarine sedimentary sequences in North
America (Johnson, 1991). Within the LENS study
area, the Huntingdon Formation is exposed at land
surface and is a relatively thin unit.

Most of the bedrock in the study area was cov-
ered by thick accumulation of unconsolidated glacial
sediments, deposited as a result of repeated advances
and retreats of continental glaciers during the Pleis-
tccene Epoch. Little is known about the oldest and
deepest of these deposits in the study area because they
are not exposed at land surface and descriptive drilling
information is scarce. Deposits of the last major glaci-
ation are, however, either exposed at land surface or
have been penetrated extensively during drilling. The
deposits of this final glaciation, known as the Fraser
Glaciation, comprise most of the hydrogeologic units
identified during this study.

The Fraser Glaciation began approximately
18,000 years ago and lasted about 10,000 years (East-
erbrook, 1963, 1969). Three phases of this glaciation,
from oldest to youngest, are the Vashon Stade, the
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Everson Interstade, and the Sumas Stade. Glacial
deposits from each of these phases are present in the
study area.

During the Vashon Stade, from 18,000 to
13,500 years ago, two sedimentary units were depos-
ited locally. The oldest, the Esperance Sand Member,
is a cross-bedded outwash of sand and gravel that was
deposited from meltwater streams emanating from the
advancing Vashon Glacier. Vashon till, the younger of
the two units, is a compact and poorly sorted mixture of
cobbles, pebbles, and sand in a matrix of silt and clay,
deposited beneath the ice of the advancing Vashon
Glacier (Easterbrook, 1963, 1969). Within the study
area, these deposits have limited surficial exposure, but
likely occur extensively at depth below the younger
Everson and Sumas deposits. Within the LENS study
area, Vashon Drift (Qvd) occurs at land surface only
along the flanks of Sumas Mountain, in the eastern part
of the study area (plate 2).

Overlying the Vashon Stade deposits are depos-
its of the Everson Interstade that occurred from 13,500
to 11,000 years ago. As the Vashon Glacier retreated
from its terminus in southern Puget Sound, it thinned,
allowing seawater to reenter the basin and float the gla-
cial ice. Everson interglacial deposits (Qed) represent
debris that fell from the floating and melting glacial ice
and was deposited in marine water. In the study area,
deposits of the Everson Interstade are typically repre-
sented by glaciomarine drift, an unsorted mixture of
pebbly silt and clay with some coarse-grained lenses
deposited in seawater (Easterbrook, 1963, 1969).
Everson-age deposits are exposed at land surface in the
northwestern hummocky uplands area and in the roll-
ing and hummocky hills in the south-central part of the
study area. Everson-age deposits also are found within
an outwash plain near the center of the study area,
where they are characterized by parallel ridges and
swales (plate 2). In the southern part of the study area,
arelatively thick body of stratified sand with some clay
and gravel occurs within the Everson glaciomarine
drift. According to Easterbrook (1973), this interlayer,
called the Deming Sand, was deposited during the
Everson Interstade on floodplains and beaches when
sea level dropped relative to the land. The lateral
extent of the Deming Sand is generally not well known,
but it has been identified locally at the Cedarville land-
fill, located in the northwest quarter of section 28,
township 39 North-Range 3 East (Golder Associates,
1989; Harding Lawson Associates, 1990).

Following deposition of the Everson glacioma-
rine drift, glacial ice readvanced a short distance south-
ward into northern Washington and deposited the
Sumas Drift (Easterbrook, 1963, 1966a, 1966b, 1969,
1971, 1976a; Armstrong, 1977, and 1981; Armstrong
and others, 1965). The Sumas Stade, occurred from
11,000 to 10,000 years ago. During that time, the main
glacial terminus was just north of the present-day inter-
national boundary, with a lobe extending southward
into Whatcom County into the Sumas River Valley.
Sumas outwash (Qso) was deposited on top of Everson
glaciomarine drift by meltwater streams carrying sand
and gravel southward and southwestward. The result-
ing outwash plain extends from north of the interna-
tional border southward to Lynden and continues
towards the mouth of the Nooksack River (plate 2).
The outwash grades from gravel and cobble near the
border to sand with occasional clay lenses near Lynden.

A discontinuous morainal ridge, composed of
ice-contact deposits (Qsi), marks the maximum extent
of the Sumas lobe (plate 2). The deposits are a poorly
sorted mixture of till and outwash with varying propor-
tions of boulders, cobbles, pebbles, silt, and clay. Ice-
marginal ponding resulted in localized deposits of
lacustrine silt and clay within the Qsi. Just west of
Sumas, Wash., ice-contact deposits are located on
top of Sumas-age advance outwash sand and gravel.
This sequence is similar to that found in the Fraser-
Whatcom Lowland north of the international boundary,
where moraine and ice-marginal debris overlie
advance outwash or glaciomarine drift (Armstrong
and others, 1965; Armstrong, 1981).

During the last 10,000 years (Holocene Epoch),
the Nooksack River has incised a wide channel through
Sumas Stade deposits, forming the nearly flat alluvial
floodplain of the present Nooksack River Valley.
Within the study area, Nooksack River alluvium grades
trom gravel in the upstream reaches near Cedarville to
sand and silt in the downstream reaches near Lynden.
Other fluvial deposits in the study area include allu-
vium of the Sumas River and of Bertrand, Johnson, and
Fishtrap Creeks. At the same time that the modern
Nooksack River was incising through Sumas Stade
deposits, peat (Qp), composed of plant remains, was
accumulating in former outwash channels and other
low-lying depressions in the Sumas outwash. Peat-
filled depressions in the study area are numerous and
include Pangborn Bog and the basins of Wiser and
L'Axton Lakes (plate 2).
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Also during the late Holocene, a shallow lake
occupied much of the Sumas Valley ﬂqor, e.ventually
covering it with a relatively thin lacustrine silt and clay
deposit (Armstrong, 1976: Cameron, 1989). The area
most recently occupied by the lake is the nonhgastc;m,
or Canadian, part of the Sumas Valley floor. Historical
records show that the lake, known as Lake Sumas.,
existed just north of the border in British Columbia as
late as the 1920’s, at which time it was drained for land
reclamation (Luttmerding, 1981). Sand and gravel
found beneath the fine-grained lacustrine deposits are
thought to be alluvium deposited by a northward-ﬂow-
ing Nooksack River, or a greatly enlarged Sumas River,
following deglaciation of the area (Cameron, 1989).

For the purposes of this study, the Holocene
sedimentary deposits were subdivided into two
geologic units--coarse-grained alluvium (Qsc), which
includes sand, gravel, and cobbles, and fine-grained
alluvium (Qsf), which includes clay and silt. Peat,
although Holocene in age, was mapped as a separate
geologic unit because it is composed largely of organic
material. The coarse-grained deposits dominate much
of the Nooksack River channel, but fine-grained depos-
its become more prominent in downstream reaches.
Fine-grained deposits also dominate most of the Sumas
Valley floor (plate 2).

Principal Hydrogeologic Units

In this study, hydrogeologic units were distin-
guished primarily by their water-bearing character-
istics and the geographic extent of the geologic
deposit(s) comprising them. Two principal types of
hydrogeologic units, aquifers and semiconfining units,
were recognized. It is especially important to keep in
mind the heterogeneity of the unconsolidated sedi-
ments in the study area; the general occurrence and
movement of ground water can be influenced locally
by small-scale variations in lithology.

Four principal hydrogeologic units were delin-
eated in the study area. They are, in order of increasin g
geologic age (1) the Sumas aquifer; (2) the Everson-
Vashon semiconfining unit; (3) the Vashon semiconfin-
ing unit; and (4) the bedrock semiconfining unit. The

lithologic and hydrologic characteristics of these units
are summarized in figure 7.
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Sumas aquifer

The Sumas aquifer is the most productive anq
widely used aquifer in the study area; 419 (69 percep
of the inventoried wells are completed within this unj
The aquifer is composed largely of Sumas stratified
sand and gravel outwash (Qso) and the coarse-graing;
alluvium of the Nooksack and Sumas Rivers (Qsc), by
also includes some locally important fine-grained
deposits such as ice-contact deposits (Qsi), lacustrine
silt and clay (Qsf), and peat (Qp). The Sumas aquifer
is commonly referred to as the Abbotsford aquifer in
British Columbia. The Sumas outwash (Qso), which is
the predominate geologic unit that makes up the Suma
aquifer, extends west and south of the study area. On;
regional basis, the Sumas aquifer is included with the
Fraser aquifer of Vaccaro and others (John Vaccaro,
USGS, written commun., 1993), which includes reces
sional outwash of the Fraser Glaciation throughout the
Puget Sound Lowlands.

Although ground water in most of the Sumas
aquifer is unconfined, it becomes confined in places in
the Sumas River Valley where it is overlain by recent
lacustrine silt and clay and along the margins of the
Sumas Valley where it is overlain by fine-grained ice-
contact deposits (see fig. 8 and plate 2). Several wells
in the valley flow as a result of artesian conditions that
develop during the wet winter months. The northwest.
ern margin of the Sumas Valley is a transition zone in
the aquifer--with unconfined conditions in the outwash
plain on the west and confined conditions in the Sumas
Valley floor on the east. In addition, clay lenses within
the otherwise coarse-grained outwash can perch or
confine ground water locally.

The thickness of the Sumas aquifer is shown on
the hydrogeologic sections (plate 2) and on the Sumas
aquifer-thickness map (fig. 8). All surficial coarse-
grained materials shown on the sections are included in
the Sumas aquifer, although lenses of clay and of peat
can be found locally within the unit. The Sumas
aquifer is present in most of the study area except in the
northwestern and south-central highlands, along the
eastern margin of the study area, and in the area north-
west of Everson. As shown in figure 8, the unit is
commonly about 40 to 80 feet thick, but can be more
than 200 feet thick in the northeastern part of the study
area where the unit includes ice-contact deposits. The
unit is thinnest along the Nooksack River channel
south of Lynden, where the river has eroded away all
but about 15 feet of the sand and gravel outwash.



|84

Period Epoch

Quaternary

Tertiary

Holocene

Pleistocene

Paleocene-

miocene

Geologic unit Hydrogeologic
unit

Qsp
Peat
Qsf
Fine-grained
alluvium
Qsc Sumas
Coarse-grained aquifer
alluvium Qs
Qso
Qsi
Sumas
ice-contact
deposits
Sumas
Outwash
Qed
Everson
glaciomarine Everson-Vashon
drift semiconfining
unit
Qev
Qvd
Vashon Drift Vashon
semiconfined unit
Qv
Tbr ; Bedrock
Huntingdon semiconfining
and Chuckanut unit
Formations Thr

Typical
thigkness,
in feet

0-15
| 40
20i=
20 -

200

100 - 200

Lithologic

Stratified sand and gravel
outwash with minor clay
lenses. Outwash grades
from pebble-cobble alluvium
near Abbotsford to sand with
fine-grained lenses southwest
of Lynden. Unit includes
Nooksack and Sumas River
alluvium, till and ice-contact

| deposits, lacustrine and flood-
| 80 |

plain silt and clay, and peat

Glaciomarine drift consisting

of unsorted pebbly clay and
sandy silt with occasional
coarse-grained lenses as
thick as 30 feet. Unit may
include Vashon till and
Esperance sand at its base

Primarily till and gravel

Sandstone, mudstone, and
conglomerate, with some
coal-bearing strata

Characteristics

Hydrologic

Highly productive unconfined
aquifer. Unit shows a weak
trend in hydraulic conductivity

because of a lateral decrease |

in grain size. Lenses of clay,
till, or peat cause locally
confined or perched ground-
water conditions. The unit
is confined in much of the
Sumas Valley by overlying
lacustrine silt and clay and

| underlying clay presumed

to be glaciomarine drift

Generally a confining bed
but coarse-grained lenses
yield usable amounts of
water to numerous wells.
Salty water is present in
most of the deepest wells
within the unit

Limited aerial extent;
yields are variable

Water yield is controlled
primarily by secondary
fracture permeability.
Water yield is low where
the rocks are unfractured

Water quality

. Ground waters are typically of

a calcium- or magnesium-
bicarbonate type, with dissolved
solids concentrations between
110 and 190 milligrams per liter.

| These ground waters are

generally dilute, slightly acidic
with low alkalinity, and typically
well oxygenated. Elevated
concentrations of dissolved
nitrates are common in many
areas; in other areas high
concentrations of dissolved iron
and manganese restrict the use
of some ground waters

Concentrations of major ions are

highly variable without a consistent
water type. Dissolved solids typically
range from 170 to 1,300 milligrams
per liter of dissolved oxygen, and
nitrate typically ranges from 0.1 to
1.5 milligrams per liter. Large concen-
trations of iron, manganese and
chloride are common in many locations

Ground waters are not extensive and

can be either a calcium-magnesium-
bicarbonate or a sodium-chloride type
with dissolved solids concentrations

typically near 126 milligrams per liter

Ground waters are typically of a sodium-
bicarbonate or sodium-chloride type with
dissolved solids concentrations between
300 to 1,800 milligrams per liter. Concen-
trations of dissolved oxygen and nitrate are
typically less than 0.1 milligrams per liter |

Figure 7. Lithologic and hydrologic characteristics of hydrogeologic units in northern Whatcom County, Washington, and southwestern mainland British
Columbia, Canada.
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D Sumas aquifer: predominantly outwash . Sumas aquifer not present: contact with
sands and gravels; generally unconfined Sumas aquifer represents zero thickness
of Sumas aquifer
. Sumas aquifer: predominantly outwash
sands and gravels; overlain by lacustrine . Water
silts or the fine-grained alluvial deposits,
generally confined —=80--- Line of equal thickness of Sumas aquifer;
dashed where inferred; contour interval is
. Sumas aquifer: intermixed sand and gravels 40 feet

with fine-grained ice contact deposits;
shallow wells generally unconfined, deeper
wells confined

Figure 8. Extent, approximate thickness, and hydrologic condition of the Sumas aquifer.
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Everson-Vashon semiconfining unit

The Everson-Vashon semiconfining unit is com-
posed of (1) thick accumulations of Everson-age glaci-
omarine drift, consisting of unsorted pebbly clay and
sandy silt with local coarse-grained lenses, and (2)
discontinuous deposits of sand or till. The till, encoun-
tered at considerable depth, may be of Vashon age;
some of the coarse-grained material encountered deep
in the Everson-Vashon unit may be Vashon-age Esper-
ance Sand rather than coarse-grained lenses within the
glaciomarine drift. Distinguishing between the two
types of coarse-grained deposits, however, was often
not possible because of their similar lithologies,
discontinuous nature, and a paucity of deep-drilling
information. Till, which was recorded on several
drillers’ logs as being directly beneath the glaciomarine
drift, is probably of Vashon age. This till was included
with the Everson-Vashon unit because of its hydrologic
similarities with the fine-grained glaciomarine drift.

Although the bulk of this unit is composed of
fine-grained material, numerous wells within the unit
are completed in lenses of coarse-grained materials.
Such is the case in the northwestern and south-central
highlands where domestic and some public-supply
wells are completed in the unit. The productive zones
of the Everson-Vashon unit in the south-central part of
the study area are believed to be the Deming Sand--a
relatively thick (30 feet) interlayer within the glacio-
marine drift. The other productive zones are probably
small lenses within the glaciomarine drift or, if at con-
siderable depth, the Esperance Sand. One hundred and
eleven (18 percent) of the inventoried wells are com-
pleted in the Everson-Vashon unit.

The glaciomarine drift of the Everson-Vashon
semiconfining unit underlies nearly all of the Sumas
aquifer and is found at land surface along the north-
western and south-central margins of the study area and
near the center of the study area northwest of the town
of Everson. As shown in figure 9, the top of the unit
ranges from more than 400 feet above sea level to
approximately 120 feet below sea level. The thickness
of the Everson-Vashon semiconfining unit is largely
unknown because few wells penetrate it entirely.
According to available drilling records, a typical
thickness of the unit is 100 to 200 feet.

Vashon semiconfining unit

Within the study area, the Vashon semiconfining
unit consists of a small band of poorly sorted Vashon
drift and gravel that is exposed along the eastern part of

the study area. The Vashon-age deposits in this parti-
cular area were recognized as a separate hydrogeologic
unit because of their surficial exposure and substantial
thickness. As previously discussed, most of the
Vashon-age deposits in the study area were included
with the Everson unit because, at depth, the Vashon
deposits were generally indistinguishable from the
Everson deposits in the lithologic descriptions
recorded on well drilling reports. Additionally, the
Vashon-age deposits included with the Everson-
Vashon semiconfining unit were typically encountered
well below present-day sea level, whereas the deposits
of the Vashon semiconfining unit crop out at altitudes
often greater than 200 feet above present-day sea level.
The Vashon semiconfining unit yields variable quanti-
ties and qualities of water. All of the 11 inventoried
wells completed in this unit encountered confined con-
ditions. The thickness of this unit is mostly unknown,
but probably does not exceed 200 feet.

Bedrock semiconfining unit

The bedrock semiconfining unit consists of sand-
stone, mudstone, conglomerate, and coal of the Hunt-
ingdon and Chuckanut Formations. Although this
hydrogeologic unit is not highly productive, it yields
usable quantities of water locally. Water yield is con-
trolled chiefly by secondary fracture permeability and,
as such, is unpredictable. Most of the 24 inventoried
wells that are completed in this unit are located in the
southeastern part of the study area where bedrock is
shallow. Data are insufficient to determine whether the
water occurs under unconfined or confined conditions.
Where the bedrock is exposed at or near land surface,
the ground water is likely to occur under unconfined
conditions; where the bedrock is covered by a signifi-
cant thickness of glaciomarine drift or till, the ground
water is likely to be confined.

Hydraulic Characteristics of Hydrogeologic Units

An estimate of the magnitude and range of
horizontal or lateral hydraulic conductivity of each
hydrogeologic unit is helpful in understanding the
movement and availability of ground water. Hydraulic
conductivity is a measure of a hydrogeologic unit’s
ability to transmit water and is defined as the volume of
water that will move in a unit of time under a unit of
hydraulic gradient through a unit cross-sectional area.
The unit used to report hydraulic conductivity is feet

23 .



122°18'
122°30'

1 2 3 4 5MILES
qpls s - ]

5 KILOMETERS

49° |—

48°

30"

Base and hydroiogy from U.S. Geological Survey digital data, 1:100,000, 1975

Hydrology by S.E. Cox and S.C. Kahle, 1994
and Canadian Department of Energy, Mines and Resources, 1:50,000, 1977, 1980.

[ ] Everson-Vashon semiconfining 1 Everson-Vashon semiconfining
unit beneath Sumas aquifer “7  unit not present
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Figure 9. Altitude of upper surface of Everson-Vashon semiconfining unit.
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per day, which is the same as the units of velocity; how-
ever, values of hydraulic conductivity are equivalent to
velocity only under the specialized conditions when the
values of hydraulic gradient and porosity are equal to
1. For unconsolidated materials, hydraulic conduc-
tivity depends in large part on the size, shape, and
arrangement of the sedimentary particles and the inter-
vening pore spaces. Because these characteristics are
highly variable within the glacial deposits of the study
area, hydraulic conductivity values also can be
expected to be highly variable.

Estimations of the horizontal hydraulic conduc-
tivity for each hydrogeologic unit were made using
data from those wells that had the most complete and
reliable set of specific-capacity information including
discharge rate, drawdown, long-term aquifer test data,
well-construction data, and a geologic log. Of the 608
wells inventoried, 218 had such information. The pro-
cedures used to calculate hydraulic conductivity are
presented in the Appendix section at the end of this
report. Hydraulic conductivity data were statistically
summarized so that medians and ranges within and
between hydrogeologic units could be determined. A
summary of hydraulic conductivity data by hydrogeo-
logic unit is presented in table 2. Individual values of
hydraulic conductivity and the data from which they
were calculated can be found in appendix table 2.

Hydraulic conductivity values calculated for the
170 wells completed in the Sumas aquifer covered
three orders of magnitude, ranging from 6.8 to
7,800 feet per day and having a median value of

270 feet per day. Except for the extremes, the hydraulic
conductivity data were log normally distributed. The
range and median values of hydraulic conductivity
observed throughout the entire extent of the Sumas
aquifer for this study, (171 square miles) were similar
to the range and median observed by Erickson (1991)
for eight wells located within a subset of this study area
of only several square miles west of Lynden; and also
similar to the range reported for outwash and alluvial
deposits of other studies within the Puget Sound
Lowland, (Turney and others, 1995; John Vaccaro,
USGS written commun., 1994). However, the median
hydraulic conductivity calculated for the Sumas aqui-
fer is generally larger than has been reported for similar
outwash deposits within the Puget Sound Lowland and
near the upper extreme of the range reported by
Stephenson and others (1988) for glacial deposits of
North America. This tends to indicate that the Sumas
aquifer has a larger capacity to transmit water than is
typical of similar glacial outwash deposits in the Puget
Sound Lowland.

When hydraulic conductivity data for the Sumas
aquifer were plotted to determine if an areal pattern of
lower or higher values existed, no discernible pattern
was found, and in some localities closely spaced wells
displayed calculated hydraulic conductivity values that
were vastly different. Because of the large spatial vari-
ability in the plotted data, a map of hydraulic conduc-
tivity values was deemed to be of limited usefulness
and therefore was not included in this report. The plot-
ted data did show several possible geographic trends,

Table 2. Summary of horizontal hydraulic conductivity values calculated from specific-capacity data, by

hydrogeologic unit

Hydraulic conductivity (feet per day)

Hydro-

geologic Number 25th 75th

unit of wells Minimum  percentile Median percentile Maximum
Sumas aquifer 170 6.8 74 270 610 7,800
Everson-Vashon

semiconfining unit 32 3 19 81 160 570
Vashon semiconfining unit 4 2.4 72 52 950 1,800
Bedrock semiconfining unit 12 0.01 0.02 0.55 4.6 i
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with higher values near the international boundary and
lower values toward the southwestern part of the study
area. This trend is consistent with the observati.on of
decreasing grain size in the Sumas outwash plain, as
discussed earlier. In support of this theory, high
hydraulic conductivity values were absent on the
southern margins of the Sumas outwash plain south of
the Nooksack River. Another apparent area of gener-
ally larger values of hydraulic conductivity isa bapd
along the alluvial valleys occupied by the Sumas River
and the upper reaches of the Nooksack River. This
band of large hydraulic conductivity probably repre-
sents a buried river channel deposit, which would be
characterized by well-sorted, coarse-grained material
and may represent deposits of the ancestral Nooksack
River.

In the Everson-Vashon semiconfining unit, the
median hydraulic conductivity of 81 feet per day is
larger than would be expected for a unit that is, for the
most part, a fine-grained confining bed (Stephenson
and others, 1988), but the median is similar to values
calculated by similar methods for fine-grained units in
other parts of the Puget Sound Lowland (John Vaccaro,
USGS, written commun., 1994). The large hydraulic
conductivity calculated for these fine-grained deposits
is likely due to a bias in sampling that results from
using wells that are screened in lenses of coarse-
grained material that is not representative of the unit as
awhole. Itis reasonable to expect that successful wells
were completed in the more productive parts of the unit
and that any wells completed in less permeable zones
either were subsequently abandoned or may not have
produced enough water for an aquifer test to be
practical.

Slug tests of the Everson-Vashon glaciomarine
drift conducted by Sweet-Edwards (1984) resulted in
estimates of horizontal hydraulic conductivity of
0.0014 and 0.027 feet per day, which are several orders
of magnitude smaller than even the smallest hydraulic
conductivity value generated from specific capacity
data. Because the slug tests were conducted on two
observation wells installed in the Everson glaciomarine
drift to evaluate the potential for ground-water trans-
port away from a landfill area, the results may be more
representative of the hydraulic conductivity of the less
productive parts of the Everson-Vashon semiconfining
unit than estimates made from successful water pro-
ducing wells. Four laboratory measurements of verti-
cal hydraulic conductivity determined for core samples
of clayey silt material from the same area were one to
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two orders of magnitude smaller than for slug-test
values of horizontal hydraulic conductivity (Golder
Associates, 1989) and (Harding Lawson Associates,
1990); these results coincide with the general trend i,
sedimentary materials in which vertical hydraulic
conductivities are typically significantly smaller thap
horizontal hydraulic conductivities.

The lowest median hydraulic conductivity
(0.55 feet per day) was found in the bedrock semicon.
fining unit. Because ground water in bedrock occurs
primarily in fractures, the low value of hydraulic
conductivity observed in this unit indicated that the
bedrock semiconfining unit generally does not contaip
sufficient open fractures and joints to transmit large
quantities of water.

The high bias in the estimate of hydraulic con-
ductivity probably occurs in varying degrees within al|
of the hydrogeologic units, depending largely upon the
heterogeneity of the lithologic material making up each
unit. As such, all of the median hydraulic conductivity
values may be somewhat high; however, the bias in the
estimate of hydraulic conductivity for the Everson-
Vashon is probably largest because that unit displays
the greatest variation in lithologic composition. An
examination of the minimum hydraulic conductivities
for the hydrogeologic units shows that there are indeed
poorly producing wells in each unit. Also, the range of
hydraulic conductivities is at least three orders of mag-
nitude for most units, indicating a substantial degree of
heterogeneity.

Ground-Water Flow System

The ground-water flow system includes the
movement of water within and between individual
hydrogeologic units and the movement of water into
and out of the ground-water system. Typically, precip-
itation is the source of most ground water, and the
general movement of ground water is from areas of
recharge, generally found in the uplands, to areas of
discharge, typically found at lower altitudes along river
and stream channels. The ground-water flow path can
range in scale from local flow paths that are generally
short and shallow to regional flow paths that cover
great distances and travel deep within the ground-water
system. The movement of ground water is controlled
by the topography, the geometry of the hydrogeologic
framework, and the areal distribution and rate of
ground-water recharge and discharge.



Information on the ground-water flow system
was derived primarily from water-level data taken from
wells throughout the study area. These data were used
to construct a contour map depicting the altitude of
ground-water levels in 1990 (plate 3). Seasonal varia-
tions in ground-water levels were determined from
monthly water-level measurements in 29 wells within
the study area from October 1990 to October 1991.
Historic water-level information from the U.S. Geolog-
ical Survey, BC Environment, and EC was also used to
quantify seasonal variations in ground-water levels.

Wwater-Level Distribution and Movement of
Ground Water

Water-level data, mostly from the Sumas aquifer
and partly from the Everson-Vashon semiconfining
unit, were combined so that a water-level map could be
drawn for most of the study area (plate 3). The water-
level map was constructed from water-level altitudes
measured in 450 wells at the time of well inventory,
plus additional water-level information contained in
Johanson (1988) and Kohut (1987). Information on
stream elevations determined from topographic maps
was also used to construct the map. The inventory
water levels, which were collected over a 6-month
period, were adjusted to account for seasonal variation.
Water levels measured in wells within the Everson-
Vashon semiconfining unit in the upland margins were
included in the construction of this map because the
Sumas aquifer is absent in these areas and the Everson-
Vashon water levels are considered analogous to the
water table of the Sumas aquifer in the central parts of
the study area. Ground water within the Everson-
Vashon semiconfining unit most probably flows
laterally from the uplands into the Sumas aquifer at
lower altitudes.

The water-level contours for the Sumas aquifer
shown on plate 3 reflect regional water-table (uncon-
fined) conditions everywhere except parts of the lower
(northern) Sumas Valley and in the area northwest of
the town of Sumas. In these areas ice contact deposits
and the fine-grained alluvium--lacustrine silt and clay-
-that overlies much of the valley floor have created
confined conditions, resulting in numerous wells being
under artesian and even flowing conditions.

The general direction of ground-water flow can
be inferred from the contours on plate 3, which show
the configuration of water levels throughout the study
area. The horizontal movement of ground water is

perpendicular to the water-level contours, from areas of
higher head to areas of lower head. The general pattern
of ground-water flow in the study area is toward the
Nooksack and Sumas Rivers, which are the primary
areas of ground-water discharge. Smaller scale flow
patterns can be seen near creeks that also act as ground-
water discharge areas. On a local scale, which is not
apparent on plate 3, ground water can flow toward
drainage ditches and buried tile drains. This type of
flow, however, occurs on a relatively small scale as
compared to the regional ground-water flow systems.

The hydraulic gradient is the difference in water-
level altitude between two locations and is an expres-
sion of the driving force that enables the movement of
ground water. Lateral hydraulic gradients within the
Sumas aquifer, as determined from the water-level con-
tours shown on plate 3, are typically about 15 feet per
mile (equivalent to 0.0028) across much of the outwash
plane north of Lynden but range from about 5 to 100
feet per mile. In the Everson-Vashon semiconfining
unit, lateral hydraulic gradients are often about 35 feet
per mile (equivalent to 0.0066) but range from 10 to
100 feet per mile. The lower hydraulic conductivity of
the Everson-Vashon semiconfining unit requires larger
hydraulic gradients to move similar quantities of
ground water. Topography plays a large role in produc-
ing variations in hydraulic gradient and is the primary
cause of the variations observed within each unit.
Hydraulic gradients are generally small in areas of low
relief and large in areas of high relief.

Ground-Water Velocity

The average rate at which ground water moves
through porous geologic material, referred to as aver-
age interstitial velocity, is important, particularly in
areas where water-quality problems may occur. Calcu-
lated estimates of lateral ground-water velocities
within the Sumas aquifer range from 0.2 to 29 feet per
day, depending on the data used; however, a best esti-
mate of the horizontal velocities of much of the aquifer
is that they are on the order of 2.5 feet per day. Similar
rates may occur in the Everson-Vashon semiconfining
unit, where smaller values of hydraulic conductivity
are compensated for by larger hydraulic gradients. The
estimated horizontal velocities are based on the
hydraulic conductivity and hydraulic gradient data
described above and the literature values for the effec-
tive porosity of the geologic material making up the
aquifer and semiconfining unit.
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The equation representing average ground-wa.ter
velocity is derived from Darcy’s Law and the velocilty
equation and was amended to account for the effective
porosity of the geologic material. It takes the form of

(v) = K(dh/dl)/n, (1)

where
v = average interstitial ground-water velocity;
K = horizontal hydraulic conductivity;

(dh/dl) = hydraulic gradient, or the change in water-
level head divided by the intervening
distance; and

n, = effective porosity, or the ratio of the volume
of pore spaces to total volume.

Because data in the previous sections have
shown that values of hydraulic conductivity and
hydraulic gradients vary throughout the ground-wate;
system, average ground-water velocities also vary,
Consequently, several values of each parameter were
used to illustrate the range of ground-water velocities
in the Sumas aquifer and the Everson-Vashon semicop.
fining unit shown in table 3. Hydraulic conductivity
values for the Sumas aquifer and the coarse-grained
lenses of the Everson-Vashon semiconfining unit wer
taken from the 25th, 50th, and 75th percentile values of
the calculated values in table 2; values for the fine-
grained material in the unit were taken from measure-
ments reported by Sweet-Edwards/EMCON (1989).
Values of the hydraulic gradient were determined from
the spacing of water-level contours on plate 3.

Table 3. Calculated estimates of ground-water velocity in the Sumas aquifer and the Everson-Vashon semiconfining
unit using selected values of hydraulic conductivity, hydraulic gradient, and porosity

Velocity (feet per day)

Hydraulic Hydraulic
conductivity gradient porosity porosity porosity
(feet per day) (feet per mile) (ne) (ne) (ne)
Sumas Aquifer (n=0.25) (ne=0.38) (n=0.50)
74 5 0.28 0.18 0.14
15 0.84 0.55 0.42
75 42 2.8 2.1
270 5 1.0 0.67 0.51
15 3.1 2.0 153
75 15 10 7.7
610 5 2.3 1.5 52
15 6.9 4.6 3¢5
75 35 23 17
Everson-Vashon (coarse-grained material) (ne=0.35) (n,=0.42) (ne=0.50)
19 15 0.15 0.13 0.11
35 0.36 0.30 0.25
125 153 1.1 0.90
87 15 0.71 0.59 0.49
35 1.6 1.4 1.2
125 5.9 4.9 4.1
Everson-Vashon (fine-grained material) (ne=0.35) (n=0.42) (n=0.50)
0.0014 15 0.00001 0.00001 0.00001
35 0.00003 0.00002 0.00002
125 0.00009 0.00008 0.00007
0.027 15 0.00022 0.00018 0.00015
35 0.00051 0.00043 0.00036
125 0.00180 0.00150 0.00130

28



These estimates included a value that was typical for
much of the area and also values from areas of both
high and low hydraulic gradient. Values of porosity
used in the calculations of average ground-water
velocity were taken from the ranges reported by Freeze
and Cherry (1979) for sandy material of 0.25 to 0.50;
for silty material 0.35 to 0.50, along with the average of
the values of porosity in sandy and silty glaciofluvial
deposits reported by Morris and Johnson (1967), which
were 0.38 and 0.42, respectively.

In the Sumas aquifer, calculated average
ground-water velocities ranged from 0.14 to 35 feet per
day, and the general value based on the median or
typical values of the variables controlling ground-
water velocity resulted in an average velocity of about
2 feet per day. An independent estimate of ground-
water velocity based on the arrival time of chloride in
piezometers down gradient of a newly installed dairy
lagoon resulted in an estimated average ground-water
velocity of 1 to 2 feet per day Erickson (1992). The
regional hydraulic gradient in the area of Erikson’s
chloride study, roughly 3 miles north of Lynden, is
about 15 feet per mile; thus, the two estimates are in
good agreement. If 2 feet per day is used as a reason-
able estimate of average ground-water velocity, then
ground water could be expected to travel on the order
of 700 feet per year, and the average travel time along
regional flow paths of 5 to 10 miles would be on the
order of 20 and 40 years, respectively.

Estimates of average ground-water velocity in
the Everson-Vashon semiconfining unit were based on
hydraulic conductivity values of both the coarse-
grained material encountered by water wells installed
in this unit and the hydraulic conductivity of fine-
grained material encountered in some observation
wells. In the coarse-grained Everson-Vashon material,
hydraulic conductivities are lower, while hydraulic
gradients are larger than in the Sumas aquifer. Asa
result, average velocities of ground water in this
material were roughly half as large as estimates for the
Sumas aquifer. However, in the fine-grained material
of the Everson-Vashon semiconfining unit, the much
smaller hydraulic conductivities resulted in ground-
water velocities on the order of 0.0001 to 0.002 feet per
day. The hydraulic gradient in the fine-grained
material may be somewhat larger than measured in the
coarse-grained material, which was used in both
estimates in the Everson-Vashon material; but physical
constraints of the ground-water system would limit the

range to something less than a factor of two, which
would only increase the velocity by the same factor.
Consequently, average ground-water velocities in the
fine-grained Everson-Vashon material are much slower
than in either the coarse-grain Everson-Vashon
material or the Sumas aquifer, and hence distances
traveled by ground water in the fine-grained material
during a year’s time would be much less, on the order
of a fraction of a foot.

Variations in Ground-Water Levels

Water levels in the Sumas aquifer typically show
yearly oscillations of about 6 feet. The yearly rise and
fall in ground-water levels coincide with the seasonal
patterns in monthly precipitation amounts. Water
levels in wells completed in shallow aquifers such as
the Sumas aquifer typically respond more quickly to
precipitation and experience larger fluctuations than
wells completed in stratigraphically lower hydrogeo-
logic units. Comparison of current and historic water-
level data did not show definite signs of long-term
change except in the area between the towns of Sumas
and Abbotsford, where water levels appear to be
declining. Information on the long-term trend in water-
level variations was obtained from historical water-
level records and the comparison of 1990 water-level
contours to maps depicting water-level conditions in
1949 and 1960 (plate 3). Long-term water-level data
were not available for the semiconfining units.

Analysis of the seasonal variation in ground-
water levels included the monthly measurement of
water levels in 29 wells and the analysis of historical
monthly water-level data for 16 wells having periods of
record longer than 3 years. Seasonal variations
observed from measurements made during 1990-1991
in the Sumas aquifer typically ranged from 4 to 8 feet,
while variation observed from historic data (table 4)
ranged from 3 to 8 feet. The maximum seasonal
fluctuation observed was on the order of 16 feet.
Ground-water levels were typically lowest between
October and December and highest between February
and April. The period of rapidly rising water levels
coincides with the period of heaviest precipitation.
Most of the Sumas wells that showed water-level
fluctuations between 7 to 8 feet were located in the
outwash plain between Lynden and Abbotsford. This
area of the Sumas aquifer receives the greatest amount
of precipitation, and, thus, it is probable that the larger
range in water-level fluctuations represents greater
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Table 4. Summary of seasonal water-level fluctuations in wells with 3 or more years of monthly observations

Most Most
Altitude Average Maximum Minimum common common
Depth of land Length yearly yearly yearly month month
of well surface Period of record fluctuation fluctuation fluctuation of highest of lowest
Well number (feet) (feet) of record (years) (feet) (feet) (feet) water level water level
40N/04E-05D01 61 183 1940-1976 37 3.98 6.37 1.20 March November
40N/03E-19M01? 22 88 1952-1961 13 3.31 4.33 2:35 March October
39N/03-10L01 15 96 1976-1978 3 4.00 4.96 3.38 February November
092G.009.1.2.3-CDAL 25 190 1990-1993 4 8.46 10.50 5.54 March December
092G.009.1.2.3-CDA2 25 190 1990-1993 4 8.50 10.60 5.51 March December
092G.008.2.2.2-ABB1 26 150 1990-1993 4 3.64 5.68 245 February October
092G.009.1.1.2-ABB2 25 167 1990-1993 4 727 7.91 571 February November
092G.009.1.2.1-ABB3 96 190 1990-1993 4 8.17 10.47 5.18 March November
092G.009.1.2.1-ABB4 58 190 1990-1993 4 7.18 8.76 4.76 March December
092G.009.1.1.1-ABB5 29 151 1990-1993 4 6.40 8.46 4.79 February November
092G.009.1.1.4-ABB6 30 180 1990-1993 4 8.00 8.89 5:97 March October
092G.009.1.2.3-10 63 180 1966-1991 25 8.33 16.37 4.26 March October
092G.009.2.1.3-47 87 175 1989-1990 14 5.68 12.63 2.30 May December
092G.009.1.3.3-08 52 180 1988-1991 4 7.58 4.34 8.05 February October
092G.008.2.4.1-41 135 320 1988-1991 4 12.40 16.20 11.10 February October

4 Measured intermittently until 1971, well destroyed, not listed in Appendix Table 2.



recharge in that area. Smaller seasonal fluctuations,
typically from 1 to 5 feet, were more often observed in
the semiconfining units.

Typically, water levels in wells completed in
shallow water table aquifers, such as most of the Sumas
aquifer, respond more quickly to precipitation and
show larger fluctuations than do deeper wells that are
completed in confined or semiconfined aquifers. The
smaller range of water-level fluctuations found in the
these units is probably related more to the fact that
wells in these units are generally deeper, typically over
100 feet, than wells in the Sumas aquifer, which are
typically less than 50 feet deep. Water-level fluctua-
tions were about 4.5 feet in two Everson-Vashon wells
approximately 60 feet deep and were only 1 to 2 feet in
two other Everson-Vashon wells about 150 feet deep.
However, in contrast, the second largest seasonal
fluctuation (13.3 feet) was observed in the one shallow
well in the Everson-Vashon semiconfining unit
(39N/03E-36B03). The large fluctuations in this well
could be the result of focused recharge, a characteristic
of fine-grained deposits that have uneven, hummocky
surfaces, such as the Everson-Vashon semiconfining
unit. Water tends to pond in depressions in the uneven
surface, thereby concentrating recharge into these
areas. This concentration could result in large water-
level variations in shallow wells in these areas.

Fluctuations of water levels in wells within the
study area are caused largely by variation in monthly
precipitation amounts. The direct relation between
variations in precipitation and fluctuating ground-
water levels can be seen in figure 10, which compares
monthly precipitation recorded at the Clearbrook
weather station to monthly ground-water levels in well
40N/04E-05DO01. The well and the weather station are
about a mile apart. Between 1945 and 1976, water-
level altitude in this well fluctuated seasonally from
126 to 136 feet above sea level. The mean seasonal
water-level fluctuation during this period was 3.9 feet
per year. During this same period, annual precipitation
at the Clearbrook weather station ranged from 32.0 to
65.6 inches per year, with an annual mean of 47.5 and
a monthly mean of 3.96 inches. The difference be-
tween measured monthly precipitation and the 31-year
average monthly precipitation (3.96 inches) is the
monthly precipitation departure from the mean.
Because precipitation is the major factor in determin-
ing recharge to the shallow aquifer, the cumulative
precipitation departure then is a summation of the ante-
cedent recharge conditions for the area surrounding the
weather station.

The trend in ground-water levels in well
40N/04E-05DO01 follows the trend of the line depicting
the cumulative precipitation departure, particularly
during the periods of below average precipitation.
Years in which the total precipitation were substan-
tially less than the mean annual precipitation occurred
during 1949, 1952, 1958, 1963, 1970, 1973, and 1975;
water levels in well 40N/0O4E-05DO01 were noticeably
lower during the months following these low-precipita-
tion periods for all years except 1963 for which water-
level data are incomplete (figure 10). Corresponding
periods of high water tables following periods of
precipitation excess are not as noticeable, probably
because higher ground-water levels lead to higher
natural discharge rates, thereby preventing large rises
of the water table.

Information on long-term variation in ground-
water levels was gathered from three sources: compar-
ison of water levels measured prior to 1960 with water
levels measured in the same wells in 1990, comparison
of water-level contours prepared in 1949 and 1960 with
those prepared for 1990, and monitoring data from
observation wells. Most wells used in this study were
constructed after 1970; pre-1960 water-level data were
available for 26 wells where water levels were mea-
sured in 1990. Comparison of the 1990 measurements
to pre-1960 measurements ranged from 4 feet lower to
11 feet higher. Most 1990 water levels were within
2 feet of the pre-1960 water level, the median water-
level change being about 1 foot higher in 1990. In gen-
eral, the observed differences could easily be attributed
to seasonal variations, and thus these data are inconclu-
sive with respect to determination of long-term
water-level changes.

Water-level contours from previous studies by
Newcomb and others (1949) and the Washington State
Division of Water Resources (1960) are similar to those
generated for this study from data collected in 1990.
The source of the water-level data used by Newcomb
and others (1949) was measured water levels obtained
from several hundred wells during the summer of 1947
and 1948. The source of the water-level data used by
the Washington State Department of Conservation
(1960) is believed to be largely data collected by New-
comb and others (1949) plus additional data collected
between 1948 and 1960. The area where the three
water-level contour maps overlap is restricted to the
central part of the study area surrounding the town of
Lynden. To show the comparison of the three water-
level maps, selected water-level contours (50, 60, 100,
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Figure 10. Concurrence of low ground-water levels and cumulative precipitation deficits of the Lynden-Everson-Nooksack-

Sumas (LENS) study area, Whatcom County, Wash., and British Columbia, Canada.



120, and 140 feet above sea level) are shown on plate
3. The locations of 100-, 120-, and 140-foot contours
were similar in many respects for all three data sets,
particularly in the area north of the town of Lynden.
For contours below 100 feet elevation, the 1990 water
levels tended to be higher than both the 1960 and the
1949 water levels. Some differences in the placement
of the three sets of water-level contours is to be
expected because the individual sets of contours were
drawn from water-level data which differed both in the
number and spacing of water-level data points. Con-
sidering the potential differences in the data sets, the
differences in water-level contours appear neither large
enough nor consistent enough to indicate that water
levels have changed substantially in the intervening
time between the collection of data for each map.
Water levels in long-term observation wells
appear to be declining in some areas. The two long-
term observation wells within the Whatcom County
portion of the study area (see table 4 and fig. 10) do not
show patterns of long-term water-level change that are
outside the range of seasonal variations; however, mea-
surements of both observation wells were discontinued
in the 1970s. Several long-term observation wells
currently operated by BC Environment in the area
northwest of the town of Sumas have provided current
information on the long-term trend in water levels in
that area. Kohut (1987), in his analysis of the ground-
water supply capability of the Abbotsford aquifer
(equivalent to the outwash of the Sumas aquifer within
British Columbia), noted declining water levels in
several of these observation wells. The water-level
decline was most notable in wells near the eastern mar-
gin of the outwash plane where the Fraser Valley Trout
Hatchery and the towns of Sumas and Abbotsford have
large ground-water production facilities along the
eastern bluff of the Sumas outwash deposit. Kohut’s
(1987) analysis of water-level and precipitation records
showed high correlation of precipitation and ground-
water levels from the early 1960s until 1976 to 1979, a
period of below-average precipitation. During this
period of below-average precipitation, water-level
declines in observation wells exceeded the range
expected from declining precipitation, particularly in
wells located near the heavy pumpage along the eastern
flank of the outwash deposits. The declining water
levels were noticeable beginning in about 1977, which
coincided with the beginning of the operation of the
Fraser Valley Trout Hatchery. Further, Kohut noted in
a water budget analysis of the Abbotsford aquifer for

1985 that ground-water withdrawal by the hatchery and
the District of Abbotsford accounted for over 70 per-
cent of all ground-water withdrawal from the Abbots-
ford aquifer, or about 20 percent of the total recharge to
the Abbotsford aquifer. His budget did not include
pumpage for the City of Sumas, which would increase
the figures for the amount of ground-water withdrawal
from that area. Together, this information suggests that
the long-term trend of declining water levels observed
in observation wells near the Sumas-Abbotsford pump-
ing center is real and related to the pumpage of ground
water.

The extent to which the declining ground-water
levels extend away from the pumpage area is uncertain;
however, water-level declines that are most likely
related to pumpage along the eastern flank of the
upland can be seen in BC Environment’s observation
well 2 (092G.009.1.2.3-10), located about 3 miles west
of the pumping center. Average water levels declined
in this well about 10 feet during the late 1970s, when
below-average precipitation and increased pumpage
began. In the mid 1980s when annual precipitation was
again at or above average levels and the trout hatchery
was continuing to pump large quantities of ground
water, average water levels in the observation well rose
about 5 feet, which was about 5 feet below the pre-
stress level. Ground-water pumpage from that area has
remained at or above the levels of the late 1970s.

Human activities that alter rates of ground-water
recharge or discharge can also lead to long-term
changes in water levels. Several activities noted within
the study area that may lead to such changes include
development and urbanization and the installation of
shallow drainage systems. Development and urbaniza-
tion generally include the building of roads, parking
lots, buildings, and other impervious surfaces that can
substantially reduce the amount of water that can
infiltrate the soil surface and recharge the aquifer
below. Developed areas make up only about 1 percent
of the total study area (Lindsey, 1988). Thus for the
study area as a whole, development that has occurred
up until the early 1990s is not expected to substantially
change regional water levels; however, in those areas
where development is concentrated, particularly near
the town of Lynden and the City of Abbotsford, the
reduced recharge may be sufficient to decrease local
ground-water levels.
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Lower ground-water levels in parts of the study
area may have been caused by the installation of shal-
low surficial drainage systems, which occur throughout
much of the Whatcom County portion of the study area
(fig. 3). Shallow subsurface drains are installed to
reduce muddy or swampy conditions that inhibit the
use of land. Drains change the timing of ground-water
discharge, and when they are placed in areas that are
not year-round ground-water discharge zones, the early
discharge of ground water from the system will effec-
tively reduce the amount of ground-water storage in the
aquifer. This reduction will be most noticeable in the
fall when ground-water levels are naturally lowest.
This reduction in ground-water storage by early dis-
charge will cause seasonally low ground-water levels
to be even lower than they would be naturally. In turn,
the low ground-water levels can also reduce base-flow
to streams or in some areas eliminate streamflow alto-
gether. The extent to which drainage features have
affected the ground-water system of the study area is
beyond the scope of this report; however, the anecdotal
reports of reduced flow in small streams in the study
area may in part be the result of drainage features.

Recharge and Discharge

Ground water in the form of recharge and
discharge is constantly being added or removed from
hydrogeologic units that make up the ground-water
system. Quantitative estimates of recharge and dis-
charge throughout the study area, essentially a water
budget of the ground-water system, are beyond the
scope of this study. Nevertheless, a review of existing
information on recharge rates and characterization of
the factors that control recharge and discharge pro-
cesses in the study area should provide insight on how
these processes affect ground-water supplies.

Recharge to the ground-water system is due
largely to the infiltration of precipitation. Smaller
quantities of recharge are derived from losing reaches
of streams and other waterways, irrigation of croplands
and lawns, and leachate from septic systems and
manure storage lagoons. Recharge occurs to some
degree throughout the study area, with the possible
exceptions of areas of perennial ground-water dis-
charge and impervious surfaces such as asphalt and
concrete. The principal hydrelogic factors that control
recharge are (1) precipitation, which varies in both
space and time; (2) surficial geology and topography,
which is spatially variable; and (3) evapotranspiration,

34

which is both spatially and temporally variable. Thy
the rate of recharge will also vary in both space anqg
time. Inextreme situations, some areas can, at differe,
times of the year, either recharge or discharge water
from the ground-water system.

Most precipitation falling on the study area hy
adequate opportunity to infiltrate the soil. Rainfall
intensity is typically light to moderate. Rainfall inte,
sity for durations longer than 1 hour typically occursy
rates of less than 0.5 inch per hour, although occasiong
short-term cloud bursts may be higher (Miller and
others, 1973). The permeability of most soils overly.
ing the Sumas aquifer (table 1) is typically from 0.61
2.0 inches per hour or greater (U.S. Department of
Agriculture, Soil Conservation Service, 1992b),
allowing most precipitation falling on these areas
ample opportunity to infiltrate the soil.

The rate of ground-water recharge varies
seasonally, depending on the amount of precipitation
and evapotranspiration. Generally, moisture that is no
lost from the soil because of evapotranspiration will
continue to slowly percolate through the unsaturated
zone and become ground water. However, during the
summer growing season, evapotranspiration returns
substantial amounts of moisture back to the atmo-
sphere. Because the hydraulic conductivity of soils is
reduced exponentially at water contents below satura-
tion (Campbell, 1985), little if any recharge is expected
unless there is sufficient moisture to saturate most of
the soil profile. Monthly soil water budgets for the
Clearbrook and Abbotsford weather stations in table §
(from Washington State Division of Water Resources,
1960, and Kohut, 1987) indicate that evapotranspira-
tion typically exceeds precipitation between May and
September and that the precipitation exceeds evapo-
transpiration from October to April. Consequently,
most of the recharge is expected during October to
April; additionally, this is the period during which
water levels rise rapidly in shallow wells, also indicat-
ing recharge is occurring.

Estimates of recharge rates have been computed
for portions or all of the study area during previous
or concurrent studies. Halstead (1959) estimated
14.4 inches of recharge per year for a 20-square-mile
area of the Sumas aquifer near the Abbotsford Airport.
Kohut (1987) reported a recharge estimate of
24.4 inches per year based on the analysis of natural
discharge of springs in the 6-square-mile area of the
Sumas aquifer northwest of the town of Sumas. Kohut
(1987) further calculated estimates of recharge for the



Table 5. Monthly distribution of average precipitation, estimated potential evapotranspiration, and ground-water
recharge at two weather stations within the Lynden-Everson-Nooksack-Sumas study area, Whatcom County,

Wash., and British Columbia, Canada

[Data from Washington State Division of Water Resources, 1960, and Kohut, 1987]

Clearbrook Weather Station,
Whatcom County

Abbotsford Weather Station,
Abbotsford Airport, British Columbia

Average Average
Average Potential ground- Average Potential ground-
precipi- evapotrans- water precipi- evapotrans- water
tation, piration recharge tation, piration recharge
Month (inches) (inches)l (inches)] (inches) (inches)2 (inches)2
January 5.6 0.2 5.4 8.2 0.2 8.0
February 4.6 0.5 4.1 6.3 0.6 5.6
March 4.1 1.2 3.9 55 1.1 44
April 3.2 2.4 1 4.0 1.9 2.1
May 2.6 32 0 3.1 3.0 0.1
June 2.6 3.6 0 2.5 3.8 0
July 15 4.5 0 1.6 4.5 0
August 1.7 4.1 0 2.2 4.1 0
September 2.8 29 0 3.5 3.0 0.5
October 5.2 1.7 3.5 6.0 187 43
November 5.6 0.9 4.7 7.6 0.8 6.8
December 6.6 0.4 6.2 9.0 0.4 8.6
Total annual 46.1 25.4 27.8 59.5 25.2 40.4

! Estimated by the Washington Department of Natural Resources, 1960.

2 Estimated by Kohut, 1987.

area studied by Halstead (1959) using the water bal-
ance method of analysis by Thornthwaite and Mather
(1957) and an analysis of long-term water-level records
in two wells. The water balance analysis, based on

30 years of meteorological data from Abbotsford
Airport weather station and a soil-moisture capacity of
100 milliliters per meter, resulted in an estimate of
recharge of 37.5 inches per year. The recharge esti-
mates were based on analysis of 10 years of water-level
records from well 092G.009.2.1.3-47 using specific
storage values of 0.1, 0.2, and 0.3, which resulted in
recharge estimates of 10.7, 22, and 32 inches per year,
respectively. Well 092G.009.1.2.3-47 also is reported
to penetrate only sand and gravel that is expected to
have a specific storage value in the range of from 0.1 to
0.3, which would result in recharge estimates in this
area ranging from 32 to 48 inches per year. Well
092G.009.1.2.3-10, which is located near the area of
ice-contact deposits, is reported to have encountered

silty material in addition to sand and gravel. The esti-
mate of recharge for this well based on the analysis of
water levels and specific storage values of 0.1 and 0.2
is in the range of from 11 to 32 inches per year. Similar
duration and specific storage values were used for
water levels from well 092G.009.1.2.3-10, which
resulted in recharge estimates of 16, 32, and 48 inches,
respectively. The specific storage for gravelly sand
deposits typically is between 0.2 and 0.3, whereas
deposits with more intermixed fines would generally be
0.2 or less (A. I. Johnson, 1967).

Estimates of long-term average recharge for the
Puget Sound region are part of the on-going Regional
Aquifer Systems Analysis (RASA) of the glacial
aquifers in that area (John Vaccaro, USGS, written
commun., 1994). The RASA analysis has found that
spatial variations in precipitation and underlying geo-
logy could explain most of the known local variations
in regional recharge rates. Local variations aside, the
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RASA analysis has found that, in general, recharge in
areas underlain by fine-grained deposits constitutes
about 36 percent of annual precipitation, while
recharge in areas underlain by coarse-grained deposits
constitutes about 63 percent of annual precipitation.

The regional estimates of Vaccaro, based prima-
rily on precipitation amount and underlying geology,
compare favorably with the point estimates reported by
Kohut (1987) that are based on site-specific data.
Kohut’s estimate of 37.5 inches per year is based on the
water budget analysis of meteorological data from
the Abbotsford Airport, located in an area where the
regional estimate of recharge is between 31 and
40 inches per year. Regional estimates of recharge in
the area surrounding well 092G.009.1.2.3-10 vary
from 16 to 30 inches per year. The estimate reported
by Kohut (1987) of 24 inches per year, based on spring
discharge data from the base of the bluff along the
Sumas Valley, also includes this area where the
regional estimates vary from 16 to 30 inches per year.

The portion of Vaccaro’s recharge map that
depicts the distribution of recharge within the study
area is shown in figure 11 along with the point esti-
mates from Kohut (1987). As shown, estimated mean
annual recharge within the study area varies from 11 to
50 inches per year, reflecting in large part the large
range in precipitation across the study area. In the area
where the Sumas aquifer is extensive, estimated
recharge rates are generally in the range of from 21 to
30 inches per year, while recharge in areas of the
Everson-Vashon unit is estimated to be from 11 to
20 inches per year.

Local hydrologic features, which were not
included in Vaccaro’s regional estimates but will affect
the local recharge rates, are peat deposits and artifi-
cially drained soils. Peat deposits are generally present
in low-lying areas where ground water discharges to
streams. Recharge may not occur or will be substan-
tially reduced in these areas. Artificially drained soils
are present in some areas where extensive networks of
surface and buried drains maintain the water table
below the root zone during the growing season by
removing ground water from the ground-water system,
primarily during the winter and spring periods, which
effectively reduces the amount of yearly recharge in
that area. Most of the areas artificially drained by
either surface drainage ditches or buried tile drains are
also shown on figure 3. Flow in these drainage systems
occurs primarily during the winter and early spring and
stops once the water table has declined below the level
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of the drain. The drained soil areas are no longer dj.
charge areas when the water table drops below the Jey
of the drainage feature. The magnitude of the effect
these features on the regional recharge estimate is pg
known.

In addition to artificial drainage, typical groung.
water discharge occurs as spring flow, transpiration by
plants, evaporation, withdrawals from wells, and seep-
age to rivers, lakes, and streams. Natural ground-wate
discharge areas are generally immediately adjacent t
receiving surface-water bodies. The area of ground-
water discharge is generally much smaller than the are;
of recharge.

Conceptual Model of the Ground-Water System

Based on the foregoing description of the
ground-water flow system, a simplified conceptual
model of the study area’s ground-water system is
shown in figure 12. The study area can be character-
ized as a broad expanse of glacial deposits filling a
topographic depression bounded by uplands on all
sides, except where the channels of the Nooksack and
Sumas Rivers drain the area. Because the area is gen-
erally low lying, within a few hundred feet of sea level,
deep wells often draw ground water from altitudes
below sea level.

The ground-water system within the study area
comprises a sequence of glacial deposits that overlie
bedrock. The bedrock is composed of fractured
consolidated continental sediments and constitutes a
low-yielding aquifer. Overlying the bedrock is the
predominately fine-grained, low-permeability glaci-
omarine drift and older undifferentiated deposits that
underlie virtually all of the study area. The glacio-
marine drift is generally a confining unit except where
lenses of more permeable sands produce sufficient
water for low-yielding wells. Overlying the glacioma-
rine drift are glacial outwash sediments that compose
the most extensively used aquifer in the study area. In
the uplands along the study area boundaries, outwash is
largely absent, and the glaciomarine drift is the impor-
tant source of ground water.

Some precipitation falling on the area infiltrates
past the plant root zone and becomes recharge to the
ground-water system. Ground water in such upland
areas as the Cascade Range and boundary uplands
moves vertically downward and laterally to discharge
points. Most ground water enters the shallow Sumas
aquifer, then travels laterally. Lesser amounts of
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Figure 11. Estimated rates of ground-water recharge of the LENS study area, Whatcom County, Washington, and British
Columbia, Canada (from Vaccaro and others, 1996, and Kohut, 1989).
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ground water travel vertically to the deeper Everson-
Vashon unit. At depth, ground-water flow is mostly
jateral, toward the Nooksack River, where the flow
then becomes mostly upward.

The movement of ground water within the fine-
grained glacial deposits is slow. In several areas within
the fine-grained deposits, connate seawater that was
trapped within these sediments during deposition has
not been completely flushed. By comparison, ground-
water movement within the coarse-grained glacial
outwash is rapid.

The Nooksack River is the regional ground-
water discharge zone within the study area. Local
ground-water discharge also occurs, generally along
streams, in low-lying boggy areas, and in areas that
have been artificially drained. Ground water with-
drawn from wells for domestic and irrigation purposes
is a form of artificial discharge.

QUALITY OF GROUND WATER

The quality of the ground water in the study
area’s four hydrogeologic units varies substantially.
While much of the ground water sampled was of good
quality, there are several areas where substantial water-
quality concerns have resulted in some ground water
being deemed unsuitable for specific uses. The con-
centration of nitrate in 15 percent of all wells sampled
had nitrate concentrations larger than the drinking
water health guideline of 10 mg/L established by the
U.S. Environmental Protection Agency (USEPA) and
Health and Welfare Canada (HC). Concentrations of
iron and manganese exceeded drinking water aesthetic
guidelines in 20 and 50 percent, respectively, of wells
sampled for those constituents. Some water-quality
problems within the study area are of natural origin;
others are directly related to present and historic
land-use practices.

The term water quality refers to the chemical and
biological characteristics of water, the primary gage of
which is the analysis of the chemicals and minerals
dissolved in water. Water-quality assessment also
depends on the uses for which the water is intended--
human consumption, agricultural irrigation, industrial
and commercial processes, and so forth. In this study,
water quality is mainly compared to human-health and
aesthetic-based standards established by the USEPA
and HC for drinking water.

In this section, the quality of the ground water in
the study area is described from chemical analyses of
water samples collected for this study and readily
available data from other studies. Summary data tables
of the chemical analyses are included in the text, while
complete data tables are located at the end of the report.
Chemical concentrations and characteristics are
discussed and related to geographic areas and hydro-
geologic units where possible. Before this study was
conducted, there already were public concerns about
possible contamination of ground-water supplies by
nitrate, chloride, iron, and organic compounds; thus,
the frequency of occurrence, the areal distribution, and
the possible sources of these constituents are discussed
in more detail. Maps of areal distributions and box
plots show patterns in concentrations and differences
between ground water from different hydrogeologic
units. Temporal variations of nitrate and other constit-
uents are described using time series plots. A subse-
quent chapter will address potential sources of nitrate
in ground water.

Data used in this report include water samples
from 368 wells, which were analyzed for nitrate,
chloride, and specific conductance; later, more detailed
chemical analyses were obtained from 125 wells. Col-
lection of samples for detailed chemical analysis from
wells in British Columbia was coordinated with BC
Environment and EC. Samples were also collected
monthly, from August 1990 to November 1991, from
25 wells and were analyzed for total nitrate, chloride,
and specific conductance. EC also collected and
analyzed monthly water-quality samples from its
network of observation wells in British Columbia.

Additional data from concurrent studies con-
ducted by Ecology, BC Environment, and EC have also
been included where appropriate. During this study,
Ecology was conducting investigations of chemical
inputs to ground water from manure storage lagoons
(Erickson, 1991 and 1992 and Garland and Erickson,
1994). Water-quality data from those studies were
incorporated into this report where appropriate. In
1987 BC Environment established three nested pie-
zometer sites south of the Abbotsford Airport for the
purpose of long-term, semiannual monitoring of
nitrates at various depths in the Abbotsford aquifer,
which is the upland portion of the Sumas aquifer north
of the border between the United States and Canada.
Selected results from BC Environment’s monitoring
are reported in several sections of this report to demon-
strate vertical variations in water quality; however, it
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should be noted that these wells were installed in an
area of known nitrate contamination and that some of
the variations in chemistry may be due to the nitrate
contamination. EC also provided data from its ongoing
study of pesticide and nitrates in the Canadian portion
of the Sumas aquifer (Liebscher and others, 1992).

It should also be noted that for many constitu-
ents, some concentrations may be reported as “less
than” (<) a given value, where the value given is the
reporting limit of the analytical method. For example,
the concentrations of many organic compounds are
reported as <0.2 pg/L (microgram per liter) where the
reporting limit is 0.2 ug/L. The correct interpretation
of such concentrations is that the constituent was not
detected at or above that particular concentration. The
constituent could be present at a lower concentration,
such as 0.1 pg/L, or it may not be present at all, but that
determination is beyond the capabilities of the analyti-
cal method used.

Data that describe the quality of the ground
water are statistically summarized in the text, and com-
plete data tables are given in the Appendix section at
the end of the report. Table 6 compares median values
for each of the common constituents by hydrogeologic
unit. Tables 7-10 show variability of common constit-
uents within each hydrogeologic unit by listing mini-
mum, median, and maximum values, along with 25th-
and 75th-percentile values. Data on the variability of
nitrate concentrations in ground water are presented in
tables 11 and 12. Statistical summaries of the concen-
trations of trace elements and synthetic organic
compounds are presented in tables 13-15. Relative
cumulative frequency and boxplot diagrams show the
distribution of sample concentrations. The distribution
of nitrate and chloride concentrations in ground water
within the Sumas aquifer and Everson-Vashon unit was
analyzed and divided into four concentration groups
and plotted on plates 4 and 5, along with relative
cumulative frequency diagrams.

Water-Quality Methods

The sampled wells were selected to provide
broad areal coverage and to be representative of all
hydrogeologic units. The number of wells selected for
sampling within each hydrogeologic unit was approxi-
mately proportional to the total number of wells inven-
toried in each unit. Wells from which samples were
analyzed for concentrations of pesticides and volatile
organic compounds were selected largely on the basis
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of the predominant land use in the vicinity of the wg
the susceptibility of the hydrogeologic unit to conty,
ination, and previous water-quality analysis.

During the initial well inventory, water-quali
samples were collected from pumping or recently '
pumped wells. These samples were intended to may;
mize the areal extent of preliminary water-quality
information, and, hence, they are referred to as reco,
naissance water-quality samples. The constituents
analyzed in the reconnaissance water-quality sample
were nitrate, chloride, and specific conductance.
These constituents are generally considered to be stahj;
in solution, and the concentrations are not expectedy
alter substantially within the well or pumping systen
of wells that are routinely used. Unfiltered samples
were collected after limited flushing (2 to 5 minutes)
the well and pumping system. See the Appendix sec-
tion at the end of this report for additional details on
reconnaissance water-quality sampling.

Nitrate samples were preserved with mercuric
chloride and stored on ice prior to analysis by the
USGS National Water Quality Laboratory (NWQL)in
Arvada, Colo., while chloride samples were analyzed
by the Bureau of Reclamation Laboratory (BR) in
Boise, Idaho. Specific conductance was analyzed in
the USGS Field Laboratory at the district office in
Tacoma, Washington. A total of 368 reconnaissance
samples were collected. The data from these samples
formed the basis for mapping the areal distribution of
nitrate and chloride within the study area and were used
to guide the selection of sampling sites at which more
detailed chemical analyses would be completed.



Table 6. Median values and concentrations of water-quality constituents in ground waters from four

hydrogeologic units

[The number of samples from each hydrogeologic unit is variable; deg C, degrees Celsius; iLS/cm, microsiemens per
centimeter at 25°Celsius; mg/L, milligrams per liter; pg/L, micrograms per liter

Hydrogeologic units '

Everson-
Vashon Vashon Bedrock

Sumas semicon- semicon- semicon-
Water-quality constituent aquifer fining unit fining unit fining unit
Temperature (deg C) 10 10.8 9.6 11.5
Specific conductance, field (1LS/cm) 235 309 844 710
Specific conductance, lab (US/cm) 231 480 1,190 1,380
pH, field (standard units) 6.5 8.0 8.3 8.4
pH, lab (standard units) 6.7 8.1 7.8 8.3
Dissolved oxygen (mg/L) 4.0 0.2 0.4 0.1
Hardness, total (mg/L as CaCO5) 86 68 130 26
Calcium, dissolved (mg/L) 22 16 35 9.9
Magnesium, dissolved (mg/L) 6.4 7.0 12 0.7
Sodium, dissolved (mg/L) 6.0 98 190 220
Sodium (percent) 13 17/ 48 95
Sodium adsorption ratio 0.3 ) 6 24
Potassium, dissolved (mg/L) 1.4 3.8 2:2 1.2
Alkalinity (mg/L as CaCOs) 45 190 75 230
Sulfate, dissolved (mg/L) 15 2.9 5.0 155)
Chloride, dissolved (mg/L) 8.8 T 182 37
Fluoride, dissolved (mg/L) <0.1 0.3 0.2 0.4
Silica, dissolved (mg/L) 19 19 17 9.9
Total dissolved solids (mg/L) 147 252 132 567
Iron, dissolved (png/L) 26 80 54 48
Manganese, dissolved (jg/L) 8 17 20 13
Ammonia as nitrogen, dissolved (mg/L) 0.02 C.15 0.03 0.30
Ammonia as nitrogen, total (mg/L) 0.01 0.31 0.16 0.14
Nitrite as nitrogen, dissolved <0.01 <0.01 <0.01 <0.01
Nitrite as nitrogen, total <0.01 <0.01 <0.01 <0.01
Ammonia plus organic nitrogen, dissolved (mg/L) 0.30 0.40 0.40 0.70
Ammonia plus organic nitrogen, total (mg/L) 0.20 0.40 0.42 0.50
Nitrate plus nitrite as nitrogen, total (mg/L) 3.8 0.10 <0.10 <0.10
Nitrate plus nitrite as nitrogen, dissolved (mg/L) 3.7 <0.05 <0.10 <0.05
Phosphate, ortho as phosphorus, dissolved (mg/L)  <0.01 0.26 0.02 <0.01
Phosphate, ortho as phosphorus, total (mg/L) <0.01 0.73 0.09 0.03
Dissolved organic carbon (mg/L) 0.7 0.6 157 1.2
Boron, dissolved (pg/L) 20 120 30 60
Bromide, dissolved (mg/L) 0.03 0.03 <0.01 1.1

' The number of samples for each constituent from each hydrogeologic unit are shown in tables 7 to 10.
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Table 7. Statistical summary of values and concentrations of water-quality constituents in the Sumas aquifer

[deg C, degrees Celsius; JLS/cm, microsiemens per centimeter at 25°Celsius; mg/L, milligrams per liter; lLg/L, micrograms per liter;

<, less than]
Number of 25th 75th

Constituent name samples Mean Median Minimum  Maximum percentile percentile
Temperature (deg C) 79 10 10 8.0 14 10 1
Specific conductance, field (JLS/cm) 224 246 233 50 1,770 161 289
Specific conductance, lab (LLS/cm) 101 264 231 72 1,220 168 294
pH, field (standard units) 78 6.7 6.5 5.6 12 6.2 6.9
pH, lab (standard units) 97 6.8 6.7 58 8.7 6.4 7.1
Dissolved oxygen (mg/L) 74 6.8 42 0 12.6 1.6 el
Hardness, total, (mg/L as CaCOz) 97 98 86 27 400 59 120
Calcium, dissolved (mg/L) 97 24 22 6.5 94 14 31
Magnesium, dissolved (mg/L) 97 9.1 6.4 1.8 51 4.7 94
Sodium, dissolved (mg/L) 97 8.9 6.0 3.1 61 4.7 8.7
Sodium (percent) 97 16 13 6 42 11 19
Sodium adsorption ratio 97 0.4 0.3 0.1 3 0.2 0.4
Potassium, dissolved (mg/L) 97 42 1.4 0.5 110 0.9 2.6
Alkalinity (mg/L as CaCO3) 97 64 45 10 560 26 70
Sulfate, dissolved (mg/L) 100 18 15 0.1 120 73 24
Chloride, dissolved (mg/L) 331 13 8.8 0.3 210 5.6 13
Fluoride, dissolved (mg/L) 100 <0.1 <0.1 <0.1 0.4 <0.1 0.1
Silica, dissolved (mg/L) 97 29, 19 8.7 53 16 24
Total dissolved solids (mg/L) 93 169 147 53 760 109 190
Iron, dissolved (Lg/L) 117 2,100 26 <3 36,000 6 140
Manganese, dissolved ([Lg/L) 97 160 8 <l 3,500 2 110

(per milliliter) 22 6.7 7.05 1.5 12 4.0 9.0
Ammonia as nitrogen, dissolved (mg/L) 97 1 (] 0.02 <0.01 63 <0.01 0.06
Ammonia as nitrogen, total (mg/L) 65 1.3 0.01 <0.01 46 <0.01 0.03
Nitrite as nitrogen, dissolved (mg/L) 97 0.02 <0.01 <0.01 0.37 <0.01 0.01
Nitrite as nitrogen, total (mg/L) 65 0.02 <0.01 <0.01 0.34 <0.01 0.01
Ammonia plus organic as nitrogen,

dissolved (mg/L) 96 1.5 0.30 <0.2 63 0.20 0.60
Ammonia plus organic as nitrogen,

total (mg/L) 39 2.6 0.20 <0.20 50 0.20 0.51
Nitrate plus nitrite as nitrogen,

total (mg/L) 230 5.6 3.8 <0.05 43 0.60 8.8
Nitrate plus nitrite as nitrogen,

dissolved (mg/L) 108 6.0 3.7 <0.05 43 0.44 9.8
Phosphate, ortho as phosphorus,

dissolved (mg/L) 81 <0.10 <0.01 <0.01 3.3 <0.01 0.01
Phosphate, ortho as phosphorus,

total (mg/L) 65 <0.01 <0.01 <0.01 0.14 <0.01 0.01
Dissolved organic carbon (mg/L) 71 2.0 0.7 0.2 39 0.5 152
Methylene blue active substances,

MBAS (mg/L) 56 <0.02 <0.02 <0.02 0.09 <0.02 <0.02
Boron, dissolved (1g/L) 59 20 20 10 120 10 30
Bromide, dissolved (mg/L) 33 0.15 0.03 0.01 3.1 0.01 0.04

42



Table 8. Statistical summary of values and concentrations of water-quality constituents in the Everson-Vashon semi-
confining unit

[deg C, degrees Celsius; uS/cm, microsiemens per centimeter at 25°Celsius; mg/L, milligrams per liter; pg/L, micrograms per liter;

<, less than]

Number of 25th 75th

Constituent name samples Mean Median Minimum  Maximum percentile  percentile
Temperature (deg C) 28 12 10.8 9.0 L7 10.5 12
Specific conductance, field (US/cm) 83 618 336 99 10,100 244 548
Specific conductance, lab (1S/cm) 20 1,200 480 198 9,950 296 1,070
pH, field (standard units) 27 7.7 8 0.3 8.9 7.1 85
pH, lab (standard units) 19 8.0 8.1 6.6 8.8 73 8.6
Dissolved oxygen (mg/L) 19 1.3 0.2 0 64 0.1 1.5
Hardness, total (mg/L as CaCOs3) 19 130 68 10 1,000 28 120
Calcium, dissolved (mg/L) 19 23 16 2.0 140 4.0 27
Magnesium, dissolved (mg/L) 19 17 7.0 0.9 160 43 12
Sodium, dissolved (mg/L) 19 220 98 4.7 1,800 33 230
Sodium (percent) 19 64 77 11 97 35 89
Sodium adsorption ratio 19 10 S 0.2 31 1 14
Potassium, dissolved (mg/L) 19 6.8 3.8 1.0 RR! 29 59
Alkalinity (mg/L as CaCO3) 19 210 190 47 440 130 300
Sulfate, dissolved (mg/L) 22 44 2.7 0.1 620 0.2 11
Chloride, dissolved (mg/L) 87 98 79 0.8 2,800 48 30
Fluoride, dissolved (mg/L) 22 0.4 0.3 <0.1 1.1 0.2 0.5
Silica, dissolved (mg/L) 19 20 19 13 31 16 23
Total dissolved solids (mg/L) 14 905 259 136 5,630 173 1,280
Iron, dissolved (ug/L) 25 190 80 <3 960 30 260
Manganese, dissolved (ng/L) 19 87 17 <l 360 6 140
Ammonia as nitrogen, dissolved (mg/L) 22 0.28 0.15 0.01 Je2 0.01 047
Ammonia as nitrogen, total (mg/L) 7 0.34 0.31 0.02 0.76 0.28 041
Nitrite as nitrogen, dissolved (mg/L) 22 <0.01 <0.01 <0.01 0.01 <0.01 <0.01
Nitrite as nitrogen, total (mg/L) i/ <0.01 <0.01 <0.01 0.01 0.01 0.01
Ammonia plus organic nitrogen,

dissolved (mg/L) 21 0.32 0.40 <0.01 1.2 <0.01 0.40
Ammonia plus organic nitrogen,

total (mg/L) 7 0.45 0.40 0.20 0.93 0.20 0.50
Nitrate plus nitrite as nitrogen,

total (mg/L) 81 0.68 0.10 <0.05 10 0.10 0.25
Nitrate plus nitrite as nitrogen,

dissolved (mg/L) 21 13 <0.05 <0.05 9.9 <0.05 1.4
Phosphate as phosphorus, dissolved (mg/L) 22 0.46 0.26 0.01 23 0.01 0.81
Phosphate as phosphorus, total (mg/L) 7 0.72 0.73 0.01 1.8 0.14 1.2
Dissolved organic carbon (mg/L) 12 1.4 0.65 0.3 6.8 0.4 2.0
Methylene blue active substances (mg/L) 7 <0.02 <0.02 <0.02 0.03 <0.02 <0.02
Boron, dissolved (pg/L) 15 230 120 <10 890 30 360
Bromide, dissolved (mg/L) 10 0.38 0.03 0.01 1.90 0.02 0.49




Table 9. Statistical summary of values and concentrations of water-quality constituents in the Vashon

semiconfining unit

[deg C, degrees Celsius; [1S/cm, microsiemens per centimeter at 25°Celsius; mg/L, milligrams per liter; [Lg/L, micrograms per liter]

Number of 25th 75th

Constituent name samples Mean Median Minimum Maximum  percentile percentile
Temperature (deg C) 3 9.5 9.5 8.0 10.5 8.0 10.5
Specific conductance, field (LLS/cm) 8 651 844 210 2,290 320 1,850
Specific conductance, lab (LLS/cm) 4 1,220 1,190 208 2,290 210 2,260
pH, field (standard units) 3 7.8 8.3 6.5 8.6 6.5 8.6
pH, lab (standard units) 4 1.7 7.8 6.9 8.3 7.0 8.3
Dissolved oxygen (mg/L) 3 24 0.4 0.1 6.8 0.1 6.8
Hardness, total (mg/L as CaCO3) ks 130 130 90 170 92 170
Calcium, dissolved (mg/L) 4 32 35 13 46 17 45
Magnesium, dissolved (mg/L) 4 12 12 7.0 16 7.8 16
Sodium, dissolved (mg/L) 4 190 190 34 400 4.1 390
Sodium (percent) 4 47 48 7 84 8 84
Sodium adsorption ratio 4 7 6 0.2 14 0.2 14
Potassium, dissolved (mg/L) 4 2.6 2.2 1.2 4.7 1:2 43
Alkalinity (mg/L as CaCO3) 4 76 75 57 95 60 92
Sulfate, dissolved (mg/L) 4 7.8 5.0 <0.1 21 0.3 18
Chloride, dissolved (mg/L) 8 270 182 1.7 750 13 580
Fluoride, dissolved (mg/L) 4 0.2 0.2 <0.1 0.4 0.1 04
Silica, dissolved (mg/L) 4 18 17 15 21 15 20
Total dissolved solids (mg/L) 2 132 132 127 137 127 137
Iron, dissolved (LLg/L) 4 80 50 10 190 20 160
Manganese, dissolved (lLg/L) 4 33 20 <l 90 6 72
Ammonia as nitrogen, dissolved (mg/L) 3 0.10 0.03 <0.01 0.25 <0.01 0.25
Ammonia as nitrogen, total (mg/L) 1 0.16 0.16 0.16 0.16 0.16 0.16
Nitrite as nitrogen, dissolved (mg/L) 3 <0.01 <0.01 <0.01 0.01 <0.01 0.01
Nitrite as nitrogen, total (mg/L) 1 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Ammonia plus organic nitrogen,

dissolved (mg/L) 3 0.33 0.40 0.20 0.40 0.20 0.40
Ammonia plus organic nitrogen,

total (mg/L) 1 0.42 0.42 0.42 0.42 0.42 042
Nitrate plus nitrite as nitrogen,

total (mg/L) 8 0.86 <0.10 0.08 6.2 <0.10 0.10
Nitrate plus nitrite as nitrogen,

dissolved (mg/L) 4 178 <0.10 <0.05 5.0 <0.10 3.8
Phosphate, ortho as phosphorus, dissolved

(mg/L) 3 0.02 0.02 <0.01 0.03 0.01 0.03
Phosphate, ortho as phosphorus, total (mg/L) 1 0.09 0.09 0.09 0.09 0.09 0.09
Dissolved organic carbon (mg/L) 1 157 1.7 157 157 157 1.7
Methylene blue active substances (mg/L) 1 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02
Boron, dissolved ([lg/L) 1 30 30 30 30 30 30
Bromide, dissolved (mg/L) | <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
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Table 10. Statistical summary of values and concentrations of water-quality constituents in the bedrock

semiconfining unit

[deg C. degrees Celsius; [LS/cm, microsiemens per centimeter at 25°Celsius; mg/L, milligrams per liter; [lg/L, micrograms per liter;

<, less than]

Number of 25th 75th

Constituent name samples Mean Median Minimum  Maximum percentile percentile
Temperature (deg C) 8 12 11.5 10 14 10.5 13
Specific conductance, field ([LS/cm) 14 937 710 88 4,020 250 1,060
Specific conductance, lab (LLS/cm) 6 1,730 1,380 360 4,200 746 2,720
pH, field (standard units) 7 8.4 8.4 3o 9.2 7.8 9.1
pH, lab (standard units) S 8.2 8.3 7.6 8.6 7.9 8.4
Dissolved oxygen (mg/L) 7 0.1 0.1 <0.1 0.3 <0.1 0.2
Hardness, total (mg/L as CaCO3) S 56 26 13 200 13 110
Calcium, dissolved (mg/L) 5 18 9.9 4.0 61 43 36
Magnesium, dissolved (mg/L) 5 24 0.7 0.2 9.7 04 53
Sodium, dissolved (mg/L) 5 330 220 67 760 140 570
Sodium (percent) 5 92 95 82 98 86 97
Sodium adsorption ratio S 24 24 5 46 12 35
Potassium, dissolved (mg/L) 5 2.0 1.2 0.8 53 0.8 34
Alkalinity (mg/L as CaCOj3) 5 310 230 150 600 160 490
Sulfate, dissolved (mg/L) 5 14 1.3 <0.1 79 0.3 23
Chloride, dissolved (mg/L) 14 210 37 1.4 1,200 15 210
Fluoride, dissolved (mg/L) S 04 04 0.3 0.5 0.3 0.5
Silica, dissolved (mg/L) 5 10 9.9 7.6 13 84 12
Total dissolved solids (mg/L) 4 907 567 208 2,290 294 1,860
Iron, dissolved (pg/L) S 350 50 <3 1,500 10 840
Manganese, dissolved (HLg/L) 5 48 13 6 110 8 100
Ammonia as nitrogen, dissolved (mg/L) 5 0.63 0.30 <0.01 2.0 0.02 0.8
Ammonia as nitrogen, total (mg/L) 3 0.16 0.14 0.13 0.20 0.13 0.20
Nitrite as nitrogen, dissolved (mg/L) S <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Nitrite as nitrogen, total (mg/L) < <0.01 <0.01 <0.01 0.01 <0.01 <0.01
Ammonia plus organic nitrogen,

dissolved (mg/L) 5 0.94 0.70 <0.20 24 0.30 (7
Ammonia plus organic nitrogen,

total (mg/L) 3 0.53 0.50 <0.20 0.90 0.20 0.90
Nitrate plus nitrite as nitrogen,

total (mg/L) 14 0.18 <0.10 <0.05 1.6 <0.10 0.18
Nitrate plus nitrite as nitrogen,

dissolved (mg/L) 5 0.07 <0.05 <0.05 0.16 <0.05 0.10
Phosphate, ortho as phosphorus, dissolved

(mg/L) 5 0.02 0.01 <0.01 0.04 <0.01 0.04
Phosphate, ortho as phosphorus, total (mg/L) 3 0.07 0.03 <0.01 0.18 <0.01 0.18
Dissolved organic carbon (mg/L) 2 1.2 12 1.0 1.4 1.0 1.4
Boron, dissolved ([Lg/L) 4 120 60 60 310 60 30
Bromide, dissolved (mg/L) 3 1.4 1.1 0.4 2.6 0.4 0.01
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Table 11. Temporal variability of nitrate concentrations in ground waters with multiple observations

[G, USGS; F, Flora, written communications; S, City of Sumas; C, Environment Canada; B, British Columbia Ministry of Environment; W, Washington State
Department of Ecology; SUMS, Sumas aquifer; EVRS, Everson-Vashon unit; VSHN, Vashon unit; --, no data; <, less than]

Number Coeffi-

Hydro- of Nitrate concentrations, in milligrams per liter cient of
Well geologic  Depth  Period obser- Data Standard variation
number unit (feet)  of record vations source  Range Minimum  Maximum  Average deviation  (percent)
39N/02E-01P02 SUMS 34 8/90-10/91 12 U 29 5.3 14 8.5 2.3 26
39N/02E-10F01 SUMS 20 8/90-10/91 14 U 13 1.6 15 7 4.0 52
39N/02E-27F03 SUMS 44 10/90-10/91 14 U 12 1.6 14 12 2.8 25
39N/03E-01C01 SUMS 49 10/90-10/91 12 U 0.1 0.26 0.37 0.30 0.03 9.7
39N/03E-10L01 SUMS 35 81-86 237 F 8.9 0.27 9.2 2.8 1.4 51
39N/03E-10L01 SUMS 35 10/90-10/91 11 U 2.7 0.14 2.8 1.4 0.98 70
39N/03E-19NO1 EVRS 62 10/90-10/91 10 U 0.3 1.1 1.4 1.3 0.12 SH;
39N/03E-26P02 EVRS 155 10/90-10/91 11 U 0 <0.1 <0.1 - - --
39N/04E-03P01 VSHN 117 3/90-9/91 12 U 0 <0.1 <0.1 -- - --
40N/02E-03C01 EVRS 100 11/90-9/91 10 U 0 <0.1 <0.1 - - --
40N/02E-27B01 SUMS 41 7/90-9/91 13 U 5.7 6.3 12 8.2 2,7 33
40N/03E-03B01 SUMS 29 7/90-12/91 15 U 5 5.8 11 7.54 2:52 33
40N/03E-5M05 SUMS 12 2/90-4/93 18 W 96 2.5 99 34 33 96
40N/03E-5N01 SUMS 18 1/90-5/92 g/ W 4.4 0.2 . 46 1.7 1.6 92
40N/03E-5N02 SUMS 24 1/90-8/92 11 W 1.6 0.8 2.4 12 0.71 59
40N/03E-16H02 SUMS 29 7/90-9/91 13 U 12 2.7 15 10 4.0 40
40N/03E-32M01 SUMS 26 8/90-9/91 15 U 4.1 8.9 13 11 1.0 9.1
40N/03E-20F01 SUMS 18 11/90-12/91 12 U 1.4 <0.1 155 0.54 0.51 95
41N/03E-32Q1 SUMS 25 6/90-7/91 5 W 26 16 43 24 13 54
41N/04E-31J02 SUMS 80 10/90-9/91 13 U T g 29 14 11 3.0 28
41N/04E-33HO1 SUMS 58 12/88-11/91 34 S 3.3 1.7 5 2.2 0.5 22
41N/04E-33HO01S SUMS - 12/88-11/91 33 S 8.5 3.9 7.4 5.4 0.65 12
41N/04E-33H02 SUMS 58 12/88-11/91 35 S 3.8 B 7.8 55 0.8 15
41N/04E-33H03 SUMS 58 12/88-11/91 35 S 3.6 4.6 8.2 6.1 057 13
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Table 11. Temporal variability of nitrate concentrations in ground waters with multiple observations--Continued

Number Coeffi-

Hydro- of Nitrate concentrations, in milligrams per liter cient of
Well geologic  Depth  Period obser- Data Standard  variation
number unit (feet)  of record vations source  Range Minimum  Maximum  Average deviation  (percent)
41N/04E-33H04 SUMS 69 12/88-11/91 35 S 2.7 3.7 6.4 52 0.58 11
092G.009.1.1.1-06-20 SUMS 20 6/88-6/90 13 B 24 10 41 20.3 8.6 42
092G.009.1.1.1-06-35 SUMS 35 6/88-6/90 12 B 17 17 34 20 4.8 24
092G.009.1.1.1-07-55 SUMS 55 6/88-6/90 13 B 5.7 6.3 12 8.4 2.0 24
092G.009.1.1.1-07-75 SUMS 75 6/88-6/90 13 B 1.8 2.3 4.1 3.2 0.6 18
092G.009.1.1.2-11-25 SUMS 25 6/88-6/90 13 B 19 4.0 23 12 5.2 43
092G.009.1.1.2-11-35 SUMS 35 6/88-6/90 13 B 10 13 23 18 3.2 18
092G.009.1.1.2-12-55 SUMS 35 6/88-6/90 13 B 8.2 3.8 12 75 2.6 35
092G.009.1.1.2-12-75 SUMS 75 6/88-6/90 13 B 5.0 0.2 5.2 2.4 1.8 75
092G.009.1.1.4-18-25 SUMS 25 6/88-6/90 12 B i 3.4 11 4.9 1.9 39
092G.009.1.1.4-18-35 SUMS 35 6/88-6/90 12 B 2.4 3.5 5:9 4.6 0.8 18
092G.009.1.1.4-19-55 SUMS 55 6/88-6/90 12 B il 4.3 5.6 5.0 0.41 8.0
092G.009.1.1.4-19-75 SUMS 75 6/88-6/90 12 B 1.4 53 7.0 6.6 1157 19.
092G.009.1.2.4-34 EVRS 163 3/73-5/92 40 E 5.0 5.0 10 6.9 1.4 20
092G.009.1.2.3-39 SUMS 81 3/71-8/91 40 E 7.0 11 18 15 1.6 11
092G.008.2.2.2-ABB1 SUMS 25 1/90-5/91 22 E 25 2.6 28 12.2 5 42
092G.009.1.1.2-ABB2  SUMS 25 1/90-8/92 22 E 11 6.7 18 11.0 3.2 29
092G.009.1.2.1-ABB3 SUMS 58 11/89-8/92 22 E 22 5.3 27 17.0 5.6 33
092G.009.1.2.1-ABB4  SUMS 96 1/90-8/92 21 E 11 18.3 29 253 4.0 16
092G.009.1.1.1-ABB5 ~ SUMS 29 11/82-8/92 29 E 9 16 25 20.3 3.25 16
092G.009.1.1.4-ABB6  SUMS 30 11/89-8/92 21 E 6.4 8.6 15 11.6 1.84 16




Table 12. Nitrate concentrations in water samples obtained from the same well 3 years apart
[--, undefined; <, less than]

Nitrate concentrations, in milligrams per liter

August August Percent

Local number 1988 1991 difference
40N/02E-14P02 8.94 13 +45
40N/02E-15A01 24.4 3.2 -87
40N/02E-15C01 0.28 0.12 -57
40N/02E-15H01 1.04 0.07 -93
40N/02E-15P01 3.63 1.4 -61
40N/02E-15R02 5.16 828 +59
40N/02E-21D01 1.49 0.59 -60
40N/02E-21J05 1.14 4.8 +321
40N/02E-21NO1 3.92 8.2 +109
40N/02E-22E02 4.32 4.8 +11
40N/02E-22N02 10.2 13 +28
40N/02E-22N07 5.43 5.0 -8
40N/02E-23A03 <0.1 6.7 -
40N/02E-23B02 13.6 11 -19
40N/02E-23D04 152 13 -14
40N/02E-23P01 10.3 20 +93
40N/02E-26C03 4.6 22 -52
40N/02E-26D02 1.66 5.6 +237
40N/02E-27C01 8.24 7.8 -5
40N/02E-27D02 7.03 72 +2
40N/02E-28G01 4.97 7.4 +49
Median W _6—7_ _E
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Table 13. Summary of concentrations of trace elements in ground water from four hydrogeologic units
[--,no US. Environmental Protection Agency (USEPA) drinking water guideline; HC = Health Canada; < = less than]

USEPA

Number Number Number of Detected concentrations, dissolved, and (HC)

of wells of wells wells with in micrograms per liter drinking Number

with with elements not water of wells

analysis elements detected Mini- Maxi- reference* exceeding
Element reported detected in analysis mum Median mum (ng/L) standard
Arsenic 48 6 42 1 1% $%6 50  (50) 0
Barium 43 40 3 3 12 1,100 2,000 (1,000) 0 (1)
Beryllium 18 0 18 - = £s 4 0
Cadmium 46 2 44 1 2 3 5 (9 0
Chromium 46 1 45 2 2 2 100 (50) 0
Cobalt* 28 1 27 3 3 3 == 0
Copper 46 35 11 1 6 190 1,300b  (1,000) 0
Lead 44 2 34 1 1 1 15b  (10) 0
Lithium 6 2 4 4 11 18 - 0
Mercury 18 0 18 -- - - 2 ) 0
Molybdenum* 28 3 25 10 20 40 -- 0
Nickel 28 0 19 - - - 100 (10) 0
Selenium 30 1 29 1 1 1 50 0
Silver 36 9 27 1 1 2 100a 0
Strontium 18 18 0 49 102 1,700 -- 0
Vanadium 28 3 25 3 5] 6 - 0
Zinc* 46 43 3 6 30 240 5,000a  (5,000) 0

* Primary drinking water standard, unless noted, a = secondary standard, b = action level.

** Two wells reported non-detects at 250 pg/L, not included in concentration range.

49



Table 14. Summary of total recoverable concentrations, analytical reporting limits, and health advisory levels for
pesticides and volatile organic compounds included in the analysis of selected ground-water samples

[Mg/L, micrograms per liter; <, less than; -, no data; THM, trihalomethane; n.d., not detected]

Number of
Minimum analyses Largest
analytical Health greater than detected
reporting advisory Number or equal to concen-
Common Trade level level of wells reporting tration
name name(s) (ng/L) (ng/L) sampled level (ng/L)
Triazines and other nitrogen containing herbicides
Alachlor Lasso 0.1 60 24 0 n.d.
Ametryn Evik/Ametrex 0.1 - 24 0 n.d.
Atrazine AAtrex 0.1 3 24 1 0.1
Cyanazine Bladex 0.1 10 24 0 n.d.
Metolachlor Dual 0.1 100 24 0 n.d.
Metribuzin Lexone/Sencor 0.1 200 24 0 n.d.
Prometon Pramitol 0.1 100 24 0 n.d.
Prometryn 0.1 24 0 n.d.
Propazine Milogard 0.1 10 24 0 n.d.
Simazine Princep/Simadex 0.1 1 24 0 n.d.
Simetryn Simetryne 0.1 -- 24 0 n.d.
Trifluralin Treflan 0.1 5 24 0 n.d.
Carbamate insecticides and metabolites
Aldicarb Temik 0.05 10 24 0 n.d.
Aldicarb Standak 0.05 10-40 24 0 n.d.
sulfone
Aldicarb metabolite * 0.05 10 24 0 n.d.
sulfoxide
Carbaryl Sevin 0.05 700 24 0 n.d.
Carbofuran Furadan 0.05 40 24 0 n.d.
3-Hydroxy metabolite * 0.05 - 24 0 n.d.
carbofuran
Methomyl Lannate/Nudrin 0.05 200 24 0 n.d.
1-Naphthol 0.05 24 0 n.d.
Oxamyl Vydate 0.05 200 24 1 0.05
Propham Chem-Hoe 0.05 100 24 0 n.d.
Volatile organic compounds
Chloromethane <0.2 -- 24 0 n.d.
Dichloromethane <0.2 5 24 0 n.d.
Trichloromethane <0.2 -- 24 0 n.d.
Tetrachloromethane <0.2 -- 24 0 n.d.
Bromomethane <0.2 -- 24 0 n.d.
Dibromomethane <0.2 -- 24 0 n.d.
Tribromomethane <0.2 1(THM) 24 0 n.d.
Bromodichloromethane <0.2 I(THM) 24 0 n.d.
Dibromochloromethane <0.2 1(THM) 24 0 n.d.
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Table 14. Summary of total recoverable concentrations, analytical reporting limits, and health advisory levels for
pesticides and volatile organic compounds included in the analysis of selected ground-water samples--Continued

Number of
Minimum analyses Largest
analytical Health greater than detected
reporting advisory Number or equal to concen-
Common Trade level level of wells reporting tration
name name(s) (ng/L) (ng/L) sampled level (ng/L)

Volatile organic compounds--Continued

Trichlorofluoromethane <0.2 - 24 0 n.d.
Dichlorodifluoromethane <0.2 = 24 0 n.d.
Chloroethane <0.2 -- 24 0 n.d.
1,1-dichloroethane <0.2 - 24 0 n.d.
1,2-dichloroethane <0.2 5 24 0 n.d.
1,1,1-trichloroethane <0.2 200 24 0 n.d.
1,1,2-trichloroethane <0.2 5 24 0 n.d.
1,1,1,2-tetrachloroethane <0.2 -- 24 0 n.d.
1,1,2,2-tetrachloroethane <0.2 -- 24 0 n.d.
1,2-dibromoethane <0.2 0.05 24 1 0.3
Chloroethene, vinyl chloride <0.2 2 24 0 n.d.
1,1-dichloroethene <0.2 7 24 0 n.d.
Cis 1,2-dichloroethene <0.2 70 24 0 n.d.
Trans 1,2-dichloroethene <0.2 100 24 0 n.d.
Trichloroethene <0.2 ? 24 0 n.d.
Tetrachloroethene <0.2 - 24 0 n.d.
1,2-dichloropropane <0.2 5 24 2 5.6
1,3-dichloropropane <0.2 -- 24 1 0.2
2,2-dichloropropane <0.2 -- 24 0 n.d.
1,2,3-trichloropropane <0.2 -- 24 1 1.4
1,2-dibromo-3-chloropane <0.2 02 24 0 n.d.
1,1-dichloropropene <0.2 -- 24 0 n.d.
Cis 1,3-dichloropropene <0.2 - 24 0 n.d.
Trans 1,3-dichloropropene <0.2 -- 24 0 n.d.
Benzene <0.2 5] 24 0 n.d.
Chlorobenzene <0.2 -- 24 0 n.d.
1,2-dichlorobenzene <0.2 0.600 24 0 n.d.
1,3-dichlorobenzene <0.2 0.600 24 0 n.d.
1,4-dichlorobenzene <0.2 i) 24 0 n.d.
Bromobenzene <0.2 - 24 0 n.d.
Toluene <0.2 1,000 24 0 n.d.
Chlorotoluene <0.2 -- 24 0 n.d.
p-chlorotoluene <0.2 -- 24 0 n.d.
Dimethylbenzene <0.2 -- 24 0 n.d.
Ethylbenzene <0.2 -- 24 0 n.d.
Ethenylbenzene <0.2 -- 24 0 n.d.

* metabolite of parent compound



[4°]

Table 15. Compilation of detection of organic pesticide compounds in ground waters of the study area from selected studies conducted between 1985-1993

[ppb. parts per billion; mg/L, milligrams per liter; pg/L, micrograms per liter; DSHS, Department of Social and Health Services; USGS, U.S. Geological Survey; USEPA, U.S. Environmental Protection

Agency; EC, Environment Canada; CDN, Canadian; RU, restricted use only by licensed and certified applicators; GU, non-restricted, available for commercial and public use; --, not applicable; n.d., not
detected; n.g., no guideline]

Health
Usage restric- Number USEPA Canada Number of
tion or date of maximum maximum wells with
of cancellation wells Range of contami- acceptable detected Number of wells
or non-renewal with detected nant level concentration concentration  with detected
General of registration Number detectable concentra- or health ad-  or health above USEPA  concentration
use of Source of of wells concen- tion (ppb visory level  advisory level health advi- above Canadian
Compound compound uUs CDN  information sampled tration or ug/L) (ng/L)* (ng/L)? sory level health advisory level
Etheleyne Soil fumigant 1983* 1984 DSHS 1985¢ 35 5 0.28-4.3 0.05 n.g. 4 -
dibromide Black and Veatch 1986 24 8 0.05-2.3 0.05 n.g. 8 =
(EDB) Sweet-Edwards/EMCON 1989 26 6 0.03-1.64 0.05 n.g. 6 -
Erickson and Norton 1990 29 3 0.02-2.95 0.05 n.g. 2 --
USGS 1991-1992 24 1 0.3 0.05 n.g. 1 --
Hulsman June 1993 25 7 0.03-2.9 0.05 ng. 6 -
1,2 Dichloro- Soil fumigant 1988 1985 Erickson and Norton 1990 27 9 0.3-24 5 n.g. 5 -
propane Liebscher and others 1992 107 27 <0.1-5.5 5 n.g. 1 --
(1,2 DCP) USGS 1991-1992 24 2 1.6-5.6 5 n.g. 1 =
Hulsman 1993 25 4 1.09.3 5 ng. 2 -
1,3-Dichloro-  Soil fungicide RU GU Liebscher and others 1992 39 1 35 n.g. n.g. 3 Sy
propene and nematacide USGS 1991-92 24 1 0.2 n.g. n.g. - =
Hulsman 1993° 26 0 n.d. ng. n.g.
Dibromo- Soil fumigant RU 1978 Ericks<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>