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The Bridgepdrt Slide, North-Central Washington

RICHARD D. ECKERLIN
U.S. Army Corps of Engineers

LOCATION AND DESCRIPTION

The Bridgeport slide is located on the Columbia
River in north-central Washington, approximately 2 mi
upstream from the town of Bridgeport (Figures 1 and 2).
The Bridgeport slide was first identified in 1968 during
geologic investigation for raising the reservoir level be-
hind Chief Joseph Dam. The landslide begins 0.5 mi
upstream of the south abutment of the dam and con-
tinues upstream for 2.5 mi, encompassing an area slight-
ly larger than 1.25 sq mi (U.S. Army Corps of
Engineers, 1986) (Figure 3). The slide ranges in depth
from 400 ft at the headscarp to approximately 100 ft at
the toe. Approximately 50 vertical feet of the slide toe
was inundated in 1954 during initial reservoir filling,
and an additional 10 ft was inundated in 1981.

The climate in north-central Washington is arid. The
slopes bordering the reservoir are covered with
sagebrush and sparse grass. Orchard and grass crops are
raised on some of the irrigated terraces upstream of the
landslide, and locally small clusters of trees are present
in gullies.

Between 1973 and 1984, a total of 16 borings were
drilled through the slide mass into granitic bedrock. In-
clinometers were installed in all borings for periodic
monitoring of landslide movement. Recent displacement
and cracking of a former county road near the shoreline
show that parts of the slide are active.

GEOLOGIC SETTING

The Bridgeport slide is situated within a deeply
eroded part of the Columbia River valley along a seg-
ment of the river that separates the Columbia Basalt
Plateau on the south from the Okanogan Highlands on
the north. Rocks in the lower part of the valley and in
the Okanogan Highlands are a complex of metamorphic
rocks intruded by Mesozoic granitic rocks. Miocene
Columbia River basalts are exposed on the south side of
the valley and locally on the north side. During the
Miocene the ancestral Columbia River was crowded
against the Okanogan Highlands by encroaching basalt
flows. Silt and clay were deposited as the basalt flows
periodically dammed the Columbia River and its
tributaries. These lake sediments, known as the Latah
Formation, were overridden by successive basalt flows.

Subsequently, the Columbia River cut its present
canyon about 1,000 ft below the plateau surface into the
granitic rocks.

Pleistocene continental ice sheets advanced from the
north into and across the canyon, depositing varied
thicknesses of glacial outwash sand and gravel,
lacustrine silts, and till atop the irregular granitic
bedrock surface. Late-glacial lake sediments were
deposited in the canyon by intermittent ice damming of
the Columbia River. Glacial deposits also filled aban-
doned channels of the Columbia River and many of the
abandoned tributary canyons. The present Columbia
River has incised itself through the glacial sediments
into the granitic bedrock, leaving a terraced inner val-
ley within the larger ancient valley.

A notable feature of the Columbia River valley above
Chief Joseph Dam is a steplike effect produced by reces-
sion of the basalt cliffs (Jones et al., 1961). Masses of
disturbed material suggest that much of the retreat of the
basalt cliffs was due to landsliding.

SITE GEOLOGY

Movement on the Bridgeport slide has occurred from
Pliocene through Holocene time as the Columbia River
initially established its course along the plateau margin
and again as it re-established its course following Pleis-
tocene glaciation. Incompetent sediments in the Latah
Formation may have provided the slip surfaces for his-
toric mass movement. Erosion at the toe of the riverbank
slope, coupled with uplift pressure from ground water,
likely led to the slope failure.

Beneath the Bridgeport slide the Latah Formation
consists of near-horizontal beds of clay, sand, and poor-
ly indurated siltstone and claystone (Figure 4). Recent
slippage at the foot appears to be within a blue-green
clayey granitic sand unit as much as 60 ft thick. The
clayey sand grades downward into decomposed granite
residuum that is about 10 to 15 ft thick and that over-
lies firm granitic rock.

Granodiorite and granodiorite gneiss are locally ex-
posed at lake level both upstream and downstream of
the slide. The slide mass itself consists of clay, silt,
sand, gravel, boulders, rock rubble, and masses of rela-
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Figure 1. Location of
Bridgeport landslide.

Figure 2. The Bridgeport slide viewed from the west above Chief Joseph Dam. The Columbia Plateau is at the top

of the photo. See geologic map, Figure 3, for position and scale of the landslide. Photograph by the U.S. Army
Corps of Engineers, October 20, 1978.
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tively intact basalt. Geologic sections through the slide
are shown on Figure 4,

Interflow zones in the Miocene basalts that form the
slide’s headscarp tend to store water that eventually
drains into and through the slide mass. Recharge to the
interflow zones is probably by precipitation and irriga-
tion on the Columbia Plateau. Ground-water levels
recorded in several inclinometer borings indicate that
more than 150 ft of head above the reservoir level ex-
ists within the slide. Ground-water levels, together with
inclinometer data, are recorded approximately every 3
months. Many localized damp and wet areas exist year-
round at the slide surface. Most of those areas are above
the ground-water table and probably represent seepage
from perched water tables.

Of concern are the artificial perched water tables
caused by irrigation and land development. These tend
to alter ground-water conditions in the sensitive
materials and contribute to slope failure. This
mechanism combined with reservoir fluctuations causes
a triggering effect resulting in localized slope failures.
As the toe is unloaded, major sliding can be expected.
Such sliding mechanisms were considered in the early
1970s during the slope stability studies for re-evaluation
of the real estate guide acquisition line. This line defines
the freeboard allowance above the full reservoir level
and was established to include allowance for induced
surcharge operations plus a reasonable additional
freeboard for adverse effects of saturation, wave action,
and bank erosion. The acquisition line encompasses the
entire landslide. The acquired easements allow for
private ownership, but prohibit permanent dwellings.
Presently the land is used for dryland wheat farming and
for cattle grazing, both of which have a negligible im-
pact on ground water.

INSTRUMENTATION

In 1973, the U.S. Army Corps of Engineers began a
mapping and drilling program to determine the form and
condition of the slide, the location of the slippage sur-
face(s), and slide lithology and to measure the rate of
movement. Three inclinometers were installed in 1973,
two in 1975, four in 1982, one in 1983, and six in 1984,
The inclinometer locations are shown on Figure 3. The
inclinometer borings range in depth from 60 ft on the
foot of the slide to 385 ft near the slide headscarp. In-
clinometers are read quarterly using a sensitive "digitilt"
instrument with magnetic-tape field recorder.

Between October 1975 and June 1976 two in-
clinometers adjacent to former Douglas County Road
321 at the upstream (north) end of the slide became in-
operable due to excessive movement at a depth of about
50 ft. As a result of this movement, which also resulted
in surface disruption, the road had to be relocated
around the active slide area. This work was completed
in 1980. Localized landslide movement subsequent to

raising the reservoir in 1981 has destroyed part of the
abandoned segment of the county road, and cracking of
the ground surface is now visible several hundred feet
upslope. In the remainder of the slide area, cumulative
movements measured for each of the inclinometers
presently in service is less than 2 in. to date; however,
there has been a noticeable acceleration of movement
since the reservoir was raised 10 ft in 1981.

Since 1976, the slide has been monitored at least an-
nually by aerial photogrammetric surveillance of ap-
proximately 60 targets on the slide’s surface. Control
targets are located on the ridge above the headscarp and
on the opposite side of Rufus Woods Lake. The sen-
sitivity of the aerial surveillance is such that movements
of less than 0.5 ft are not detectable. Aerial surveillance
of targets throughout the upstream active portion of the
slide indicate a total cumulative movement of less than
1 ft between May 1976 and June 1981. From June 1981
to April 1988, a maximum movement of about 7 ft has
been recorded.

CONCLUSION

The limits of sliding are not precisely known;
however, a volume of material well in excess of 5 mil-
lion cy appears to be involved, with sliding occurring
on a relatively flat surface near the top of the granitic
bedrock. The major cause of the ancient landslide was
probably erosion of the toe of the slope by the Colum-
bia River. After initial failure, a new set of geologic and
hydrogeologic conditions was created, making the
Bridgeport slide susceptible to further, but more local-
ized movement. There are some indications of rising
piezometric levels in the slide which are contributing to
local instability. The reasons for this rise are presently
unknown.

There is no apparent landslide threat to Chief Joseph
Dam from the actively sliding area at the north end of
the Bridgeport slide. Presently, failure is by slow creep
and does not appear to be serious, although there are in-
dications of an increased rate of movement since the 10-
ft rise of reservoir level in 1981. There does not appear
to be enough material in this active slide to block the
river or significantly fill the reservoir. However, the
possibility of a rapid failure resulting in a dangerous
wave in the reservoir cannot be disregarded.

Pearl Hill Road is a well-traveled highway which
crosses the slide and is considered of critical importance
for upstream property owners. If progressive enlarge-
ment of the actively sliding areas along the landslide toe
occurs, this road could be endangered.

Studies in the 1970s considered increasing the num-
ber of generating units at Chief Joseph Dam above the
current 27 units. A reservoir slope stability evaluation
was completed for the maximum proposed reservoir
elevation of 970 ft. Stability trends determined for this
reservoir elevation were applied to the current reservoir
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elevation of 956 ft. One result of the study was that the
entire Bridgeport slide was included within the guide
acquisition line. Locations of critical failure surfaces
with respect to the reservoir were taken into considera-
tion in establishing criteria for locating this acquisition
line.
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Slope Stability Analysis in Timber Harvest Planning;
Smith Creek, Pacific County, Washington

STANLEY H. DUNCAN
Weyerhaeuser Company

INTRODUCTION

Forest managers responsible for timber harvest in
steep watersheds of the Pacific Northwest are faced with
a multiplicity of environmental concemns. As a first step
in planning harvest operations, an assessment of the
site’s slope stability, other resources (such as fisheries),
downstream property use, and domestic water supplies
must be conducted. This assessment serves as the basis
for deciding whether developing a detailed, site-specific
harvest plan is warranted.

While the potential impact of logging and road con-
struction activities on downslope or downstream resour-
ces has been well documented, most studies have
reported worst-case situations. Few report the expected
results of planning and plan execution based on both en-
vironmental and operational conditions. The result is a
perception that all timber harvest operations in steep ter-
rain have a potentially deleterious impact on
downstream resources. This perception often leads to
unwarranted engineering solutions that are economical-
ly unrealistic or, at a minimum, expend capital without
significant beneficial results.

This paper discusses use of a slope-stability assess-
ment technique in the development and successful ex-
ecution of a harvest operation by a private corporation
on a site adjacent to a sensitive fisheries resource. The
plan was developed by a team consisting of a logging
engineer, a geologist, and a hydrologist in 1977 and car-
ried to completion in 1978 and 1979,

SITE HISTORY AND CHARACTERIZATION

In 1974 Weyerhaeuser Company acquired ap-
proximately 2,268 acres of timber along the lower reach
of Smith Creek, a tributary to Willapa Bay on the coast
of Washington (Figure 1). Other than the previous
owner’s salvage of wind-thrown timber resulting from
hurricane-force winds in the Columbus Day storm of
1962, the timber stand had not been logged, and, except
for a few spur roads, there were essentially no roads in
the area.

The timber stand bordered Smith Creek on slopes in
excess of 70 percent. Many landslides associated with

spur roads that had been constructed for the timber sal-
vage operations had entered Smith Creek, and an active
natural landslide was present at the extreme downstream
edge of the timber stand.

Smith Creek drains a watershed of about 27.9 sq mi
and is dominated by thick, fine-textured soils develop-
ing from deeply weathered siltstone, sandstone, and
basalt (Gower and Pease, 1965; Wagner, 1967). The
stream is estuarine upstream to river mile 1.0 and is sub-
ject to tidal influence to about river mile 1.5 (1/2 mi
below the lower portion of the plan site). The stream has
a low gradient and maintains significant runs of chum
(Oncorhynchus keta), chinook (0. tshawytscha), and
coho (0. kisutch) salmon. Sea-run cutthroat (Salmo
clarki) and steelhead (S. gairdneri) trout are also abun-
dant. Spawning of these species is known to occur
within the stream reach bordering the proposed harvest
unit. The Washington Department of Fisheries reports
that the limiting factor for salmon production in Smith
Creek is a lack of suitable spawning gravel (Phinney et
al., 1975). Most of the gravel of suitable quality occurs
within the plan area. Two small tributaries used by
young salmon and trout as wintering areas enter Smith
Creek in the proposed harvest area.

Water quality was not examined, but natural turbidity
and suspended sediment levels were expected to be high
during periods of high stream flow due to the fine, easi-
ly transported sediment derived from the soils and rocks
of the basin.

ASSESSING POTENTIAL INSTABILITY

Landslides associated with spur roads during the tim-
ber salvage operations, the apparently natural instability
of parts of the site, and the vulnerability of the fisheries
resource in this segment of Smith Creek combined to
cause the area to be by-passed during conventional log-
ging operations. Weyerhaeuser field personnel recog-
nized that if this site were to be harvested, the value of
the standing timber realized, and the fisheries resource
given adequate protection, it would require extraordi-
nary practices. A geologist and a forest hydrologist were
asked to evaluate the site and assist in development of
a harvest plan.
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Figure 1. Location of the Smith Creek project, Pacific County,
Washington.
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A site evaluation was made by the team, and a ter-
rain classification map was prepared to display the
landslide potential of the site for use in harvest-plan
development. This assessment of potential slope
stability used soil and geologic data from a soil survey
of the area (Duncan and Steinbrenner, 1969), onsite in-
vestigation, and analysis of aerial photos. The com-
pleted map was similar to that developed by Rickert et
al. (1978) to assess potential land management impacts
in Oregon. The terrain classification map identifies
those sites having the highest potential for natural
landslide activity and sites of previous slides. To be of
practical benefit to onsite planning, a more specific
delineation of potential problem sites, as well as those
that are stable, was required.

To further quantify slope stability, specific sites iden-
tified on the qualitative terrain classification map were
assigned an average index of slope stability using a
technique developed by Duncan et al. (1987). With this
indexing system, specific terrain characteristics such as
slope angle, position, form, soils, and climatic factors
were evaluated and assigned specific values relating to
potential landslide risk associated with standard logging

Figure 2. Portion of an engineering requirement classification map of part of the lower Smith Creek site. Numbers
refer to the engineering requirement classes (Tablel ). x, existing landslide. Roads shown on the topographic base
were constructed to access wind-thrown timber during the late 1960s.
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road and landing construction. These data were com-
bined with the terrain classification map to produce a
map that depicts landscape units classified by the rela-
tive risk of slope failure from roads and landings and by
the level of engineering required to minimize landslides
that might result. This engineering requirement clas-
sification map (Figure 2) and its interpretation are
similar to that described by Bourgeois (1978). Four en-
gineering requirement classes are identified: Class 1
referring to those terrain units expected to present the
greatest difficulty to logging and roading operations,
through Class 4, which represents area offering the least
difficulty (Table 1).

The relations among the four engineering require-
ment classes and the empirically developed slope
stability index (Duncan et al., 1987) are shown on
Figure 3. Each engineering requirement class is based
on the relative level of difficulty anticipated to construct
a stable road or landing on sites whose failure potential
is represented by the failure risk distribution curve.
Using this concept, areas requiring extraordinary design
and construction are identified, allowing plan and cost
adjustment.

Table 1. Engineering requirement classes

Class Description

1 Extreme Failure Potential

These sites should be avoided since
significant stability problems could result
from road construction. Maximum design,
construction and maintenance is required.

2 High Failure Potential

Soil and geologic conditions make these
sites susceptible to stability problems
requiring a high level of engineering and
careful construction practices to minimize
slope disruption. These sites commonly have
high maintenance requirements.

3 Moderate Failure Potential
Generally stable. Special engineering and
careful construction may be required on
microsites.

4 Low Failure Potential

No significant stability problems; standard
engineering practices are usually adequate.

The assessment of erosion potential and engineering
requirements anticipated in site development that was
compiled for the lower Smith Creek project integrated
existing soil and geologic information with regional
slope stability research and onsite geotechnical recon-
naissance. The product developed in this process depicts
average conditions. A more detailed characterization of
the potential stability of microsites was developed
during the siting of specific roads and landing locations.

THE HARVEST PLAN

The harvest plan was developed using the slope
stability map overlaid on a topographic base as the
primary planning medium. About 61 percent of the area
was classified in engineering requirement classes 1 and
2, sites that would present extreme engineering difficul-
ty and risk to the stream should a slope failure occur.
While environmentally acceptable roads could be con-
structed on these sites, initial cost and future main-
tenance were determined to be uneconomical. An
alternative approach was to locate landings on the ridges
and to log across the stream, fully suspending the logs
over the stream and the streamside management zone.
Slash and woody debris entering the stream were to be
removed at the time of logging.

Failure Risk (%)

100

90 |-

Extreme Failure Potential
éo Avoid Road Construction

Class 1

70|

High Failure Potential

Intensive Engineering Practices Required
60 |-

Class 2

50 |-

Moderate Failure Potential
40 Special Engineering May Be

B Required on Critical

Microsites

20  Low Failure Potential
Standard
Engineering
10}  Practice Class 4
0 | | | l - L l l
-7 0 5 10 15 20 25 30 35
Stability Index

Figure 3. Relations of four engineering requirement classes to
the stability index and associated failure risk curve where

Failure risk (%) = 3.6236 + 1.0787 (Index) + 0.03428 (Index)*

(Duncan et al., 1987)
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Figure 4. The lower Smith Creek area showing a typical knife-edged ridge and landing and the streamside manage-

ment zone. The only landslide occurring within the plan area is in the center of the photo; its relation to logging is

unknown.

Roads were confined to ridge tops (Figure 4), but be-
cause of the knife-edge ridges and steep slopes, excess
soil material was removed to disposal sites located in
engineering requirement Class 4 areas. The disposal
sites were to be reforested at the same time as the har-
vest units.

Planning and evaluation of harvest alternatives was
done by treating individual timber blocks as separate
units. A cost analysis was performed for individual tim-
ber units. In this analysis, each of the various harvest
alternatives was compared to conventional harvest
methods for similar terrain conditions, in compliance
with Washington forest practice regulations and com-
pany environmental guidelines.

Logging in two units in the Smith Creek area re-
quired crossing the stream. To gain access to these units
while causing the least disturbance to the stream, port-
able E-Z bridges (Oregon Bridge Engincering Com-
pany) were used and were to be removed upon
completion of harvest and regeneration.

In order to maintain streamside integrity and provide
shade along east-west-trending stream reaches, the plan

called for a buffer strip a minimum of 50 ft wide to be
left along both sides of the stream (Figure 4). Within
this zone, all hardwood, principally red alder (Alnus
rubra), and conifers leaning over the stream were to be
left uncut. On steep slopes where falling trees could
enter the stream, directional falling and jacking prac-
tices were to be employed. Those trees leaning such that
directional falling techniques would not be effective
were to remain until they could be felled by cable assist
during logging. Merchantable conifers within the
streamside zone that could be harvested without disturb-
ing the stream bank were to be removed.

RESULTS

Cost/risk analyses showed that skyline logging (a
method of fully suspending logs above the ground from
an overhead cable system attached at two higher areas)
from ridges was more economical and presented less en-
vironmental risk than conventional non-suspended sys-
tems. Conventional logging methods would require
construction of mid-slope roads, and because of slope
steepness and apparent instability, excess soil material
would have to be removed to stable disposal sites.
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The plan was executed and the area harvested in 1978
and 1979. Upon completion, those roads considered
most vulnerable to erosion were provided with water-
bars (small closely spaced ditch and ridge systems that
cross the road at an angle, allowing interception and
removal of runoff water) and closed to vehicular traffic.

The area was planted with 2-yr-old Douglas fir
(Pseudotsuga menziesii) seedlings within a year follow-
ing logging. Site visits were made annually for 3 yr; a
final visit was made after 8 yr. On each visit, inspec-
tions for erosion and mass wasting that could be at-
tributed to logging activities were conducted.

In the 8 yr since harvest, only one landslide has oc-
curred. The slide was a shallow debris avalanche (es-
timated volume of 500 cy) that took place high on the
slope and did not reach the stream (Figure 4). Examina-
tion of roads has shown that storm-water runoff is dis-
tributed onto the forest floor and that no significant or
measurable erosion of road surfaces or ditches has oc-
curred. There are no points where runoff from the road
can directly enter Smith Creek.

Through the use of an interdisciplinary team that in-
corporated environmental considerations in a cost-effec-
tive framework throughout the planning and
implementation process, the unstable and highly sensi-
tive lower Smith Creek site was successfully and
economically harvested with no identifiable impact on
the stream system. In discussing road location in sensi-
tive watersheds, Duncan (1984) states that geomorphic
mapping, planning, and geological interpretation is of
little value unless that technology is implemented. Suc-
cessful implementation, however, requires the expertise
of local field personnel throughout plan development
and execution.

The successful experience at lower Smith Creek
shows that a team comprising the necessary disciplines,
local personnel, use of available technology, and site
specific prescriptions can provide operationally and en-
vironmentally desirable results.
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Two views of a debris flow originating from the outside edge of a forest road. Use of
the U.S. Forest Service three-level planning system allows potential failure sites such
as this to be identified so that correction or mitigation can be planned before environ-
mental damage occurs. Photographs courtesy of the U.S. Forest Service.
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Chestershire and Backdrop Timber Sales:
Case Histories of the Practice of Engineering Geology in the
Olympic National Forest

THOMAS E. KOLER and KENNETH G. NEAL
U.S. Forest Service

INTRODUCTION

Background

The practice of engineering geology in the Olympic
National Forest (Figure 1), as in other national forests,
is a recent development resulting from environmental
policy legislation enacted in the late 1960s and early
1970s. These laws include the National Environmental
Policy Act of 1969 (NEPA), the Federal Water Pollu-
tion Control Act Amendments of 1972, the Endangered
Species Act of 1973, the Safe Drinking Water Act of
1974, the Forest and Rangeland Renewable Resources
Planning Act of 1974 (RPA), and the National Forest
Management Act of 1976 (NFMA). Prior to this suite of
legislation, the application of earth sciences in the
Olympic and most other national forests was primarily
the concern of soil scientists. Geologists were involved
almost solely with economic mineral deposits. By 1974,
engineering geologists, along with geotechnical en-
gineers, technicians, and drill crews, were employed
full-time as members of geotechnical teams in many na-
tional forests, including the Olympic. Initially, the prac-
tice of engineering geology was limited to solving
problems related to road design and construction.
However, it soon became apparent that the practice of
engineering geology had much broader applications,
particularly as related to timber sale project planning.
The two case histories presented in this paper, Chester-
shire and Backdrop timber sales, are examples of how
our profession has contributed to project work in the
Olympic National Forest and how the "state of the art"
has progressed since 1975.

Levels of Project Investigation
and Application

Since 1975, a majority of project work completed by
engineering geologists in the Olympic National Forest
has been directed toward planning, locating, designing,
and constructing low-volume, single-lane logging roads.
Most of this work involves both evaluation and analysis
of slope and foundation stability and evaluation of the

suitability of rock and aggregate materials for use in
construction.

Engineering geology projects in the Olympic Nation-
al Forest are three-tiered and scale dependent. The
theory behind this system is that each tier forms a base
on which the next higher tier is built. Level 1, the lowest
tier, consists of reconnaissance mapping for area plan-
ning purposes, at a scale of 1 in. = 2,000 ft (1:24,000).
Level 2, the intermediate tier, consists of reconnaissance
mapping for transportation planning, or road or facilities
location, at a scale of 1 in. = 300 ft (1:3,600). Level 3,
the highest tier, consists of site-specific investigation,
usually for design of roads or other facilities, with data
collected at a scale of 1 in. = 50 ft (1:600) or less.

The level of data collected is scale dependent. The
number of data points and the accuracy and reliability
of data collected increase in direct proportion to the
square of the percent increase in scale; for example, a
section developed at 1 in. = 10 ft has 25 times as many
data points as one developed at 1 in. = 50 ft. In like
fashion, the type of decision that can be based on a
specific set of data is also scale dependent, from Level
1 decisions regarding the suitability of a parcel of land
for management, modification, or use, to Level 2
decisions regarding impacts along alternative corridors
through that parcel, to Level 3 decisions regarding
designs to fit terrain characteristics at a specific site
along the selected route (Figure 2).

Geologic Resources and Conditions Database

All project data collected, regardless of level, are
entered into the Olympic National Forest Geologic
Resources and Conditions Database, a 1:24,000-scale
map-based system consisting of project location, rock,
soil, and landform overlays. Data collected from Level
2 and 3 investigations are reduced to Level 1-scale ac-
curacy and plotted on the database maps for use on fu-
ture projects. The form of this database is planned to
evolve from the current manual system into an integral
part of a computerized Geographic Information System
over the next several years.
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Figure 1. Study site location, Olympic National Forest.

Investigative Standards

Since the inception of the full-time practice of en-
gineering geology in the Olympic National Forest, all
project work has followed a set of standards. Rock and
soil units designations are based on stratigraphic rela-
tions and physical charcteristics. Soil units are classified
in the field using the Unified Soil Classification System
(Casagrande, 1948; American Society for Testing and
Materials [ASTM], 1987). Rock units are classified in
the field using the Unified Rock Classification System
(Williamson, 1984). Designation of rock and soil units
is completed at a scale appropriate for the investigative
level.

For Level 1 and 2 investigations, a topographic map
at the pertinent scale is used for plotting of field data,
and specific conditions and interpretations relative to a
given location are recorded in a field notebook. Site-
specific (Level 3) investigative work follows the Field-
Developed Cross-Section Method (Williamson et al.,
1981). This method involves the measurement to scale,
in section, of the distribution of terrain features and re-
lated subsurface characteristics of rock, soil, and ground
water interpreted by the engineering geologist. Field-
developed cross-sections are constructed using the
Brunton Compass, hand clinometer, and cloth tape.

Level 3 investigations are commonly tied to en-
gineering site surveys for reference. Subsurface explora-
tion is conducted on Level 3 investigations as needed to
confirm interpreted subsurface relations, to obtain soil
and rock samples, and to conduct tests at specified loca-

123° 47’ 30"

Figure 2. Diagram of the Forest Service three-level analysis
system.

tions and depths. The payoff for using these standards
is a consistent methodology used by the project en-
gineering geologist; this is essential to providing consis-
tently high quality and reliable services to the client.

For specific project applications (usually during
Level 3), representative samples of soil and rock units
are tested in the materials laboratory for engineering
quality and strength parameters following the testing
procedures set by ASTM (1987) and the American As-
sociation of State Highway and Transportation Officials
(1986). Laboratory testing is completed to confirm field
testing and to provide more accurate data on materials
characteristics and strength,

Analytical Standards

The goal of slope stability analysis is assessment of
risk of failure. Prior to 1984, calculation of factor of
safety for these involved "hand cranking" of values
using hand-held calculators, or even slide rules. Slope
stability analyses were completed only for site-specific
investigations of slope movement features. Evaluations
of broad areas for risk of failure were usually done sub-
jectively; infrequently, the infinite slope equation was
used for area analyses. (Methods of slope stability
analysis are outlined in Morgenstern and Sangrey,
1978.)

With our acquisition of programmable hand cal-
culators and personal computers, the speed and sophis-
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tication of analysis increased several orders of
magnitude. Prellwitz (1985, 1988; Prellwitz et al., 1985)
employed these new tools and refined the three-level
method of completing project work. Using the infinite
slope equation as part of an algorithm for Levels 1 and
2, Prellwitz wrote the programs Slope Stability Infinite
Slope (SSIS) and Slope Stability Infinite Slope for Criti-
cal Height (SSISCH) for use on the Hewlett-Packard 41
(HP 41) hand-held programmable calculator. (Critical
height refers to the maximum height of an excavated
road cutslope that can be constructed without slope
failure.) Prellwitz (1985) also developed the program
Slope Stability Method of Slices (SSMOS) for the HP
41 for use in site-specific (Level 3) analyses; it uses
three methods of analysis: Fellenius or Ordinary Method
of Slices, Modified Bishop, and Simplified Janbu.
Armed with these three programs and the HP 41, the en-
gineering geologist could now finish a major portion of
his/her analysis in the field utilizing a field-developed
cross-section. Hammond et al. (1988) have taken this
work a step further with their program Level I Stability
Analysis (LISA) for IBM and other compatible personal
computers. The major differences between Prellwitz’s
calculator-based programs and Hammond’s LISA are
that the latter uses probability statistics and as many as
1,000 iterations of the infinite slope equation to deter-
mine failure probabilities by area.

The Forest Service engineering geologist has transi-
tioned through the adoption of these programs from use
of a mostly subjective process for planning (Levels 1
and 2) and a somewhat cumbersome but sophisticated
slope stability analyses for site-specific (Level 3)
projects, to use of easily applied, highly sophisticated
computer programs for slope stability analyses for all
project phases, from planning (Levels 1 and 2) through
design and construction (Level 3). This has significant-
ly increased project and program efficiency and effec-
tiveness.

Analyses of rock and aggregate sources are also
three-tiered. During Level 1, the quality of each desig-
nated rock or soil unit is evaluated to determine poten-
tial suitability for use, with the end-product being
identification of new prospects to be investigated.
During Level 2, rock and soil units are designated and
evaluated for each proposed site. Suitability of each unit
is evaluated, on the basis of the results of field tests, for
the proposed use. The suitability and estimated quantity
of rock and aggregate materials must be evaluated along
with terrain characteristics and local environmental con-
ditions and the distance of the site from the proposed
application to determine whether any further investiga-
tive work is warranted. Level 3 analyses consist of syn-
thesis of data developed during measurement of
field-developed cross-sections, results of lab testing,
and confirmational drilling; separation of materials into
suitability use zones; and, where appropriate, slope
stability analyses using the previously Level 3 methods

for soils, plus Hoek and Bray’s methods (1981) for
analyzing wedge and planar rock failures.

To demonstrate how engineering geologists assigned
to the Olympic National Forest completed project work
before and after the advent of the "computer age", two
case histories are discussed below.

CHESTERSHIRE AND BACKDROP
TIMBER SALE CASE HISTORIES

Located within the Quinault Ranger District of the
Olympic National Forest, the Chestershire and Back-
drop Timber Sale planning areas overlap each other
along Quinault Ridge and the upper reach of Chester
Creek (Figure 3). Both are discussed here because they
give a historical perspective of how a Level 1 project
was completed in the late 1970s (Chestershire) and the
mid- to late 1980s (Backdrop). Because of the overlap,
data used for both areas are the same or similar.

Level 1

Chestershire Timber Sale Planning Area

An investigation of the Chestershire Timber Sale
planning area was requested by the Quinault Ranger
District in 1978. The stated purposes for the investiga-
tion were to:

(1) Determine the probability of reactivating the
Chester Creek landslide by reopening a segment of
Forest Service Road 2261 that crosses the toe of
the slide;

(2) Locate corridors that would be suitable road loca-
tion alternatives to the existing road crossing the
toe of the slide; and

(3) Determine effects of road development and timber
harvest on Chester Creek and other potential slide
areas.

The District Ranger was concerned that a potential
increase in sedimentation into Chester Creek would
occur as a result of harvesting timber and constructing
roads in this planning area. Since Chester Creek was
identified as an anadromous fishery, any increase in
sedimentation would have a potential for causing both
short- and long-term adverse effects. Because of these
concerns, the District Ranger requested two investiga-
tions, one (Level 1) of the Chestershire planning area,
and a second (Level 3) of the Chester Creek landslide.
Two teams of engineering geologists were mobilized to
conduct both investigations concurrently.

Aerial photographic interpretation and field mapping
of the Chestershire Planning Area were completed in
1978. Field mapping was completed according to stand-
ards discussed in the introduction of this paper. Soil and
rock units were designated and classified. Areas of
saturated soils and slope movement features in soil and
rock were identified and mapped. Slope percent was
measured in the field or derived from existing
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Figure 3. Locations of the Chestershire and Backdrop Timber Sale Planning Areas.
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topographic maps. The map scale used for this study
was 4 in. = 1 mi (1:15,840). Analyses of rock structures
were completed to identify portions of slopes where the
potential existed for slope movement due to road ex-
cavation.

Office analyses and documentation included the
development of a series of overlays to relate physical
characteristics of soil and rock materials and the dis-
tribution of ground and surface water to existing slope
movement features. This formed a union/intersection of
data sets, which allowed the identification of critical
factors related to slope stability and erosion. These criti-
cal factors are:

- Slopes greater than 70 percent;

- Hard rock units covered by shallow soil;

« Adversely oriented mass planar features in rock; and
- Saturated soils.

A slope stability/erosion zonation map was then com-
piled from these data (Figure 4). Zone 1 has stable
slopes; Zone 2 has potentially unstable rock slopes;
Zone 3 has slopes that have a low to moderate prob-
ability of slope movement; Zone 4 has stable slopes but
a high potential for soil erosion; and Zone 5 has unstable
soil slopes. Subjective estimates were then made of the
potential of initiating slope movements from road con-
struction and timber harvest activities; the scope of
predicted effects was also estimated.

A short report (Neal, 1979) outlining predicted im-
pacts in each slope stability/erosion zone was submitted
to the Quinault Ranger District interdisciplinary timber
sale planning team (ID team) as a reference for the tim-
ber sale environmental analysis report (EAR) as re-
quired under the NFMA. This report included a
geotechnical assessment of transportation and logging
alternatives and an evaluation of alternative rock
sources in the area.

To answer the question regarding the probability of
reactivating the Chester Creek landslide by reconstruc-
tion of the existing road, a Level 3 study of the slide
area was made concurrently with the Level 1 study of
the Chestershire planning area, using standards
specified for Level 3 (site-specific investigations) out-
lined in the introduction. Interpretations of subsurface
conditions were confirmed by drill exploration. On the
basis of analysis of the slide data, Savage and Neal
(1979) recommended that no timber harvesting, road
reconstruction, or new road construction be conducted
adjacent to or within the landslide area. Results of this
investigation were also utilized in the Chestershire Sale
EAR.

It should be noted here that while the the level of in-
vestigation conducted on the Chester Creek landslide
was appropriate for the scope and nature of the problem,
it is unusual for Level 3 standards to be applied to
project planning and environmental assessment. This

example shows, however, that the three-tiered system is
a flexible standard that can fit most circumstances.

Backdrop Timber Sale Planning Area

Since the Chestershire planning area overlaps the
Backdrop Timber Sale planning area (Figure 2), pre-ex-
isting data collected for the former were utilized for the
latter as much as possible. Additional fieldwork to cover
areas not previously mapped was completed during the
1986 field season. The objectives for this project were
the same as those stated for Chestershire.

A series of overlay maps was compiled to augment
those used for the Chestershire area. Included as a new
overlay was a map of all proposed timber sale clearcut
units (Figure 5). Each unit was analyzed to determine
the probability of slope movement using the LISA com-
puter program. The following data were used for these
analyses: physical characteristics and depth of soil,
slope percent, the ratio of ground-water depth to soil
depth (dw/d), root shear strength, and tree surcharge.

As noted in the introduction, LISA analyses are com-
pleted using probability statistics; LISA generates as
many as 1,000 iterations of the infinite slope equation.
By using LISA, the engineering geologist provides more
statistically meaningful results than those provided by
the older subjective methods. Table 1 shows the proba-
bility of the occurrence of slope movements for each
proposed timber sale clearcut unit under existing natural
conditions (base level), after a 50 percent partial cut,
and after clear cutting. From the data developed, it is
apparent that many of the units are potentially unstable;
slope movements are predicted to occur in some even
without logging. Aerial photographic interpretation and
field reconnaissance of existing clearcuts in the area in-
dicate that the locations of slope movement features ap-
pear to correlate well with predictions generated with
LISA. Although there are no large slope movement fea-
tures in the area other than the Chester Creek landslide,
there are a number of small features within each timber
sale unit.

Calculations of safety factor for the Chester Creek
landslide (Savage, 1979) indicated a high probability of
failure. Koler (1988) synthesized the Chester Creek
landslide data into a format suitable for LISA by using
SSIS to back-calculate the physical parameters for
input. Results from the LISA analysis for the Chester
Creek landslide showed that under natural conditions 68
percent of the area would continue to fail without any
timber harvest, as compared to 72 percent after a 50-
percent partial timber cut, and 77 percent after clear cut-
ting. These analyses provided a statistical probability
for potential management alternatives that clearly shows
that the earlier "no go" decision was valid.

Results of these analyses were compiled and docu-
mented (Koler, 1988) in a report for use in timber sale
area environmental analysis.
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Figure 4. Slope stability/erosion zone map for the Chestershire Timber Sale Planning Area.
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Figure 5. Timber sale clearcut units, Backdrop Timber Sale Planning Area.




940 ENGINEERING GEOLOGY IN WASHINGTON

Table 1. Level 1 Stability Analysis for Backdrop Timber Sale
Planning Area; see Figure 5.

Timber sale  Natural 50% Clear cut

unit conditions partial cut

A 16% 26% 35%

B 53% 70% 78%

G 32% 49% 60%

D 18% 37% 46%

D1/D2 68% 72% 77%

El 17% 26% 40%

E2 26% 45% 61%

F 36% 49% 61%

G 57% 74% 78%

H 59% 71% 80%

I 55% 76% 84%

J 50% 58% 66%

K 52% 61% 66%

K1 52% 61% 66%

M,N,Q 68% 81% 84%

P 52% 75% 85%

Pl 20% 39% 52%

R1 11% 86% 92%

R2 21% 30% 36%

R3 54% 65% 71%

S 58% 72% 80%

i 17% 26% 35%

u 46% 67% 17%

Ul 16% 25% 32%

Z 20% 25% 31%

AA 54% 69% 65%

BB 63% 73% 80%

CcC-DD 46% 58% 65%

FF 31% 44% 53%

3 71% 86% 93%

Level 2

Chestershire Timber Sale Planning Area

The Quinault District Ranger decided, on the basis of
reports by Neal (1979) and Savage and Neal (1979), to
abandon the segment of Road 2261 that crossed the toe
of the Chester Creek landslide. In 1981, the District
Transportation Planner proposed two corridors for pos-
sible road construction (Figure 6). The first corridor was
planned to provide access to slopes west of the Chester
Creek landslide, upslope from Road 2261. The second
corridor involved the extension of Forest Service Road
2220-011 along a broad glaciofluvial terrace above the
west bank of Chester Creek. This extension was planned
to provide access to slopes west of Chester Creek and
to tie back into Road 2261 southwest of the Chester

Creek landslide. A third corridor would provide tem-
porary access across the middle part of the Chester
Creek landslide to access timber northeast of the slide,
and a fourth was planned (after the third was dropped)
to access that same timber from the east. Level 2
geotechnical work along these corridors consisted of in-
terpretation of aerial photographs and reconnaissance
mapping along proposed alignments at 1 in. = 300 ft
(1:3,600) to substantiate Level 1 interpretations and to
supplement the detail of available data. During this
process, each corridor was divided into terrain seg-
ments, and typical ground conditions were sketched in
cross-section. Data and information were synthesized
and evaluated, and several short reports were written
(McBane, 1981a, 1981b; Neal, 1982a, 1982b). The
Quinault District Ranger’s decisions, formed on the
basis of these reports, included constructing a road
along the second corridor, dropping the first and third
corridors, and, tentatively, planning to construct a road
along the fourth corridor at a later time.

In December 1983, Neal conducted a Level 2 inves-
tigation of an area at the toe of the Chester Creek
landslide to evaluate the potential for increased slide ac-
tivity that might result from logging there. As a result
of his report (Neal, 1983a), a follow-up memo (Neal,
1983b) and subsequent meetings with District and
Supervisor’s Office staffs, the Chester Creek landslide
was removed from further consideration for timber har-
vesting.

As with the Level 1 analyses, this Level 2 assessment
predated Prellwitz’s computer programs. Field and of-
fice analyses at that time were still "hand cranked".
Since many of the recommendations were based on sub-
jective conclusions, considerably more communications
were necessary to reach the recommended decision than
have been necessary since probability analyses using
LISA have been completed on similar slopes.

Backdrop Timber Sale Planning Area

When the Backdrop area was first designated for tim-
ber sale planning, a great deal of attention was focused
on the Quinault Ridge Road (Forest Service Road 2258,
Figure 5). Prior to any planning of timber sale units or
boundaries, the Quinault District Ranger requested a
geotechnical report for transportation planning along
this road because it is the only access along Quinault
Ridge and numerous road-associated slope movements
have closed it. A geotechnical reconnaissance for
reconstruction of the road was conducted by McBane
(1981). As of early 1988, no transportation planning for
the Backdrop Timber Sale has been finalized. To com-
plete transportation planning, the 1981 geotechnical
work by McBane would need updating because of more
recent slope movements. Future slope stability analyses
will be conducted using Prellwitz’s SSISCH and rock
slope analysis methods developed by Hoek and Bray
(1981).
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cations for the Chestershire Timber Sale Planning Area.

Figure 6. Alternative road corridor lo
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Level 3

Chestershire Timber Sale - Extension of
Forest Service Road 2220-011

A site-specific geotechnical investigation was con-
ducted in 1982 along the preliminary survey line (P-
line) for design of the 2220-011 tie road along Corridor
2 (Figure 5). This investigation built upon data collected
during Levels 1 and 2 project work. The project en-
gineering geologist divided the P-line into terrain seg-
ments. Soil, rock, topographic, and ground- and surface-
water conditions were used as criteria for delineating
segments. The purpose of segmentation was to provide
data and portray conditions that represented typical ter-
rain characteristics, and, in turn, to enable the develop-
ment engineer to select a design that was appropriate for
ground conditions encountered for each segment. The
project engineering geologist completed slope stability
analyses for areas of existing slope movement features,
or which appeared to have the potential for slope move-
ment to be initiated by road construction. In addition to
small slope movement features, conditions encountered
included steep slopes with saturated soils and spring
lines, plastic soils with low shear strength values, and
rock slopes with inherent adverse discontinuities.

The Modified Bishop Method of Slices (Bishop,
1955) was used to analyze features with ongoing or
predicted rotational movement. The infinite slope equa-
tion was used to analyze features with ongoing or
predicted translational movement. Different design al-
ternatives were evaluated for conditions in each seg-
ment. The project engineering geologist presented
analyses of alternatives and recommendations in his
report (Koler, 1982).

The Wineglass pit, located roughly 6 mi northeast of
the project, was selected for production of pit-run ag-
gregate. This pit had been investigated previously; the
last phase of drill exploration there prior to the Chester-
shire road construction was completed in 1981. The
Geotechnical Section provided a rock source operating
plan to be included in the timber sale contract package
(Blair, 1982).

The extension of Forest Service Road 2220-011 has
been completed. The construction phase involved con-
siderable consultation with an engineering geologist,
primarily dealing with the suitability of subgrade
materials for use at constructed grade level (Neal, 1985;
Jordan, 1988). To date, no new logging has been con-
ducted in the area because of decreased demand. Resale
of some of the old Chestershire timber sale units is con-
templated.

Backdrop Timber Sale - Road 2258000,
Station 67+76 to 67+90

In 1983, subsequent to McBane’s Level 2 investiga-
tion of Road 2258000 for transportation planning, a site-
specific (Level 3) investigation was conducted of the

segment of Road 2258000 between Stations 67+76 and
67+90 to evaluate alternative ways to regain adequate
width for log haul. Road 2258000 was needed for log
haul for the Binder timber sale area, located on the west
slopes of Quinault Ridge. A team comprised of en-
gineering geologists and a geotechnical engineer inves-
tigated the site using the field developed cross-section
method, Unified Rock Classification System, and
Unified Soil Classification System, as outlined in the in-
troduction. Subsurface conditions were confirmed and
foundation strength characteristics were measured
during drill exploration (refer to Figure 7, Geotechnical
Cross Section 30 for Binder Timber Sale). Road align-
ment alternatives were analyzed using a yarder
simulator. Construction of a Hilfiker retaining wall to
support the roadway was selected as the preferred alter-
native. Design analyses were completed using the
Region 6 retaining wall design guide (Driscoll, 1979).
Conclusions and recommendations were documented in
a report written for design (Blair and Scheible, 1983).

Binder timber sale was dropped from the program be-
cause of environmental and economic considerations, so
the retaining wall was not constructed. However, with
upcoming planned logging of the Backdrop timber sale
area, a contract was prepared in 1987 for wall construc-
tion in 1988. After award of the contract (and after the
snow had melted), additional slope movement, which
resulted in loss of all remaining soil in the foundation
area, was discovered. The project engineering geologist
remeasured site conditions and is currently working on
modifying the wall design (Jordan, 1988).

CONCLUSIONS

Employment of engineering geologists in the U.S.
Forest Service increased significantly in the mid-1970s
after enactment of federal environmental legislation.
The Olympic National Forest began employing en-
gineering geologists as part of its geotechnical staff in
1974. Engineering geologic services have greatly ex-
panded from those early years, from investigation of
rock and aggregate sources and road corridors to inves-
tigations for area planning, water well and drainfield
location and design, and, most recently, review of small
hydroelectric project applications. Since the mid-1970s,
the geotechnical staff employed by the Olympic Nation-
al Forest have been assigned to the Supervisor’s Office,
with their duty station at Ft. Lewis, Washington. The
Geotechnical Section is comprised of a team of en-
gineering geologists, geotechnical engineers, civil en-
gineering and lab technicians, and a drill crew. While
each of these fields is essential to the production of
complete geotechnical services, none can operate inde-
pendently of the others. Having all skills in a central-
ized location fosters teamwork.

Engineering geologists on the Olympic National
Forest staff complete work within a scale-dependent,
three-tiered system. Level 1, the lowest tier, comprises
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Figure 7. Geotechnical cross-section 30 for the Binder Timber Sale.

the area and project planning stage; data are collected
and mapped to a minimum 1:24,000 scale. Level 2 in-
volves reconnaissance mapping of corridors for
transportation planning or road or facilities location, at
a scale of 1:3,600. Level 3 is site-specific, and mapping
is completed to a scale of 1:600 or greater. This paper
traces the evolution of this three-tiered method of work
over the past 10 yr by examining two overlapping
projects, the Chestershire and Backdrop Timber Sale
areas, located on the Quinault Ranger District of the
Olympic National Forest. During this period, the "com-
puter age" has come into being for engineering
geologists in the Forest Service. The Chestershire Tim-
ber Sale examples demonstrate past methods, which in-
cluded subjective evaluations of broad areas and
analyses of mathematical models developed for specific
sites. The Backdrop Timber Sale examples demonstrate
current methods, with expanded use of mathematical

models to predict probabilities of slope movements over
broad areas, with assistance from programmable cal-
culators and personal computers. The net effect of this
computerized analysis is a statistical probability of
slope movement for each proposed activity during each
project phase, from planning through design and con-
struction. This adds credibility to geotechnical con-
clusions and recommendations and facilitates more
objective management decisions regarding resource
management and use.
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INTRODUCTION
The Management Situation

The geologic history, origin, and processes of a forest
landscape have fundamental influences on the capabil-
ities and limitations of the land. The geologic charac-
teristics of an area influence landform formation, soil
profile development and soil characteristics, and
ground-water occurrence; they consequently influence
vegetative types and patterns. Areal geology affects the
ability to manage a forest without causing adverse en-
vironmental effects or impairing future land productiv-
ity. The geology of an area also provides opportunities
for recreation, education, and scientific research.
Knowledge of the geologic capabilities and limitations
of a national forest should result in a better understand-
ing of the trade-offs and "opportunity cost" of alterna-
tive management strategies.

Comprehensive geologic information is not easily
available to planners at most national forests. This is be-
cause the U.S. Forest Service lacks a uniform system to
store and display basic geologic information. A system
does not exist for a variety of reasons, including a lack
of a clearly demonstrated need, overestimation of the
costs of acquiring such information, and the misconcep-
tion that the information is already available from other
resource inventories.

Recognition of the Need for a
Geologic Information System

Several problems that occurred on the Gifford
Pinchot National Forest (GPNF) underscored the need
for a geologic information system.

o Availability of information was people-dependent. It
was recognized that information became lost, stored
in project files, or worse, stored in people’s minds.
If employees left the GPNF, they took with them in-
formation gathered at considerable expense.

+ The quality of information was varied. With no con-
sistent terminology, decisions about how to compile,
save, and apply information were subjective and de-
pended on the level of experience of the individuals
involved.

- Involvement was often late and costly. Geologists
working on the GPNF are assigned to the Engineer-
ing Branch, due to the traditional role of geologists
in project design. Because of the lack of a geologic
information system and time to gather planning-
level information on a project basis, geologic exper-
tise was usually sought only after planning decisions
had been made. Many decisions involved road
building or timber harvest in an area where, because
needed geologic resources were lacking or the geo-
logic conditions were adverse, difficulties were later
encountered.

Involvement in planning was recognized as being
valuable. If basic geologic information was avail-
able at even a small scale, the consistencies (or in-
consistencies) of geologic resources, conditions, and
processes might be projected across an area between
locations for which some information was available.
If such projected information was readily available,
planners and land managers would become aware
that geologists could be involved in planning efforts
on a cost-effective basis. Informed decisions pay off
in reduced costs and improved resource protection.

While the above factors were recognized by
geologists, it was not until late 1979 that the GPNF
Forest Management Team became aware of the useful-
ness of a geologic information system. The Forest Plan-
ning Interdisciplinary Team was then being formed to
develop a Land and Resource Management Plan in com-
pliance with the National Forest Management Act. The
Forest Geologist was selected to be a team member. A
proposal for formulation of a system to support the plan-
ning effort was soon accepted. The intent of the
proposal was not only to comply with the needs of the
GPNF planning effort, but also to break out of the
project mode and use the system in areal analysis. It was
predicted that if a well-planned, long-term comprehen-
sive geologic information system was developed, it
would result in better management decisions based on
better information.
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Development of a System

Careful thought was given to format, structure, clas-
sification systems, and terminology for the new system,
Considerable effort was required to ensure that the sys-
tem would be technically valid and internally consistent,
use nontechnical terminology, and be easily used by
geologists and non-geologists alike. Also, organization-
al commitment was gained to ensure that the accuracy
of the system would be maintained and improved
through regular updating. Coordination was required to
ensure that duplication and overlap with other resource
systems (such as soils, hydrology, and minerals) did not
occur, The system was tailored to satisfy management
needs not already being met.

This paper reviews the geologic information system
and some actual and potential general applications. The
final sections describe some examples of system infor-
mation use.

OVERVIEW OF THE GEOLOGIC RESOURCES
AND CONDITIONS SUBSYSTEM

The initial geologic information system was
developed after formulating standards and guidelines
for information collection. In response to user needs, the
format evolved to the present configuration. At the ur-
ging of forest managers, the system was included as one
component of an overall comprehensive multi-resource
information system, and it was designated the Geologic
Resources and Conditions (GRC) subsystem. The over-
all system, known as the Total Resource Information
(TRI) system, divides the entire GPNF into more than
200 distinct geographic areas (referred to as compart-
ments) averaging about 6,000 acres each.

The name Geologic Resources and Conditions recog-
nizes the basic division of geologic factors into resource
development opportunities and potential constraints to
certain land-management activities. The map scale used
is 4 in. = 1 mi, which matches that of the larger TRI sys-
tem. A user Subsystem Guide (U.S. Department of
Agriculture, Forest Service, 1986b [hereafter U.S.
Forest Service]) describes the subsystem, terms, sys-
tems, and methods used and possible applications of the
GRC subsystem information. Federal regulations,
derived from Acts of Congress, and Forest Service
manual descriptions derived from those regulations
refer to geologic factors as opportunities and constraints
to land-management activities. Geologic opportunities
include potential development and use of geologic
resources. Geologic constraints are factors which affect
cost, safety, or feasibility of management activities.

The GRC map system is designed to display basic
geologic information in a simple, flexible format. Any
land manager can have such a system developed at no
major cost, if data and information gathered for site-
specific project work are routinely plotted on system

map overlays. GRC maps were developed in a three-step
process.

- Office preparation: All available information was
compiled on the 4 in, = 1 mi system base map over-
lays. Sources of information included project files
and reports, published geologic information, and
results of air photo interpretation.

- Field verification: Whenever possible, this step was
accomplished in conjunction with other priority
fieldwork. On the whole, only a slight increase in
field time was required for verification, which great-
ly enhanced the product.

Compilation: Boundaries were reconciled, the final
map prepared, and a folder developed to store all
available maps, photos, and records.

The Forest Service has established a national
Geographic Information Systems (GIS) steering com-
mittee with a mandate to monitor, evaluate, and recom-
mend ways to implement technologies and develop a
national GIS strategy. Looking ahead to future GIS
technology, GRC maps were developed on a controlled
(spatial) base map referenced to geographic coordinates
to allow accurate digitizing of geologic material unit
boundaries and the location of landforms and geologic
resources. The GRC subsystem is fully compatible with
GIS concepts and software and can be readily digitized.

DETAILED SUBSYSTEM DESCRIPTION

Philosophy of the Subsystem

The GRC subsystem is user-friendly by design: it is
a straightforward, single-sheet product that uses clear
symbols and nontechnical terms. It is intended for
general understanding by planners, resource specialists,
and land managers.

GRC Subsystem Components

Components of the GRC subsystem are the map, the
Legend, Materials Sources Information, and Special
Considerations information block. Figure 1 is a repre-
sentation of a GRC map.

All GRC maps are drawn on 24 in. x 36 in.
reproducible mylar sheets. Transparent adhesive-backed
pattern film is used to distinguish the various geologic
materials units on the map sheet and on the left margin
of the descriptive block. The user can locate the descrip-
tive information in the information block keyed by the
same film pattern.

A simplified representation of a GRC map sheet is
given in Figure 2. On an actual map, the local road net-
work is shown to help the user locate a feature or
project. Annotations surrounding the map describe
various features typical of GRC maps. If new informa-
tion is obtained that results in a changed interpretation
of materials unit boundaries, the map can easily be
changed. The pattern film on the master copy GRC map
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GRC MAP LAYOUT N
TOPOGRAPHIC BASE MAP Q
MATERIALS UNIT DESCRIPTIONS N
n
SPECIAL =
CONSIDERATIONS
LEGEND
MATERIALS COMPARTMENT
SOURCE
INFORMATION TITLE BLOCK

Figure 1. Sample Geologic Resources and Conditions (CRC) map layout.

2. SPRINGS:
ARROW SHOWING DIRECTION
OF FLOW

3. WET AREAS:
USUALLY IMPLIES FLAT-LYING
AREAS WITH SEASONAL TO
YEAR-ROUND STANDING WATER

==

1. GEOLOGIC MATERIALS UNIT:
MAP SYMBOL KEYS
TO DESCRIPTION BLOCK

4, EXPOSED ROCK:
OVERLIES MAP UNIT

. MATERIALS SOURCE:
LOCATED BY SYMBOL INDICATING
STATUS ACCOMPANIED BY IDENTI-
FICATION NUMBER. SYMBOL AND
NUMBER KEY TO MATERIAL SOURCE
BLOCK (FIGURE 4)
6. SLOPE FAILURES:
IDENTIFY TYPE OF FAILURE,
NATURE OF INSTABILITY, AREAL
EXTENT, AND DIRECTION OF
MOVEMERT COMPARTMENT

NAME/NUMBER

TITLE BLOCK

SCALE

Figure 2. Example of a GRC topographic base map.
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is removed, the boundary redrawn, new pattern film at-
tached, and a new (updated) mylar copy is made from
the master copy.

An enlargement of a typical geologic materials unit
descriptions is shown in Figure 3. The left portion of the
description displays the same pattern film as those
materials units shown on the base map. Geologic con-
ditions that may affect current or planned land manage-
ment are outlined under "Significant Conditions".

NAME/ORIGIN
GENERAL DESCRIPTION OF UNIT

SOIL
ORIGIN, TEXTURE, CLASSIFICATION BY ENG-
INEERING CHARACTERISTICS

ROCK
ORIGIN, TEXTURE, CLASSIFICATION BY ENG-
INEERING CHARACTERISTICS

SIGNIFICANT CONDITIONS
SUMMARY OF GENERAL GEOLOGIC CONDI-
TIONS WITHIN DESCRIBED MAP UNIT

Figure 3. Typical Geologic Materials Unit (GMU) descriptions.
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Figure 4 is the Materials Source Information for a
typical GRC map. Each known usable source of con-
struction materials is located on the GRC map by sym-
bol and described in the map margin information block
shown. The symbol on the map indicates the status (for
example, developed or closed). If the information block
is left blank, the absence of a known source is pointed
out in the Special Considerations information block.

Some other types of information blocks are not
shown in the figures. These are:

(1) GRC map Special Considerations: This space is
used to summarize the significant geologic resour-
ces and conditions for the entire TRI compartment.

(2) GRC map legend: The legend displays and
describes the symbols that locate geologic resour-
ces and conditions and identify geologic materials
units. Confidence level of materials unit boun-
daries is indicated by either a solid (ground ver-
ified) or dashed (inferred) line.

Elements of the GRC Subsystem

Minimum elements of the GRC subsystem are:

« A display of geologic resources, usually located at
an individual site, identified by symbol. Geologic
resources include construction materials sources,
ground water, caves, and geologic points of interest.

SYMBOL INDICATING SOURCE STATUS

NUMBER - LETTERS CAN DESIGNATE MORE THAN
TOWNSHIP ONE SOURCE PER SECTION

NAME OF SOURCE Y RANGE
\\ A} 1] J'/_- G
MATERIALS SOURCE INFORMATION
SECTION
1107-30
CE 1107-16
SOUR LOWER IRON pilorie €[]
MATERIAL TYPE | TUFF/TUFF BRECCIA BASALT
ROCK
\—)- URCS CCEB BBEA
SOIL
\_),,uscs GM sP
EXCAVATION % | 70% | 30% | 75% | 25% %
METHOD BLAST| RIP |DOzER|BLAST| RIP |DOZER
HIGH QUALITY ROCK
LOW QUALITY SUBGRADE
USES REINFORCEMENT g:mgm FOR ASPHALY
SOURCE ESTIMATE TO
CURRENTLY CLOSED,
REMARKS USED AS A WASTE AREA g??,;‘ﬁ:,_g&g'&“

Figure 4. Typical GRC map materials source information block.
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« A map display of geologic materials units (GMUs)
distinguished by symbol. These units are designated
by soil and/or rock type based on stratigraphy,
physical characteristics, and associated processes.
Certain soil types or landforms of a particular origin
such as till or slope movement deposits may be
designated as GMUs.

« A display of landforms, identified by symbol.
Landforms displayed include rock outcrops and
talus areas, wet areas, and slope features. The com-
bination of geologic materials units and landforms
is used to define geologic conditions.

Descriptive information concerning geologic resour-
ces and conditions is given in the map margin. It in-
cludes descriptions of the GMUs, an explanation of map
symbols, a summary of information about construction
materials sources, and a summary of special considera-
tions such as significant geologic resources in the area.

Geologic Resources

The definition of geologic factors is found, in part,
in planning regulations and the Forest Service Manual,
Chapters 1910, 2550, and 2880 (U.S. Forest Service,
1985a). Energy and mineral resources were not added
to this subsystem because they are already shown on the
TRI Minerals subsystem maps.

The geologic resources shown on GRC maps reflect
known occurrences. However, the fact that a resource is
not displayed may reflect only a lack of past need or
site-specific work to locate the resource.

Earth Construction Materials

This resource consists of deposits of rock, gravel,
cinders, and mixtures of sand, silt, and clay that are of
sufficient quality to be used as construction materials,
such as fill, road base or surfacing rock, or armor for
erosion protection. Since the overwhelming proportion
of earth construction materials used on the GPNF is
natural or crushed rock, the geologic resource is
generalized as "rock resource".

Materials sources are inventoried and categorized as
active or inactive. The status of the source is determined
by the District Ranger after interdisciplinary analysis of
the effects of source development. Management direc-
tion provided by the District Ranger consists of written
criteria on size, period of operation, means of access,
and ultimate rehabilitation of the site. Forest engineer-
ing geologists prepare a long-term source development
and rehabilitation plan consistent with this direction. A
contract operating plan is prepared, consistent with the
development plan, designating that portion of the source
to be used for each project.

By using the comprehensive process described
above, impacts to GPNF resources are minimized, and
each rock source is developed and used in an efficient
manner.

Ground Water

This resource consists of known or inferred occur-
rence of subsurface water that can be developed for a
potable water supply or other purposes. The ground-
water resource in the GPNF has not been systematical-
ly assessed by geologists or hydrologists. The
occurrence of ground water and associated aquifer
recharge systems is generally evaluated by GPNF
geologists on an area or project basis. To date, this
resource has been developed to supply recreation and
administrative sites with potable water and for irrigation
at the Wind River Nursery.

GRC maps show water well locations. GMU descrip-
tions may also identify potential for ground-water ex-
traction.

Caves

This resource consists of natural or developable un-
derground spaces (caves). In the GPNF, numerous
natural cave systems were formed by lava flows. The
location of these caves is an important consideration for °
resource management activities because many contain
significant geologic, cultural, or biological resources.
Several caves provide recreational opportunities;
however, some present hazards. Except for caves well
known to the public that do not contain sensitive
geologic or biological resources, cave entrances are not
shown on GRC maps. Forest policy is to conduct an
analysis to develop a management plan for any caves
that might affect or be affected by management ac-
tivities.

Geologic Points of Interest

This resource consists of examples of unique or spec-
tacular features depicting geologic processes or
phenomena of the Earth’s evolution, including volcanic
or glacial landforms and effects, academically sig-
nificant contacts between soil and/or rock units,
sedimentary structures, landforms, or fossil locations.
Some geologic points of interest are regionally or na-
tionally significant; all features inventoried may have
value for scientific study, public education, and for
recreation and interpretive programs.

As part of the forest planning process, all inventoried
Geologic Points of Interest have been rated for sig-
nificance using Forest Service criteria. The most sig-
nificant features were considered for nomination as
Special Interest Areas in the Forest Plan. The sensitivity
to disturbance of sites was also rated to identify those
features more likely to be damaged or destroyed by
management activities. All sites will be analyzed to deal
with the effects of adjacent management activities.

Geologic Conditions

This information category is defined to include fea-
tures or processes that affect the safety, cost, or
feasibility of resource management activities and
development.
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Geologic Materials Units

The GMU is a basic component of the GRC subsys-
tem and is defined as an area characterized by a map-
pable distinctive geologic condition. Each GRC map
area has been divided into one or more GMUs on the
basis of soil and rock materials origin and characteris-
tics (such as thickness, strength, and permeability),
ground- and surface-water distribution, ground slope,
dominant geologic processes (such as slope movement
in the viscous fluid state), and characteristic landforms
(such as benches or cliffs).

All materials unit descriptions follow the same for-
mat. To reduce subjectivity and increase reliability and
reproducibility, standard soil and rock unit classification
systems are used: the Unified Soil Classification System
(USCS) (American Society of Testing and Materials,
1987), and the Unified Rock Classification System
(URCS) (Williamson, 1984).

GMUs are differentiated on the GRC map by symbol
and keyed to a description in the map margin. The
description contains information about both the soil and
rock materials, such as their thickness and physical
properties. The description also contains a summary of
the significant geologic condition for the GMU, such as
the presence of the numerous slope movement features
or high potential for slope movement (compared to ad-
jacent GMUs), rock outcrop areas, and wet areas. In ad-
dition, the GMU description may contain information
about the suitability of the materials for use in construc-
tion. In some instances, the description may recommend
further site-specific work to evaluate areas in the GMU
pertaining to potential management activities.

Information used to define GMUs is derived from a
variety of sources of varied accuracy and reliability. The
overall accuracy is suitable for general, preliminary
management decisions. The two types of lines separat-
ing GMUs (solid and dashed) represent ground-verified
and inferred boundaries, respectively.

Rock Outcrop

Rock outcrops affect the cost and feasibility of road
construction and alternative timber harvest methods.
This condition must be further analyzed because many
of these areas have been inferred from air photo inter-
pretation. Depending on physical characteristics, rock
outcrop areas may exhibit different stability characteris-
tics, may respond differently to management activities,
and may have potential for use as construction
materials,

Talus Deposits

Talus deposits are significant to timber harvest and
transportation planning because of potential slope in-
stability and difficulty in reforestation. Some talus
deposits may be suitable for use as construction
materials, depending on factors such as particle size,
rock quality, ground slope, and deposit thickness. The

value as a potential rock resource must be compared to
other resource values, such as wildlife habitat.

Significant "Wet Areas"

This condition is defined as areas of elevated or
seasonally high ground-water table or seep/spring areas.
Since many of these wet areas are inferred from air
photo interpretation, their location requires field confir-
mation, site-specific mapping of feature size, and deter-
mination of water quality. Wet area conditions affect
road drainage and pavement design, the cost of road
construction, and slope stability. Intensive field inves-
tigation prior to road design and construction is the
basis for evaluating alternative design and construction
techniques and mitigating slope stability concerns.
Slope Stability

Seven categories of slope movement forms and
processes, distinguished by Roman numeral, appear on
GRC maps. These seven categories represent three basic
mechanisms (slide, flow, and fall) and four sub-
categories. Many features exhibit combinations of
mechanisms. In those instances, the predominant
mechanism is used as the basic descriptor.

The seven categories of mechanisms and associated
symbols are a shorthand method of cataloging slope
movement features. General guidelines for managing
within GMUs cannot be applied to individual slope
movement features. Management and resulting location
and design alternatives must be based on site-specific
field investigation and evaluation of conditions for each
feature.

Subsystem Updating

As new information is acquired, geologists will make
necessary changes to the appropriate GRC map. The
revision date in the title block reflects new information,
and a revised map is provided to the ranger district.

USE OF GEOLOGIC RESOURCES AND
CONDITIONS MAPS

Potential Use of the GRC Subsystem by
Resource Area Managers

Although the information displayed and described
may relate most directly to engineering and slope
stability concerns, GRC subsystem information is adapt-
able to many other national forest resource management
needs.

The following examples are some potential applica-
tions of the GRC Subsystem information by resource
area managers.

* Recreation management: Uses include interpretation
for the public of geologic points of interest, develop-
ment of caves suitable for public use, evaluation of
potable ground-water potential, and consideration of
effects of geologic processes on recreation develop-
ments.
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« Fish and wildlife management: Slope failures con-
tributing sediment to streams can be identified on
GRC maps and stabilization alternatives developed.
Range management: GRC maps may indicate poten-
tial for development of ground-water supplies for
grazing allotments and wildlife improvement
projects.

Timber management: GRC maps, when used with
other resource inventories, are useful in identifying
nonproductive land areas or areas potentially not
suitable for timber harvest. GRC maps are also use-
ful for timber sale planning. By identifying areas of
potentially adverse geologic conditions early in the
planning process, time can be allowed for more
thorough evaluation. Recommendations concerning
potential mitigation can also be requested from
Forest Service geoscientists. Slope stability may af-
fect specific sale location, layout, and viability.
Since, at this stage, timelines are established for
various disciplines to provide further input to the
planning process, the GRC map and summary can
effectively convey significance of soil and rock fac-
tors at a preliminary resolution level.

During timber sale layout, the sale and transportation
planners can use the GRC map to locate construction
materials sources. The map is also useful for prelimi-
nary evaluation of geologic conditions prior to approval
of spur road and landing locations. Identification of rock
outcrop areas may suggest a viable opportunity to use
rock bolts as logging system cable anchors (with ap-
propriate verification),

GRC maps do not eliminate the need for further
geospecialist involvement prior to project planning or
design. The time involved in providing additional input
is greatly reduced by concentrating on known problem
areas recognized earlier in the planning process.

- Water and soil management: GRC maps are useful
to soil and water specialists in evaluating site
productivity, existing stability, soil parent material,
and geologic factors relating to the production,
transportation, and deposition of sediments affecting
water quality. The GRC subsystem complements
other resource subsystems such as soil and water, as
conflicting information is identified and conflicts
resolved.

Minerals and geology management: GRC maps
show the location of material sources. They may be
used for preliminary evalution of geologic condi-
tions which may affect proposals to prospect, ex-
plore, or develop minerals or energy resources.

Facilities engineering management: During initial
transportation route planning, the GRC map
provides a general estimate of how area slope sta-
bility may affect potential routes, as well as a basis

for making a general estimate of cost of construc-
tion, by considering factors such as location of earth
construction materials sources, location of potential-
ly expensive rock outcrop or talus areas, location of
recommended special construction areas, and
materials properties such as ease of excavation. The
GRC map is also useful in establishing preliminary
estimates of feasibility of constructing associated
transportation structures, such as bridges.

Examples of GRC Subsystem Use

Although the initial incentive for development of the
GRC was support of forest planning, geologists tried to
ensure that the information and format would be useful
in the future. An example of the use of GRC informa-
tion for three types of management needs is provided
below.

Area Analysis

The Dry Burton Planning Area, in the northern part
of the GPNF, is adjacent to private land in a scenic area.
The steep slopes in the area have a history of natural
slope movement, and the public expressed concern that
any management activity in the area would increase the
risk of a future catastrophic event. With the GRC map
as a starting point, preliminary slope stability analyses
were conducted using techniques developed to predict
areas of high risk for slope movement from road con-
struction and timber harvest. This allowed the District
Ranger to be fully aware of the risk of management ac-
tivities and allowed interdisciplinary analysis of the pos-
sibility of recommending certain portions of the area as
unsuitable for timber harvest. The GRC map was also
used to identify other geologic factors within the plan-
ning area. The resulting report (U.S. Forest Service,
1984) is an example of system application.

Environmental Assessment for a Proposed Road

Due to public responses during review of the draft
Mount St. Helens National Volcanic Monument Com-
prehensive Management Plan (U.S. Forest Service,
1985b), the feasibility and environmental impacts of
reconstructing Road 51 (a key route for access to the
monument from the south and east) were assessed (U.S.
Forest Service, 1986a). One of the management con-
cerns identified in initial office evaluation for the
project was the effect of road reconstruction. The area
GRC maps were examined to estimate any adverse ef-
fects to geologic resources and conditions.

The following geologic information was obtained
directly from the GRC maps for the project area.

Geologic Resources

 No inventoried geologic points of interest exist in
the project area.
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+ Three caves marked on the area GRC maps are near
the existing Road 51 and would not be affected by
any proposed management alternative.

+ All alternatives would use construction materials in
varying amounts. Three materials sources are lo-
cated on the GRC maps; one is within the project
area.

Geologic Conditions

All route alternatives could potentially affect area
slope stability. Alternative routes were evaluated for
material suitability, natural and modified stability, and
investigative complexity as estimated from the area
GRC maps.

« Material suitability: The measure of suitability
predicts the effect of the materials present on the
timing, feasibility, and cost of construction of the al-
ternative routes on the basis of the physical charac-
teristics (permeability, foundation suitability and
strength, excavation characteristics, and use of the
material) of the earth materials present. The proper-
ties of those materials were estimated from the
GMU descriptions. Material suitabilities were rated
as high, moderate, or low on the basis of these
characteristics. Alternative routes traversing a
majority of high-suitability earth materials were
rated as of good suitability; routes traversing a
majority of low-suitability materials were rated as
of poor suitability.

Natural stability: Some GMUs in the project area
exhibit evidence of recent or past slope movement.
Some portions of the area may be marginally stable
due to materials characteristics and ground slope;
other portions of the area are stable. Ratings ranged
from good (no existing features; materials inherent-
ly stable) to poor (some slope movement features;
inherently unstable material, especially on steep
slopes).
Modified stability: On the basis of material
suitability, terrain, and alternative road prism
designs, some areas have a higher probability of
slope movement during or after road construction
than do other areas. This measure predicts the ef-
fects of each alternative on the stability of excava-
tions and embankments. Ratings range from good to
poor on the basis of the estimated ability to
eliminate slope stability problems along each alter-
native route. Areas in which there is a high prob-
ability of slope movement will require more
stabilization measures in project design than those
areas in which slope movements are unlikely.
« Investigative complexity: Field investigations may
reveal conditions requiring special design or con-
struction methods to insure safety and feasibility or

to mitigate adverse impacts to other resources. An
effect of each route alternative is the consequent
variable degree of investigative complexity, which
also carries a variable degree of uncertainty or risk
to route safety, feasibility, cost, or performance. The
complexity of the routes ranged from low (little or
no steep terrain, no special structures or construction
methods proposed) to high (steep, unstable or poten-
tially unstable terrain, low-suitability earth
materials, or one or more special structures
proposed).

It is worth noting that this analysis began in the fall
of 1985, and within a month the area began receiving
snowfall. The environmental assessment was completed
in early spring. Had the GRC maps for the planning area
not been available, it would not have been possible to
estimate the effects of alternatives on the geologic
resources and conditions due to snow cover.

Project Design

Ideally, GRC maps are used in the initial planning
stages of a project. If this is done, consideration of
geologic factors would lead to a recognition of the
potential impacts of a project on area geologic resour-
ces and conditions. After interdisciplinary analysis and
management decision for the project alternative, an as-
sessment can be made of the need for and degree of in-
volvement for geoscientist personnel to participate in
the predesign phase. Comparison of a proposed project
location with the area GRC map will reveal areas where
more intensive site-specific investigation is warranted.
After project completion, any additional information on
area geologic resources and conditions gained during
project area investigations is added to the GRC map to
improve its overall accuracy.

SUMMARY AND CONCLUSIONS

Prior to 1980, the GPNF, like most national forests,
did not have a means to store and display geologic in-
formation. Consequently, involvement of the geoscien-
tist did not occur until the project design stage, when
changes or mitigation of adverse impacts were difficult
or prohibitively expensive and time consuming. If a
geologic information system that was easy to use, readi-
ly updated, and technically valid could be developed,
use of geologic information would increase. With
greater information availability, involvement would
shift from project design to forest-wide planning and
area analysis. If such a shift could occur, it was
predicted that cost of project investigation and design
would be reduced, and unforseen environmental conse-
quences would also diminish.

In late 1979, the opportunity arose to develop such a
system with the appointment of the Forest Geologist to
the Forest Planning Interdisciplinary Team. A proposal
was accepted to develop a long-term geologic informa-
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tion system. This system evolved and was named the
Geologic Resources and Conditions Map Subsystem, in
recognition of the types of geologic factors (oppor-
tunities and constraints) that may affect management ac-
tivities. The GRC is one of several subsystems in the
overall TRI system.

The GRC system is based on information projected
from field data collected at specific sites. The informa-
tion has been interpreted and described in nontechnical
terms and is structured for ease of use. Because of its
simple format, the system can be easily updated, and its
accuracy increases as new information is acquired.
Forest Service planners, engineers, and foresters have
been trained in use of the system, and, due to
availability and simplicity of the system, geologist in-
volvement has broadened from project design into plan-
ning.

Since development of the GRC, the following
benefits have been observed:

« Geologists have had full involvement in the iden-
tification of potentially unsuitable lands during the
forest planning process. Forest Service managers
have recognized the extent and status of geologic
resources and conditions as they may affect future
management activities.

- The GRC map system has proved useful as a tool
from which to estimate both the general effects of
proposed projects on the area’s geologic resources
and conditions and the effect of those geologic fac-
tors on the safety, cost, and feasibility on the
proposed projects.

- The GRC map system has been shown to be useful
in estimating project complexity and hence timing
and scope of involvement of geoscientist personnel.
The GRC provides the basic data to perform and
verify area slope stability analyses for the GPNF
cumulative effects assessment process.

» Data extracted from the GRC will be used in the fu-
ture for planning the use of substitute earth anchor
systems for use as logging tower tailholds.

Using GRC maps, engineering geology staff can
prioritize their involvement in planning for various
projects.

GRC maps provide data to share with other state and
federal agencies, researchers, and schools. For ex-
ample, the State of Washington Department of
Natural Resources Division of Geology and Earth
Resources used the GRC extensively in producing
the geologic map of the southwest quadrant of
Washington (Walsh et al., 1987).

The GRC system was built on accurate topographic
maps, making spatial location of features and digitizing
of the location of materials boundaries and geologic
resources and conditions a possibility in the future. This
makes the GRC system fully compatible with
Geographic Information System concepts and software.

The GRC map system is easy to construct. Once
agreement was reached on format and materials clas-
sification systems (fully documented in a User Guide),
the system was implemented by starting with project file
information, published geologic reports, and air photo
interpretation. As opportunities arise, GRC maps can be
field verified and supplemented with additional infor-
mation. With time, the maps will increase in accuracy.
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In some areas, such as the Dog Hair Timber Sale Area, Quilcene Ranger District,
Olympic National Forest, it is not economical to build new roads and harvest timber
because the source of rock road material is far from the site and the mature timber is
not large enough for the saw mill. One solution to this problem is the use of wood chip
as road base course material. By processing wood chips onsite, this material can be
transported ready for a pulp mill and the remainder can be used in road construction. In
this U.S. Forest Service photograph, the bulldozer is moving woody debris before
spreading more wood chips. A small volume of crushed rock aggregate can be used to
cap the woody base course. Photograph courtesy of the U.S. Forest Service.
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One means of stabilizing a logging road that has failed is the earth-reinforced structure.
In this Forest Service photograph, a load of rock aggregate is about to be unloaded on
top of steel "ribbons", visible behind the truck. The ribbons are "nailed" in place and
serve as anchors for the wall. After several lifts are placed, the road will be rees-
tablished at its former elevation, (uphill of the truck).
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CHAPTER OBJECTIVE AND CONTENTS
Objective

This chapter provides a collection of papers repre-
sentative of the diversity of ground-water resource
evaluation and management problems encountered in
Washington. Because ground water is a factor in most
subsurface exploration and construction projects, as-
sessment of ground-water occurrence and movement is
a common component of such projects. The multidis-
ciplinary aspect of engineering geology projects is il-
lustrated by the diversity of papers contained in these
volumes; many of the Part II case histories include a
ground-water component. However, this chapter
presents papers describing projects or assessments
which have ground water as their primary focus.

One of the authors represented in this chapter, James
R. (Bob) Jensen, died suddenly on December 9, 1988.
In honor of his years of contributions to geohydrology,
we respectfully dedicate this chapter to his memory.

Overview of Ground-Water Problems
and Project Types

In order to place this chapter into perspective, a brief
discussion of ground-water problems and projects
potentially encountered in engineering geology practice
is appropriate. Table 1 illustrates the range of problems
and project elements which arise from man’s interaction
with ground water; it was compiled based on topics dis-
cussed in Freeze and Cherry (1979). The major ground-
water study topics outlined in Table 1 generally fall into
one or more of three categories: (1) exploration, ex-
ploitation, and management of ground water for benefi-
cial use; (2) control of ground water associated with
contaminant sources and construction projects; and (3)
assessment of the role of ground water in natural
geologic processes which continue to change the com-
plexion of our Earth. All these ground-water problems
and project elements have been encountered in
Washington in the time since pioneers settled here and
pursued their need for water supplies, structures, and ac-
quisition of knowledge to facilitate coexistence with the
surrounding and underlying earth materials.

Chapter Contents

With the range of problems and project elements in
Table 1 representing the universe of potential ground-
water topics, a subset of papers was sought for this
chapter to provide an interesting "cross section" of
ground-water work and conditions in Washington. The
seven papers included in this chapter represent the
general topics of ground-water resource evaluation (Jen-
sen and Eckart; West and Noble; Drost), ground-water
resource management (Olson; Brown and Randall), and
construction and geotechnical problems (Noble; Her-
man). Ground-water contamination problems are not
within the scope of this chapter; they are addressed in
the Waste Disposal and Ground-Water Contamination
chapter of this volume.

OVERVIEW OF GROUND-WATER LAWS IN
WASHINGTON

A general understanding of ground-water laws of the
State of Washington provides insight into the issues and
concerns described by the case histories of this chapter.
The following elements of the Revised Code of
Washington (RCW) and amendments to the Code con-
stitute the major laws which govern ground water in this
state (Washington Department of Ecology, 1986):

Chapter 9044 RCW, Regulation of Public
Groundwaters, 1945: Extends application of sur-
face-water statutes (Chapter 90.03 RCW) to ap-
propriation and beneficial use of ground waters;
addresses ground-water management.

Chapter 90.48 RCW, Water Pollution Control Act,
1945: Mandates maintenance of highest possible
water-quality standards consistent with public
health and enjoyment, and requires use of best
available methods to prevent and control pollution
of waters of the state.

Chapter 90.54 RCW, Water Resources Act, 1971: Es-
tablishes state water-resources policy fundamen-
tals to ensure resource protection and full
beneficial utilization; defines beneficial uses of
waters of the state.
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Table 1. General categories of ground-water problems and corresponding project elements

Category of Problem

Project Elements

Ground-Water Resource Evaluation

System definition
Water-supply production
Artificial recharge

Ground-Water Resource Management

Withdrawal regulation
Water-quality regulations
Aquifer protection zones
System modeling

Other Beneficial Uses

Irrigation
Heat Pumps (heating and cooling)
Geothermal heating

Ground-Water Contamination Problems

Man-induced problems
Nature-induced problems
Pollutant discharge regulations

Construction and

Geotechnical Problems

Slope stability

Dams and reservoirs
Tunnels and excavations
Structure and agricultural

Evaluation of Natural
GeoTogic Processes

Faulting and earthquakes
Petroleum and mineral deposits
Genesis of land forms
Geothermal systems

Ground-water occurrence, movement, water budgets
Well and well-field design/construction
Resource replenishment/non-consumptive use

State water rights and diversion permits

Drinking water standards and criteria

Local and regional planning; zoning restrictions

Predictive tools for management of water quantity and quality

Water supply for seasonal agricultural use
Shallow, fresh water aquifers; water temperature <259 C
Deep, saline aquifers; water temperature >1800 C

Effects of waste disposal and hazardous materials spills
Elevated mineral and radionuclide concentrations
State waste disposal facility permits

Pore pressure relationships in soil and rock

Ground-water seepage control/grouting

Ground-water seepage control/dewatering

Foundation drains in buildings, tile and ditch drains in fields

Pore pressure relationships, prediction of events

Influence of ground water on deposition and movement of deposits
Slopes, river valleys, caves, etc.

Convection mechanisms, water-steam equilibria

Amendments to Chapter 90.54 RCW, 1984: Requires
local governments to consider ground-water
quality and quantity during development of com-
prehensive plans.

Amendments to Chapter 90.44 RCW, 1985: Provides
for establishment of ground-water management
areas to address ground-water quantity and quality
issues; requires the Department of Ecology to
develop procedural regulations and guidelines.

A more complete listing of state laws relating to
ground water, and of regulations promulgated pursuant
to these laws, is included in State of Washington
Ground Water Quality Management Strategy
(Washington Department of Ecology, 1986).

GROUND-WATER INFORMATION AND
REFERENCE MATERIALS

For the reader who is interested in obtaining addi-
tional information regarding the principles of ground-
water occurrence and movement, drilling and water well
technologies, current ground-water management ac-
tivities in Washington, and ground-water resource data,

additional references are included in the reference sec-
tion of this introduction.
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INTRODUCTION

The growing awareness that our traditionally pure
and plentiful ground-water supplies are neither infinite
nor invulnerable to contamination has spawned a con-
siderable interest in ground-water management. This is
particularly true in areas heavily dependent on ground
water, such as the Clover/Chambers Creek Basin in
central Pierce County, Washington (Figure 1). The
Clover/Chambers Creek basin covers approximately
150 sq mi and includes a population of 232,000. For
three-fourths of the year 90 percent of the water for
Washington’s second largest metropolitan area comes
from the ground. During summer and droughts when the
city of Tacoma is restricted from drawing on the Green
River, the entire basin is even more dependent on
ground water.

Inherent in effective ground-water management are
comprehensive understanding of the ground-water
regime to be managed and application of a conceptual
ground-water model that facilitates the planning
process. This paper presents the hydrostratigraphy of the
Clover/Chambers Creek basin, which in turn provides
the basic geologic/structural framework for the concep-
tual ground-water model used by the Tacoma-Pierce
County Health Department in long-term management of
the Clover/Chamber Creek basin’s ground-water resour-
ces.

A hydrostratigraphic unit is a body of rock having
considerable lateral extent and composing "a geologic
framework for a reasonably distinct hydrologic system"
(Maxey, 1964). Hydrostratigraphic definition of water
resources has proven particularly applicable for Pierce
County and the Clover/Chambers Creek basin because:

(1) It closely parallels glacial and time-stratigraphic
geologic units already established in the area.

(2) It focuses attention on, and allows discrimination
of past, present, and future ground-water production
zones.

(3) It readily identifies areas of aquifer interconnec-
tion as well as distinguishing areas most vulnerable to
ground-water contamination.

Consequently, hydrostratigraphic definition of the
Clover/Chambers Creek basin provides resource
managers with a relatively simple tool directly ap-
plicable to the planning process. This has proven par-
ticularly useful in Pierce County where effective
ground-water management has been hampered by con-
tinued debate over the significance of complex aquifer
and aquitard relationships under relatively localized
conditions. Although a clear understanding of local
hydrogeologic conditions is essential in site-specific
situations, it does little in support of regional ground-
water planning in terms of assessing the quantities of
available resource and the vulnerability of resource
quality to basin- or county-wide planning decisions.

While the hydrostratigraphy of the Clover/Chambers
Creek basin was developed from interpretation of more
than 500 water well reports on file with the Washington
Department of Ecology (Figure 2), the Pleistocene
stratigraphy developed by numerous investigators over
the last 30 yr greatly facilitated the process. Therefore,
we present a brief summary of this previous work, the
difference between glacial and interglacial lithologies,
and their influence on the basin’s hydrostratigraphy.

PLEISTOCENE STRATIGRAPHY

During the Pleistocene Epoch, several Cordilleran
glaciers advanced into the Puget Sound lowland. The
most recent of these (Vashon) was about 5,000 ft thick
at the latitude of Seattle and probably 1,500 ft thick over
the Clover/Chambers Creek basin; its terminus was
about 12 mi south of Olympia. Each glacier was respon-
sible for depositing varied assortments of till, outwash
sand and gravel, and glacial lake sediments.
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Figure 1. Location of the Clover/Chambers Creek basin

Pleistocene Deposits

The origin and types of sediments occurring in the
Clover/Chambers Creek ground-water basin are a direct
reflection of the glacial activity during the Pleistocene
Epoch. Only unconsolidated sediments (clay, silt, sand,
and gravel) deposited by the glaciers during glacial
periods or by streams and rivers during interglacial
periods are exposed at the surface within the
Clover/Chambers Creek basin. The nearest bedrock ex-
posures are about 4 mi east of the study area near the
Puyallup River. Unconsolidated sediments also
dominate the subsurface geology and the underlying
ground-water basin to considerable depth. The deepest
wells in the area (more than 2,000 ft deep) did not en-
counter bedrock (Walters and Kimmel, 1968).
Geophysical investigations (including gravity, acromag-
netic, and seismic surveys) indicate that the study area
is located over a deep structural basin, the Tacoma Low,
filled with more than 2,000 ft of unconsolidated
materials (Rogers, 1970).

For the purpose of the Clover/Chambers Creek
geohydrologic study (Brown and Caldwell, 1985), the
area’s unconsolidated deposits were divided into several
major types on the basis of environment of deposition
and of permeability. The fundamental criterion for this
division by environment of deposition was glacial ver-
sus nonglacial.

Glacial Deposits

Outwash sand and gravel was deposited by meltwater
streams in front of the glaciers during their advances.
Advance outwash deposits consist of all sizes of sand
and gravel, as well as scattered cobbles and boulders.
Near the glacier front, poorly sorted sand and gravel
was deposited by high-energy streams. At greater dis-
tances these materials usually are more stratified and
better sorted. These outwash gravels are generally the
most permeable of glacial deposits. Even farther from
the glacier, the gravel content is less and sand content
greater. And most distally from the glacier front, or in
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valleys remaining after glacial retreat, the deposits can
be silt and clay which filled glacial lakes. These lake
deposits have low permeability,

Till is an unsorted to poorly sorted glacier-generated
mixture ranging from clay-size particles through
boulders. It is dense and has the general appearance of
concrete. Till resulted from the compaction of a slurry
of granular materials worked by the advancing and over-
riding glacier. Consequently, till tends to consist of
reworked material at the face of the ice. As a result of
the crushing and compaction, till commonly exhibits
low permeabilities. However, within the Clover/Cham-
bers Creek basin the till is not everywhere impermeable
and does not uniformly serve as a barrier to the transport
of water and pollutants. Some wells in the area have ob-
tained moderate yields from till deposits. The typical till
of the area has a far lower clay content than the classic
tills of the midwestern United States.

As the glaciers receded, meltwater streams again
deposited coarse sand and gravel over the previously
compacted till. This recessional outwash is similar in
character to advance outwash in that it is finer grained
and less permeable with increasing distance from the
glacier. There is a tendency for more cobbles and
boulders to be present in the recessional outwash than
in the advance outwash.

Sands and gravels of the glacial deposits in the basin
tend to be relatively light-colored, containing con-
siderable quartz and feldspar in the sand fraction,
whereas the gravels contain notable amounts of granitic
and metamorphic rocks. Source areas included the
northern Cascades and the coast range of Canada; both
regions are dominated by large areas of relatively acidic
rocks.

Chronology studies of the Vashon deposits by Mul-
lineaux et al. (1965) indicate the Vashon ice occupancy
of the Seattle area may have lasted only 1,000 to 1,500
yr. The previous glacial occupancies may have been of
similar durations.

Nonglacial Deposits

Nonglacial materials were deposited during intervals
between glaciations. They are also accumulating today
as bottom sediments in Puget Sound, floodplain sedi-
ment in the valleys, and both mineral and organic fill-
ing of lakes and bogs. In general, the nonglacial
sediments are finer grained than the glacial sediments,
and they commonly contain vegetal material.

Sand, silt, and gravel of the nonglacial deposits tend
to be darker colored than glacial deposits and common-
ly lack granitic or metamorphic rock types. They are
rich in andesite fragments. Silts commonly have a
pinkish to lavender cast, which is typical of modern
deposits originating from Mount Rainier, a major source
of detritus in the present-day Puyallup and Nisqually
rivers which border the study area.

Stratigraphic Chronology

The nonglacial climatic episodes lasted far longer
than the glacial. No reliable dates bracketing these in-
terglacial periods are known, but magnitudes of 50,000
to 100,000 yr are likely.

Crandell et al. (1958) were first to describe and name
a multiple sequence of glaciations and nonglacial
episodes in Pierce County. Their sequence from
youngest to oldest was:

Vashon glaciation
Unnamed nonglacial interval

Salmon Springs glaciation (a nonglacial interval
suspected within)

Puyallup interglaciation

Stuck glaciation

Alderton interglaciation

Orting glaciation

Later, Armstrong et al. (1965) described the Vashon
as a stade within a broader glaciation designated Fraser.
In this report, the term Fraser need not be further used
because only Vashon-stade deposits of the Fraser are
present in the area. Armstrong et al. (1965) also applied

the term Olympia Interglaciation to the "unnamed non-
glacial interval" of Crandell et al. (1958).

Where possible, geologists assign "rock units" (or
identifiable and mappable geologic formations) to the
separate time periods. The combination defines the
stratigraphy. Thus, Vashon Drift is assigned to the
Vashon Stade and the Puyallup Formation is assigned
to the Puyallup interglaciation. However, no named and
identified unit has been definitively applied to the
Olympia interglacial period. It has been common prac-
tice to assign the Kitsap Formation to this time period.
However, that relation has been seriously questioned by
Noble and numerous other investigators in recent years.

Noble, during prior work in the area and during per-
formance of the 1985 Brown and Caldwell study,
suspected the existence of two glaciations above the
Kitsap, plus an intervening nonglacial episode. Thus,
with the Olympia interglacial interval firmly defined as
that period preceding the Vashon, the Kitsap Formation
would not represent that time. Table 1 presents the rela-
tions between climatic units and stratigraphic units as
developed for the central Pierce County area.

GROUND-WATER OCCURRENCE

Distinguishing between glacial and nonglacial en-
vironments of deposition has been critical to the defini-
tion in this study of several distinct hydrostratigraphic
layers. This layering is believed to have a major impact
on the occurrence, availability, and contamination/
protection of the ground-water resource.
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Table 1. Time-stratigraphic chart, central Pierce
County, from Brown and Caldwell, 1985

Climatic Unit

Mapped stratigraphic
unit in study area

Vashon glaciation

01ympia
interglaciation

Unnamed glaciation
(upper Salmon Springs?)

Unnamed
interglaciation

Salmon Springs glaciation

Puyallup

Vashon Drift

None (Evans Creek to
east--alpine drift)

Uncertain

Kitsap Formation

Salmon Springs Drift
Puyallup Formation (to

interglaciation the east)
Stuck glaciation Stuck Drift (to the
east)
Alderton Alderton Formation
interglaciation (to the east)

Orting glaciation Orting Drift (to the

east)

Earlier Pleistocene None
glacial episodes

The glacial layers, tending to be coarse grained and
more permeable, serve as the major aquifers of the area.
However, because of their high-energy and rapidly
changing depositional setting, the glacial deposits tend
to be heterogeneous and discontinuous. Many local
drillers have had the experience of obtaining an excel-
lent well yield at a particular depth, then drilling a "dry
hole" to the same depth at a nearby location,

The nonglacial layers, tending to be finer grained and
less permeable, are also much more uniform over their
areal extent than the glacial layers. Furthermore, as they
do not commonly contain materials suitable for yielding
water to wells, they tend to be regional aquitards, which
means they act as confining layers and create a regional
impedance to the movement of ground water.

HYDROSTRATIGRAPHY

As the preceding sections illustrate, the area’s
geologic history and the variety of depositional proces-
ses which have been active provide for an extremely
complex distribution of sediments which control the
local ground-water flow. The complex subsurface geol-
ogy of the Clover/Chambers Creek basin must be repre-
sented in a simplified, interpretive geohydrologic model
if the model is to serve as a practical tool for protecting
the area’s ground-water resource. Yet the model must
be sophisticated enough to approximate local
geohydrologic conditions which might be involved in
the relation between land-use activities and ground-
water quality.

The first step toward defining the relations has been
to define the study area’s subsurface in terms of

hydrostratigraphic layers. For purposes of the 1985
Brown and Caldwell investigation, a hydrostratigraphic
layer is a grouping, both vertically and horizontally, of
sediments that were deposited at approximately the
same time under the same environmental conditions and
that exhibit, in general, the same physical and
hydrologic characteristics. As a general caution, it is im-
portant to recognize that these layers are quite
heterogeneous within their own narrowly defined limits
and that variations in physical and hydrologic character
are common, in places to the extreme. Nevertheless,
taking the geohydrologic model as a whole, extreme
conditions are rare. Where possible, notable variations
in physical and hydrologic character are identified.

Table 2 lists the hydrostratigraphic layers defined
and the geologic names commonly applied to them.
Eight layers have been identified, extending from
ground surface to a depth of about 750 ft. The major
water-transmitting or producing zones are glacial layers
A, C, E, and G. Interglacial layers A1, B, D, and F
generally retard or inhibit the flow of ground water.
(See Figure 3.)

Layer A

This layer, principally glacial in origin, includes all
materials stratigraphically above the Kitsap Formation
of Walters and Kimmel (1968). The top of this layer is
represented by the surface topography and geology of
the area.

Table 2. Correlation of stratigraphic and hydro-
stratigraphic units for the Clover/Chambers Creek basin

Probable hydrostrati-
graphic layers defined
in 1985 Brown and
Caldwell study

Mapped stratigraphic
unit in study area

Vashon Drift A
None (Evans Creek to Ay
the east--alpine drift)
Uncertain Below Ay or A
undifferentiated
Kitsap Formation B
Salmon Springs Drift(?) C
Puyallup Formation D
(to the east)
Stuck Drift E
(to the east)
Alderton Formation F
(to the east)
Orting Drift G
(to the east)
None H, I
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The youngest deposits included in layer A are peat
and alluvium. Peat deposilts are scattered across the sur-
face of the study area and consist of partly decayed or-
ganic matter. They are associated with swamps and
marshes, and their average thickness is about 24 ft (Wal-
ters and Kimmel, 1968). Alluvium consists of recently
deposited sand, gravel, silt, and clay in the bottoms of
creeks and streams.

Within the Clover/Chambers Creek basin, layer A
ranges from less than 1 ft to about 350 ft thick and is
typically 100 to 200 ft thick. The areal configuration of
the base of layer A is shown on Figure 4.,

Vashon Drift comprises most of this unit. Due to its
widespread distribution and abundant surface ex-
posures, the Vashon Drift is the best defined of all the
local Pleistocene glacial sequences and has been sub-
divided into five parts:

(1) Vashon recessional outwash
(2) Steilacoom Gravel

(3) Vashon till

(4) Vashon advance outwash
(5) Colvos or Esperance Sand

c 3 e Level
577777777777

E
J G
-1

Locally, the Steilacoom Gravel is a special type of
recessional outwash deposit. It is composed of a consis-
tently coarse gravel with interstitial sand and covers
much of the study area. This unit was deposited by high-
energy streams and rivers which rapidly drained a large
proglacial lake in the Puyallup River valley. These
rivers cut massive outwash channels (Kirby, Clover
Creek, and South Tacoma channels) and spread the
gravels out over the southern and western parts of the
study area.

Other deposits of recessional outwash that consist of
coarse sand and gravel are also scattered throughout the
study area. Recessional outwash deposits, including the
Steilacoom Gravel, rarely exceed a few tens of feet in
thickness and are commonly underlain by Vashon till.

Vashon till is also a locally important unit in that in
many places it represents the first barrier to the
downward migration of contaminants. However, the
presence of till does not always mean a barrier exists.
The till of central Pierce County is present in two forms,
lodgment till and ablation till. Lodgment till, locally
referred to as hardpan, is a compact mixture of sand and
gravel in a matrix of silt and clay which has a very low
permeability. Ablation till is a loose deposit of

EXPLANATION
HYDROSTRATIGRAPHIC LAYERS

A lover Creek N

A Deposits Above Kitsap Formation (Mostly of Vashon Drift)

A4 Nonglacial Deposits Within A

B Nonglacial Deposits——Mainly Equivalent to Kitsap Formation
C Glacial Deposits--Mainly Equivalent to Salmon Springs Drift
D Nonglacial Deposits——Mainly Equivalent to Puyallup Formation

E Glaclal Deposits--Geologic Correlation Indefinite, Possibly
Stuck Drift

F Nonglacial Deposits--Geologic Correlation Indefinite, Possibly
Alderton Formation

G Glacial Deposits—-~ Geologic Correlation Indefinite, Possibly
Orting Drift

Kirby Channel
SOUTHEAST
of Glacial ‘
Clover Creek Lake Puyallup B

Channel of Glacial
Lake Puyallup

7—77777_
Mc Chord
NORTHWEST Stellacoom [ ' ARR ]
B - Lake
rry——
= =
7
D /Z
E
?ﬂZH
e 1 1
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12000
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Figure 3. Generalized geologic cross-sections. Locations of the sections shown in Figure 2.
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moderately permeable, unstratified gravel, sand, and
silt. Generally, the till is about 5 to 30 ft thick; however,
Walters and Kimmel (1968) have noted some well logs
which indicate till sheets more than 100 ft thick. The till
is present at the surface throughout much of the study
area, particularly in the northern part. In the southern
part of the study area, it occurs as scattered outcrops.

Underlying the till is the Vashon advance outwash,
which consists of predominantly stratified, well-sorted,
pebble-to-cobble gravel. The advance outwash is
present beneath most of the study area in varied thick-
nesses, generally 25 to 50 ft. Surface exposures are
limited to the northwest part of the study area and con-
sist of numerous small outcrops in bluffs and stream
cuts. The advance outwash is important as a principal
aquifer for the Tacoma area.

The Colvos Sand, also called the Esperance Sand,
can be considered an advance outwash deposit.
However, due to its unique character, the Colvos Sand
is generally mapped and discussed as a separate unit.
The Colvos Sand consists of loose, well-sorted sand
with scattered gravel beds and, in some areas, a distinc-
tive basal clay. The clay was deposited in a proglacial
lake formed when the advancing glacier dammed the
north end of the Puget Sound lowland. The Colvos Sand
is well exposed in bluffs along the Tacoma Narrows and
in steep canyons draining into Commencement Bay. The
Colvos Sand is as much as 150 ft thick and overlain by
the Vashon advance outwash.

During the evaluation of layer A, it became evident
that a distinct nonglacial unit was present within layer
A. This relatively thin layer has been designated Layer
Ai. Layer A1 was recognized in 17 well logs, all from
wells north of Chambers Creek (Figure 5). The A layer
is underlain by heterogeneous gravelly deposits of gla-
cial origin. The implication of A1 is that there are
deposits of two glaciations above the Kitsap Formation.
The age of A1 may be equivalent to that of the nongla-
cial sediments below the Lawton Clay described by
Mullineaux et al. (1965). Dates on the sediments below
the Lawton Clay are in the range of 15,000 to 20,000 yr
or more, whereas there are no finite dates less than
38,000 yr for any samples from the Kitsap Formation.

With the exception of regional upwell, nearly all
ground-water recharge to the study area is contained in
or ultimately penetrates layer A. Vertical and horizon-
tal movement of ground water is highly influenced by
subsurface Vashon till, local pods or lenses of silt and
clay, and deposits of layer A1, all of which tend to have
low permeability. Most water drawn from wells com-
pleted in layer A should be considered susceptible to
direct surface contamination. This statement is par-
ticularly true for areas not mantled by Vashon till. In
areas with a thick till mantle, contaminant transit to
water-bearing zones is less direct.

Layer B

Layer B in the western part of the area is equivalent
to the Kitsap Formation as mapped by Walters and Kim-
mel (1968). The Kitsap Formation crops out along the
Puget Sound bluffs near the southern boundary of the
study area and in the lower reaches of the Chambers
Creek Canyon near Chambers Bay. It is also the oldest
sedimentary unit exposed in the study area.

Layer B is of particular importance to this investiga-
tion because it serves as the principal aquitard separat-
ing the upper and lower ground-water regimes.

In the subsurface layer B is a widespread nonglacial
unit consisting mainly of clay, silt, and fine sand and
organic material. Note that the base of layer A (Figure
4) is also the top of layer B. The base of layer B is
shown on Figure 6. In the west, layer B is typically 50
to 150 ft thick.

Layer B is notably not present in part of the South
Tacoma Channel and the central basin. Here, direct pas-
sage of water from layer A to underlying layer C would
be more likely. In the central to eastern part of the study
area, layer B appears to be present but very thin. The
base of layer B has not been contoured in the eastern
part of the study area due to the lack of adequate data.

Where layer B is missing, the distinction between
layers A and C has been made by noting color changes
in the drilling logs and by general stratigraphic position.
Otherwise, the two can be lithologically similar,

Layer C

Underlying the Kitsap Formation (layer B), layer C
consists of glacial drift representing the second oldest
regionally identified glaciation. This glaciation is
generally known as the Salmon Springs, but use of that
term is not recommended here because of the possibility
of incorrect definition. If, as indicated by the presence
of layer A1, deposits of a pre-Vashon glaciation exist
above the Kitsap Formation, then designation of a pre-
Kitsap glaciation as Salmon Springs may be erroneous.
For the purposes of this paper, the name Salmon Springs
is restricted to discussion of surface exposures to con-
form with work in the area by previous investigators.

The Salmon Springs Drift is well exposed east and
south of the study area in the Puyallup and Nisqually
river canyons. The Salmon Springs Drift is exposed just
outside the study area boundary at the northeast end of
the South Tacoma Channel. Deposits of the Salmon
Springs Drift are predominantly stratified sand and
gravel with thin, discontinuous layers of silt and clay.
The Salmon Springs Drift does not have an identifiable
continuous till sheet.

Layer C is well represented in test holes and water
wells throughout the Clover/Chambers Creek basin
(Figure 7). In the west part of the study area beneath
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Steilacoom and Lakewood, layer C includes the basal
member of the Kitsap Formation, a channelized aquifer
of coarse gravel from which high well yields have been
obtained. Layer C is typically 50 to 180 ft thick. Where
it is overlain by fine-grained deposits of layer B, the
aquifers of layer C can be expected to have a reasonable
degree of protection from direct surface contamination.
With the exception of regional upwell, most of the
recharge to layer C probably occurs in the South
Tacoma Channel and southeastern parts of the study
area where layer B is absent, very thin, or discon-
tinuous, permitting hydraulic continuity with layer A.
The highly productive wells of the City of Tacoma in
the South Tacoma Channel owe their high yields to the
thick sequence of sand and gravel resulting from the in-
terconnection of layers A and C.

Layer D

This nonglacial deposit, which has no local surface
outcrop, is widespread throughout the western basin
(Figure 8) and is typically about 50 to 200 ft thick.
Stratigraphically, layer D is probably equivalent to the
Puyallup Formation described by Walters and Kimmel
(1968). However, use of that term is not recommended
here due to the same ambiguities raised by the presence
of layer A; and discussed in reference to layer C. The
unit is easily and commonly recognized through drill
log descriptions.

Unlike layer B, the materials of layer D contain very
little gravel and consist of predominantly sand, silt, and
clay. Its base is also far more uniform, indicating low-
energy deposition on a mature surface. Underlying
materials are commonly deeply weathered, indicating
extensive subaerial exposure. Well logs note con-
siderable vegetal material and volcanic ash. Layer D is
considered to be an important, widespread aquiclude
where present. Properly constructed wells developed
beneath layer D, where both layers D and B are present,
should be well protected from direct contamination.

To conform with published mapping, the term Puyal-
lup Formation will only be used in conjunction with
reference to surface exposures. The formation repre-
sents a lengthy interglacial period and is composed of a
wide variety of sediments. The unit is not exposed in
the Clover/Chambers Creek basin, but good exposures
as much as 135 ft thick occur along the Puyallup River
valley from Orting to Tacoma. Most of the Puyallup
Formation consists of alluvial and lacustrine deposits.
Volcanic ash and minor amounts of peat are typical. Ex-
tensive erosion and weathering of the Puyallup Forma-
tion occurred before the advent of the next glaciation.

Attributed to layer D is an important feature on the
western edge of the study area. Several deep wells
penetrate a very thick and continuous clay that is inter-
preted to be the sediment fill of a channel-shaped gla-
cial lake. The eastern edge of the channel is parallel to

and east of the existing Narrows. It is probable that the
channel is an ancestral Narrows caused by glacial scour
from an advancing Puget lobe glacier. Hydrologically,
the clay-filled channel serves as a dam to ground water
which flows through layers E and G from the east
(Figure 3). Wells situated above the channel obtain
water from aquifers within about 100 ft below sea level
or penetrate aquifers far below sea level.

Layer E

This 50- to 200-ft-thick glacial layer is identified in
many deeper wells throughout the basin (Figure 9).
Layer E probably has the highest yields of the
hydrostratigraphic layers identified in the Clover/Cham-
bers Creek basin. Layer E is bounded on the west by the
clay-filled ancestral Narrows channel discussed under
layer D.

Layer E may be equivalent to drift of the Stuck
Glaciation as defined by Crandell et al. (1958). The
Stuck Drift is a fairly thin unit, rarely exceeding a thick-
ness of 40 ft in exposures east of the study area along
the Puyallup River valley. It consists of a slightly
oxidized till 5 to 20 ft thick that is sandwiched between
Stuck advance and recessional outwash sand and gravel.
Fine-grained lake deposits indicating an ice-blocked
lake have been identified in the upper part of the Stuck
Drift near Sumner.

Layer F

Layer F consists of nonglacial sediments that may be
equivalent to sediments of the Alderton interglaciation
as defined by Crandell et al. (1958). The Alderton unit
includes gravels deposited in stream channels and sand
and silt deposited on a broad alluvial plain and in lakes.
These materials are primarily erosional debris off the
flanks of the Cascades. Layers of peat and volcanic ash
are common in this unit. The only surface exposures of
the Alderton Formation are east of the study area, and
they indicate the Alderton is at least 100 ft thick in some
areas. Beneath the study area, layer F has been iden-
tified in well logs, but data points for the base of layer
F are sparse. Only about a dozen deep wells penetrate
this layer. The available data indicate that layer F is
present beneath most of the study area and also typical-
ly 100 ft thick (Figure 10). The sediments of layer F are
generally fine grained, indicating deposition a con-
siderable distance from the source. As a result, layer F
forms an important regional aquitard.

Deeper Layers

Some very deep wells have penetrated hydro-
stratigraphic layers below layer F; however, the data are
too limited to either map or to definitively characterize
these deeper layers. East of the study area in the Puyal-
lup valley, the Orting Drift has been mapped as
stratigraphically below the Alderton Formation (tenta-
tively layer F in this paper). It is very likely that the
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deeper hydrostratigraphic layers (that is, layer G in the
cross-sections) identified beneath the study area include
or are equivalent to the Orting Drift. The Orting Drift
is the oldest Pleistocene glacial sequence identified in
the area.

The base of the Orting Drift includes a thick gravel
deposit consisting of central Cascade rock types. Most
of the unit is stratified sand and gravel. At different
elevations within the Orting Drift are continuous inter-
beds of brown till. The till is very compact and consists
of unstratified gravel in a silty matrix. About 260 ft of
Orting Drift has been exposed in the Carbon River val-
ley east of the study area, and as much as 200 ft of the
unit consists of gravel.

CONCLUSIONS

The hydrostratigraphic characterization of the
Clover/Chambers Creek basin has greatly accelerated
basin management activities. Probably the most sig-
nificant factor to result from the effort was the recogni-
tion of major regional aquitards which contribute to the
protection of deep regional ground-water resources.
Even more significant was the recognition that large
gaps or windows were present in two of these aquitards,
hydrostratigraphic layers B and D. These aquitard win-
dows increase the vulnerability of water resources to
contamination by land-use activities. Knowledge of the
vertical juxtaposition of layers A and C in the South
Tacoma Channel wellfield and the direct hydraulic con-
nection between the surface and the highly productive
layer E in the central basin will allow regional planners
to focus on protecting these sensitive areas from land-
use activities with a high degree of pollution risk.
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INTRODUCTION

The city of Spokane is located on the eastern edge of
the state of Washington and near the northeastern bor-
der of the Columbia Plateau. The Spokane Valley is
generally at elevation 2,100 ft; the adjacent highlands
rise to 4,000 ft in elevation. The Spokane Aquifer,
which is more correctly the Spokane Valley/Rathdrum
Prairie Aquifer, is virtually the sole source of water
supply for domestic use in the Spokane metropolitan
area.

The Spokane Aquifer heads at the western end of
Pend Oreille Lake and northern arm of Coeur d’Alene
Lake in Idaho. It extends west and south beneath
Rathdrum Prairie and westward down the Spokane
River valley to the city of Spokane, running beneath the
city and Hillyard Trough north of the city to connect
with the Little Spokane River (Figure 1). The drainage
area of the aquifer extends some 100 mi to the east and
145 mi southeast to the crest of the Bitterroot Mountains
at the border between Idaho and Montana (Figure 2).

HUMAN OCCUPATION

Native Americans

The indigenous people of the area were hunters and
gatherers, a riverine society heavily dependent on
migrating salmon for food. They had neither the need
nor the means to make use of the aquifer, as settlers,
miners, and loggers have done. The importance of water
to life was clearly understood by the Native Americans.
Water held sacred status; each day was begun with a
ceremony to bless the waters. Bathing and swimming in
the rivers was an important part of the coming-of-age of
a young person. Fouling the life-sustaining waters was
simply not done. Allowing human waste to enter the
water was forbidden—neither were animal remains dis-
posed of in rivers or lakes, lest the species be insulted
and not return to allow themselves to be hunted.

At the beginning of a salmon run—there were several
during the year—a Salmon Chief was appointed to over-

see the ceremonies, the setting of the fish traps, and the
allocation of fishing sites. Fishing traps and weirs may
have altered stream flow somewhat, but the overall ef-
fect on the hydrology of the aquifer would have been
nil (Ross, 1987). The Native Americans of the Spokane
area were not farmers; thus river banks and stream beds
were not altered by irrigation.

Historic Occupation and Settlement

Spokan Falls (named after the Spokan Indians and
spelled without the "e") was sited on May 11, 1873,
when James N. Glover established a trading post in an-
ticipation of the coming of the railroad. Glover did not
have tremendous success in attracting settlers; however,
in spite of setbacks, he built a two-story structure in
1876 that housed a bank, the post office, the city hall,
a theater, and a public meeting hall. The city was offi-
cially incorporated in 1881. In 1890 its name became
Spokane (Cochran, 1984).

REGIONAL GEOLOGY

Bedrock in the area is of granitic composition and
has been mapped as Precambrian and Mesozoic (Griggs,
1973). Basalt flows overlying the granite are of Miocene
age and were deposited on a surface of considerable
relief. During the long period of erosion prior to the ad-
vent of the basalt, a drainage pattern with deep stream
channels and adjacent highlands was established.
During the Miocene the Columbia River basalts were
extruded from rifts in the Columbia Basin upon an
erosional surface of varied ages and degrees of relief.
The Columbia River basalts cover an area of more than
100,000 sq mi (Baker and Nummedal, 1978). On the
margins of the plateau, the basalt is interbedded with ex-
tensive deposits of siltstone and shale of the Latah For-
mation, deposited when drainages were blocked by the
basalt eruptions.

The gravels that make up the Spokane Aquifer were
deposited as a result of a series of catastrophic floods
that discharged very large volumes of water from gla-
cially dammed Lake Missoula (Bretz, 1969). During
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Figure 1. Spokane-Rathdrum Aquifer in Washington and Idaho. After Turner (1979).

Pleistocene time an advancing ice lobe occupied the
basin of modern Pend Oreille Lake in northern Idaho,
blocking the drainage of the Clark Fork River. Pardee
(1942) believed that this glacial dam failed suddenly
with the resultant draining of the lake discharging about
500 cu mi of water. This flood spilled down a valley
now occupied by the south arm of Pend Oreille Lake,
through what is now Rathdrum Prairie, down the
Spokane River valley past what is now the city of
Spokane, and onto the Columbia Plateau (Figure 1). On
the basis of physiographic evidence, Bretz (1969)
proposed as many as eight separate floods. By the early
1980s Waitt (1983), who first postulated only three
floods, had found evidence of at least 40 floods. Even
more recently, evidence supporting as many as 70
separate catastrophic floods has been described (At-
water, 1983; Glatzer, 1983).

This sequence of floods scoured and eroded materials
from the Spokane Valley deposits and, during waning
periods, filled scour channels and raised the level of the
flood plain at each occurrence. The result of this flood
activity is a heterogeneous and non-isotropic gravel-
boulder deposit that is now the Spokane Aquifer.

EARLY GROUND-WATER USE

One of the prime considerations for the establishment
of a city is an adequate and reliable source of water. Set-
tlers found just the right combination in the Spokane
Valley. Early in the history of the city, gravity flow was
relied upon for domestic water. Soon the need for alter-
native sources was felt; well water was the obvious
answer. Many of the downtown water wells were hand
dug (Miller, 1987), and a few of these private wells are
still in use for domestic purposes. The presence of large
numbers of boulders made drilling water wells unattrac-
tive in earlier years. It was necessary to go deep to ob-
tain adequate water, and it was a much simpler matter
to excavate and shore a hand-dug shaft for a water sup-
ply. Bolke and Vaccaro (1979) studied selected wells in
the city and reported that a well presently being used
for irrigation was completed in 1888. Most wells in the
1979 list have been completed since 1950. The City of
Spokane has since developed a public water system that
is more economical and convenient than private sour-
ces.



JENSEN AND ECKART—THE SPOKANE AQUIFER 977

BONNER CO.
PEND OREILLE CO.

—— — -

STEVENS CO.

BENEWAH CO.

]
i
SCALE -3
0 5 o I5 20 25 )
(miles) Zl3 LATAH CO.
Ilo
ﬁ =
=

Pend Oreille Lake |

— SOLE SOURCE DESIGNATED
AREA

SPOKANE VALLEY-
RATHDRUM PRAIRIE
AQUIFER
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DESCRIPTION OF THE SPOKANE AQUIFER

Areal Extent and Thickness

The Spokane Aquifer, the western portion of the
Spokane Valley/Rathdrum Prairie Aquifer, extends from
just west of Post Falls, Idaho, westward to near Nine
Mile Falls, Washington, a distance of approximately
27 mi (Figure 3). The Spokane River valley ranges from
4 to 8 mi wide and covers an area of 135 sq mi. The
north and south boundaries coincide with the contact of
the aquifer gravels with the crystalline rocks bordering
the valley. Five Mile Prairie, northwest of the city of
Spokane, is an inlier of pre-Tertiary rocks in the valley
alluvium which splits the aquifer into the Lower
Spokane River Valley on the west and the Hillyard
Trough on the east (Figures 1 and 3). Upstream of
Spokane there is another outcrop of Precambrian
granitic rock just north of Opportunity, which splits the
aquifer in a minor way.

The saturated thickness of the glaciofluvial deposits
(Figure 4) is estimated to be a maximum of 500 ft (Vac-

caro and Bolke, 1983). Newcomb (1953) determined a
maximum depth of the Spokane River valley in two
areas using seismic techniques. The upstream profile,
located in Idaho 0.75 mi east of the state line, indicates
that the bottom of the old buried channel is cut into
granite to a depth of approximately 1,000 ft. The
glaciofluvial deposits are 300 to 400 ft thick at eleva-
tion 1,600 to 1,750 ft. The remainder of the valley fill
is highly consolidated material, probably Latah Forma-
tion siltstone and claystone.

The second profile was run across the valley north of
Spokane and east of Five Mile Prairie in the Hillyard
Trough. This valley enters from the north in such a posi-
tion as to indicate that it was once the main valley of
the Little Spokane River. The apparent base of the out-
wash gravel in the Hillyard Trough is at elevation
1,700 ft and is approximately 350 ft deep. Weigle and
Mundorff (1952) report some deeper glacial materials in
the logs of some wells at the aluminum plant near Mead,
2 mi north of the seismic line. The seismic information
indicates that the base of the gravels is roughly 100 to
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200 ft below the bedrock that creates the present falls

of the Spokane River 4.5 mi south of the seismic line.
The falls are at elevation 1,800 ft.

The Spokane Valley/Rathdrum Prairie Aquifer is un-
confined throughout its total length. The water surface
of the Spokane River through most of its length reflects
the ground-water surface in the aquifer upstream of the
city of Spokane. The Spokane River alternately gains

and loses water to the aquifer. Only at its northern ex-
tent does the character of the aquifer change. Near the
Little Spokane River the aquifer is artesian; apparently
glaciolacustrine deposits from sources to the north have
been deposited over the Spokane Aquifer and are an ef-
fective aquiclude. The Little Spokane River gains water
from the Spokane Aquifer from many springs in this
area. There has been more than one occurrence of water-
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well drilling that has penetrated the aquiclude and en-
countered water having sufficient head to blow out; on
occasion this has created a glory hole which has proven
impossible to contain.

Hydraulic Characteristics

Vaccaro and Bolke (1983) developed hydraulic
parameters for the Spokane Aquifer in order to study
water-quality characteristics by using digital modeling.

The Spokane Aquifer is an excellent water producer; be-
cause of this, it has not been necessary to conduct any
definitive study to determine the hydraulic character of
the aquifer. Reasonable assumptions have been made in
order to integrate numerical values into a mathematical
study. Figures 4, 5, and 6 adopted from Vaccaro and
Bolke (1983) are included to illustrate some of the
hydraulic characteristics of the aquifer.
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Values that characterize the hydraulics of the
Spokane Aquifer follow:

Permeability — 0.01 to 0.07 ft/sec

Specific Yield — 0.05 to 0.20

Transmissivity — 0.05 to 70 sq ft/sec

Saturated Thickness — 50 to 500 ft (average >200 ft)
Porosity — 0.20 to 0.40

Volume of water flow through aquifer — 1,000 cfs
Velocity — 0.01 to 80 ft/day

The recharge area shown in Figure 2 includes the
drainage basins of the St. Maries River, the St. Joe
River, and the Coeur d’Alene River. These discharge in-
to Coeur d’Alene Lake, which is the source of the
Spokane River. Rathdrum Prairie, upstream of the out-
let of Coeur d’Alene Lake, extends some 25 mi north-
east to Pend Oreille Lake and averages about 6 mi wide.
The Rathdrum Prairie area receives an average of 17.4
in. of precipitation annually. The entire drainage basin
receives an average annual precipitation of 17 in. on the
west to 33 in. on the east. The Clark Fork River drains
western Montana west of the Continental Divide and
feeds into Pend Oreille Lake, which, in turn, feeds into
the Rathdrum Prairie Aquifer. There appears to be a
supply of water adequate for any foreseeable expansion
of Spokane. The problem is not water supply as much
as it is water quality.

AQUIFER PROTECTION

As Spokane grew and construction materials were re-
quired, surface gravel was taken from the most con-
venient sources as needed. Eventually, these borrow
sites developed into large pits whose depths were dic-
tated by the ability of the operator to haul out and whose
dimensions were a function of land ownership.

Following World War II, sanitary landfills were con-
sidered to be the answer to the disposal of wastes, and
some of these pits became repositories of waste
materials without regard for the impact of hazardous
materials on the underlying aquifer. These actions were
taken largely out of ignorance, without realizing the ex-
tent or the nature of the aquifer. After years of burying
garbage and refuse in landfills, we have discovered that
toxic, soluble compounds are leaching from these dis-
posal dumps into our water systems. In recognition of
the hazards associated with unregulated landfill prac-
tices, this method of waste disposal is being phased out.
All sanitary landfills in Spokane County will be closed
out by mid-1990 (Birks, 1986).

In an attempt to provide a positive, non-polluting
method of waste disposal, Spokane County has em-
barked on a solid waste disposal and resource recovery
system project. The system involves a mass burning
technique that appears to have the capabilities of reduc-

ing all waste products to harmless ash and to generate
power as a by-product.

In 1978 the federal Environmental Protection Agen-
cy designated the Spokane-Rathdrum Aquifer as a "Sole
Source" of water supply for the Spokane/Coeur d’Alene
area. As a result, the Washington Department of Ecol-
ogy delegated a segment of its "208" areawide water-
quality management program to the development of a
Water Quality Management Plan for the aquifer. This
plan has become the basic framework for statewide
planning for ground-water protection (Turner, 1979).

The initial Spokane Aquifer Water Quality Manage-
ment Plan report (Turner, 1979) and its 1983 update
(Esvelt and Miller, 1983) clearly point out the areas of
most concern in protecting the aquifer from further
degradation. The three major areas of concern are
domestic waste disposal, storm-water runoff, and
chemical spills. Water quality is continually being
monitored to assess the effectiveness of measures being
implemented to protect the aquifer.

The protection of the aquifer is not solely a Spokane
area concern, however. Communities upstream of
Spokane must share in this endeavor. A combination of
public awareness and cooperative human activities is
the most viable approach to the protection of this
regional natural resource.
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The Trident Aquifer Study at Bangor, Kitsap County

JOHN B. NOBLE
Robinson & Noble, Inc.

INTRODUCTION AND PROJECT PURPOSE

Engineering studies began in 1974 to build the West
Coast Trident Submarine Facility at the U.S. Navy’s
Bangor Ammunition Depot on the east side of Hood
Canal, Kitsap County, Washington (Figure 1). The focal
point of the Navy base is a delta-shaped pier with ac-
companying dry dock attached to an otherwise undis-
turbed shoreline. This entire structure is called the
"Delta", and it can dock three submarines, including one
in the dry dock position. The base, now fully con-
structed, also supports major auxiliary facilities and
several thousand people. For this large a facility, a
major potable water supply was required.

Test drilling was done under separate projects to
determine the foundation conditions for the Delta and to
explore for a water supply. In this area there is no
regional public water supply; furthermore, all major
water supplies are from wells. The foundation engineer
had determined that beneath the Delta there was an ar-
tesian aquifer with a head of about 50 ft above sea level.
The water-supply hydrogeologist had separately deter-
mined that a sub-sea-level aquifer existed at several in-
land points where the artesian head was at an elevation
of 60 to 70 ft.

In early 1975 an offshore soil-sampling casing broke
loose from its borehole in the artesian aquifer. Concur-
rently, a water-level recorder at a water-supply test well
4,600 ft inland showed a time-correlative drop of ar-
tesian pressure of about 4 ft. The obvious hydrologic
relation between the two test borings joined the two
projects and resulted in a 6-yr program whereby nearly
100 wells and deep piezometers were placed and water
levels were monitored and managed during the con-
struction phases of the Delta.

The onshore study defined a channel-shaped aquifer
system that, as luck would have it, was virtually con-
tained by the Navy’s boundary fences (Figure 2). Off-
shore drilling showed the aquifer to extend beneath the
Delta, almost as if the Delta itself were the controlling
outlet. A truncated till of pre-Vashon age forms the off-
shore artesian cap (Figure 3). Excavation for the dry
dock would require excavation of the capping glacial

till, but not total removal. However, to guard against a
rupture of the till cap, the foundation engineers required
that offshore dewatering must be accomplished to
reduce the artesian head from 50 ft above sea level to
67 ft below for a net change of 117 ft. In that a natural
base flow of 2,000 gpm was estimated for the aquifer
system, capture of that water plus storage depletion to
lower the head was estimated to require drawing at least
4,000 gpm from dewatering wells. This quantity would
have to be pumped for more than a year during the most
active stage of construction. The regional aspects of the
dewatering in a peninsular area dependent on ground
water were indeed worrisome.

When sufficient hydrogeological data had been ob-
tained through drilling and pumping (including a 15-day
pumping test), a computer model was developed by a
contracted research-oriented organization (Battelle
Pacific Northwest Laboratories, 1977). Input to the
model included good quality data and good interpretive
boundaries. In the end, model predictions met real-
world results very closely.

A plan was developed where dewatering was ac-
complished by a tiered system consisting of:

(1) Twelve "Purple” wells drilled into the cofferdam
area of the dry dock. These offshore wells did the
dewatering during the period of most active con-
struction work. The artesian head finally reached
85 ft below sea level.

(2) Five "Red" wells drilled at the shoreline. These
wells initiated the dewatering and allowed first-
stage construction, including placement of the
"Purple” wells. At their maximum use, they
pumped 3,500 gpm and lowered the water level to
20 ft below sea level.

(3) Four "Blue" wells drilled 1,000 ft inland from the
shoreline. These wells intercepted the top of the
base flow toward the sea and effectively supple-
mented the "Red" wells. The "Blue" wells pumped
about 1,000 gpm to waste at first, then began to
supply the base’s potable supply needs. The
"Blue" wells remain today as the prime water

supply.
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Figure 1. Location of Trident submarine base, Kitsap County.




NOBLE—THE TRIDENT AQUIFER STUDY AT BANGOR, KITSAP COUNTY

985

DELTA PIER

DRYDOCK WITH OFFSHORE
"“PURPLE' WELLS

2 AQUIFERS

3
J WELLS TO
|
\

5 SHORELINE ""RED" WELL/
(TEMPORARY) \ ..

i
\ FLOW DIRECTION

] RECHARGE

/ )

L4

! I
BOUNDARY OF PRINCIPAL

AQUIFER WHERE TRANSMISSIVITY
IS>50.090 gpd/ft

A

_4\;? BASE BOUNDARY

| |
+ 1 MILE ¢
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(4) Six recharge wells in two fields, which are 7,000
and 14,000 ft upstream (south) of the Delta. At
each field one well was completed in the deep
aquifer and two in the sea-level aquifer (Figure 3).
All surplus water from the "Blue" wells was routed
to the recharge wells to maintain a safe artesian
level at distance from the works. (These recharge
wells may not have been necessary in the end and
suffered major problems, discussion of which is
beyond the scope of this paper.)

At the end of the 3-yr construction period for the dry
dock, the project was on schedule and the dewatering
plans worked perfectly. The "Red" wells have since
been plugged and abandoned, the "Purple” wells remain
as free artesian relief wells, and the "Blue" wells remain
as base supply wells. The static water level at the "Blue"
wells has been permanently reduced by about 30 ft. Ef-
fects on the area’s ground-water levels at the south end
of the system have dissipated and are no longer present.
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Salt-water intrusion occurred at both "Purple" and
"Red" wells, as was expected. Background chloride con-
tent was about 5 ppm, and increased to 1,150 ppm in
the most affected "Red" well and 3,700 ppm at the most
seriously affected "Purple" well. The "Blue" wells were
not affected. (Sea water in Hood Canal contains about
18,000 ppm chloride.)

DRILLING PROGRAMS

The hydrogeologist responsible for the onshore
aspects of the Trident base construction project con-
tracted for and drilled 17 test wells whose depths ranged
from 334 to 1,205 ft (Robinson & Noble, Inc., 1976,
1977, 1981). These wells were located throughout the
base confines and effectively defined a multiple aquifer
system. All wells were drilled by the top-drive rotary
method, using Revert (organic polymer) drilling fluid,
and cased with 6-in. steel casing. Prior to running
casing, each well was electric logged (3-point resis-
tivity) and gamma-ray logged. The logs were interpreted
to define permeable zones and the wells were then cased
with pre-slotted casing for pumping tests. Typically, the
principal (sea level) aquifer was tested. After testing,
the zone was equipped with a screened 2-in. piezometer
pipe, and the slotted 6-in. casing was drawn back to the
secondary (semi-perched) aquifer. In this way the typi-
cal test well remained as a permanent piezometer for
two aquifers.

In addition to the test wells, the hydrogeologist
(Robinson & Noble, Inc.) designed and managed the
drilling of the four water-supply wells ("Blue" wells)
and the six recharge wells. Concurrently, the 12
"Purple" wells and 5 "Red" wells were drilled under the
management of the foundation engineer (Haley &
Aldrich, Inc.). Well depths ranged from about 250 ft for
the "Red" wells to 780 ft for the deepest recharge well.
All of these wells were of 12-in. to 20-in. diameter, and
all were drilled by the cable tool method. The deeper
wells required multiple casing strings. All were com-
pleted with stainless steel screens, and most were gravel
packed. At time of construction, all wells tended to have
high efficiency, and each was tested at rates of 500 to
1,000 gpm or more.

HYDROGEOLOGY

Prior to the Trident project there were fewer than a
dozen wells in Kitsap County proven at rates of greater
than 600 gpm. A great many tests had been made and
the vast majority indicated aquifers with transmissivities
of less than 25,000 gpd/ft. Ironically, the Trident project
demonstrated an aquifer system virtually contained
within Navy property. The aquifers identified were
simply designated "perched", "semi-perched", "sea
level", and "deep", as shown on Figure 3. The principal
aquifer is the sea-level aquifer which has a transmis-
sivity of more than 100,000 gpd/ft. Figure 2 shows the
sea-level aquifer boundaries, and Figure 3 depicts the
hydrostratigraphic systems.

The geologic setting of the aquifers is a Pleistocene
basin fill in the west-central Puget Sound lowland. Hood
Canal is a glacially scoured, fjord-like trough. The
trough’s "footprint" is a major structural anomaly west
of which rises the indurated bedrock of the Olympic
Mountains.

In the test drilling at the Trident base, no con-
solidated rocks had been penetrated at a maximum depth
of 978 ft below sea level. The oldest materials are silt-
and clay-rich sediments designated by the author as the
Fletcher Bay formation; they are similar to sediment
beneath Bainbridge Island. The Fletcher Bay formation
appears to be widespread and is assumed to be an early
Pleistocene or late Tertiary basin fill of fine-grained
sediments. No appreciable quantities of ground water
have been encountered in the Fletcher Bay formation.

Above the Fletcher Bay formation is a glacial drift
locally designated the Bangor formation by the author.
Contained gravels appear to be of Puget lobe (continen-
tal glacier) source. Permeable zones within the Bangor
formation comprise the deep aquifer.

Above the Bangor formation is a sequence of fluvial
gravels separated by a distinct layer of silt and clay with
considerable amounts of wood. Source rocks for the
gravels appear to have been carried from the Olympic
Mountains. Deposition was presumably during an inter-
glacial episode. The author applied the local name
Devils Hole formation to this stratigraphic sequence.
Equivalent sediments nearby have been mapped as the
Kitsap Formation (Garling et al., 1965). To the north the
probable correlative unit is the Whidbey Formation
(Easterbrook, 1968). The lower gravel member com-
prises the sea-level aquifer, which is the area’s principal
aquifer and the target of the dry-dock dewatering.
Natural discharge from this aquifer is below the surface
of Hood Canal. The silty middle member serves as a dis-
tinct aquitard, and the upper gravelly member comprises
the greater part of the semi-perched aquifer. Springs
issue from the contact between the upper and middle
members. The Devils Hole formation is represented as
units 3, 4, and 5 on Figure 3.

Above the Devils Hole formation is a sporadic gla-
cial sequence designated as units 6 and 7 on Figure 3.
These pre-Vashon deposits have a lithology suggestive
of a Puget lobe source. As such, they may be correla-
tive with the Possession Drift of Whidbey Island to the
north (Easterbrook, 1968). Data points that define the
top of this drift unit show that it has a drumloidal sur-
face topography, effectively delineating a buried hill
that lies upon a buried valley filled with the Devils Hole
nonglacial sediments. The Possession (?) Drift serves as
a base to the shallowest or perched aquifer system.

Above the Possession (?) Drift are sediments of the
Vashon glacial stade, the youngest continental glacia-
tion in this region. Unit 8 on Figure 3 commonly has a
basal clay, probably correlative to the Lawton Clay
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found at Seattle (Mullineaux et al., 1965). Above the
basal clay is a moderately permeable proglacial sand
correlative with the Esperance Sand of western
Snohomish County (Easterbrook, 1968). This sand hosts
the perched aquifer from which the higher elevation
springs issue. The perched aquifer was never a concern
to the dewatering project, but it was later the subject of
an extensive hazardous waste study.

The surface unit at the Navy base, Unit 9, is till of
Vashon age that is typically found throughout the Puget
Sound basin. The till is moderately permeable; rainfall
infiltration can penetrate it and recharge the underlying
aquifers. Geologists at the dry dock location mistaken-
ly described the sea-bottom till as Vashon, whereas the
onshore exploration showed that this till is probably of
Possession age, as shown on Figure 3.

SUMMARY

The Trident Aquifer Study evolved around the mul-
tiple needs of construction dewatering, water-supply re-
quirements, and water resource management. It was a
satisfying study in that the various regulatory, geotech-
nical, and construction personnel coordinated the
project through its successful conclusion. During the
process this previously unknown aquifer system was
identified to a degree not usual in the Puget Sound area,
and the system was safely manipulated to allow a mas-
sive offshore construction project to be completed.
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Effects of Decreased Irrigation on the
Ground-water System in the Sequim-Dungeness Peninsula,
Clallam County, Washington

BRIAN W. DROST
U.S. Geological Survey

INTRODUCTION

One of the oldest developed areas in western
Washington is the Sequim peninsula in Clallam Coun-
ty. In recent years, however, the pattern of development
has undergone a dramatic change. Much of the land that
was originally used for irrigated agriculture has been
subdivided for residential use. This change in land and
water use has caused changes in the stresses on the
ground-water and surface-water systems.

In 1978, the U.S. Geological Survey, in cooperation
with the State of Washington Department of Ecology
and the Board of Clallam County Commissioners, began
a study of the ground-water system in the Sequim penin-
sula with the primary goal of predicting the potential
long-term effects of the changing pattern of land use.
This paper is abstracted from a publication (Drost,
1983) that reported the findings of the U.S. Geological
Survey Sequim peninsula study.

In the only previous investigation of the ground-
water resources of the peninsula, a reconnaissance-type
study conducted during July-September 1960, Noble
(1960, p. 9) concluded that, "An important secondary
source of recharge (to the ground-water system) is
directly from irrigation." This conclusion caused con-
cern when land-use trends began to indicate a possible
future decrease in irrigation. A decrease in recharge
would tend to lower heads in the ground-water system,
which could result in well failures, increased pumping
costs, and seawater intrusion. The purpose of the 1978
study was to examine the effects of decreased irrigation
on the ground-water system of the peninsula.

A computer model was used to simulate three-dimen-
sional ground-water flow in the aquifers and to estimate
the possible future effects on the ground-water system
of possible changes in land use and irrigation practices.

Most of the data used in constructing the model were
collected by the U.S. Geological Survey, the State of
Washington Department of Ecology, and the Clallam
County Department of Public Works during the period

September 1978 to Sepiember 1980. These data include
(1) monthly water-level measurements in about 65
wells, (2) daily staff-gage readings at 10 surface-water
sites, (3) a continuous record of discharge at one sur-
face-water site, (4) monthly discharge measurements at
20 surface-water sites, (5) surveyed land-surface al-
titudes at about 75 sites, and (6) drillers’ records of
about 1,400 wells. Most of these data are contained in
two U.S. Geological Survey reports (Drost, 1983, 1986).
The remaining data are available in files of the U.S.
Geological Survey in Tacoma, Washington. Additional
data were obtained from Dion and Sumioka (1981),
Grimstad and Carson (1981), Noble and Balmer (1980),
and Walters (1971).

The Sequim peninsula is an area of about 60 sq mi
in northwestern Washington (Figure 1). The peninsula
extends into the Strait of Juan de Fuca to the north and
is bounded on the south by the foothills of the Olympic
Mountains.

The area has been extensively irrigated since about
1898 with water from the Dungeness River, which
originates in the mountains to the south and flows
through the middle of the peninsula. Prior to irrigation
the area was sparsely vegetated and was subject to dry
summers (Keeting, 1976). As of 1960, the area was used
primarily for agriculture and supported a population of
about 5,000 people. In the mid-1960s, land use in the
area began shifting from agriculture to residential,
resulting in population increases to about 7,000 in 1970
and 12,000 in 1980.

HYDROGEOLOGIC SETTING

Geometry of the Aquifers and Confining Beds

The surficial sediments in the study area are mostly
unconsolidated glacial, alluvial, and glaciomarine
deposits (Othberg and Palmer, 1980a, b, c). Mudstones,
siltstones, and some sandstones are exposed at Bell Hill,
just south of the study area (Tabor and Cady, 1978) and
probably underlie the unconsolidated deposits beneath
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Figure 1. Location of the Sequim peninsula study area.

most of the study area. The consolidated rocks, when
compared (using specific-capacity data) with the uncon-
solidated deposits, are impermeable and are treated as
the base of the ground-water system in parts of the study
area.

The unconsolidated deposits were divided into
geohydrologic units on the basis of examination of more
than 1,100 drillers’ logs. Three aquifers and two confin-
ing beds were identified and are shown in Figure 2. The

aquifers are composed of sand and gravel, with some
till, silt, and clay. In the upland regions where it direct-
ly overlies bedrock, the water-table aquifer is composed
largely of till and clay, with minor amounts of sand and
gravel.

The water-table aquifer extends throughout the study
area and includes at least seven geologic units identified
by Othberg and Palmer (1980a, b, c): alluvium, older al-
luvium, Everson glaciomarine drift, Everson sand,
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Figure 2. Schematic geologic section of the study area.

Vashon recessional ice-contact and outwash deposits,
Vashon till, and Vashon advance outwash. All of these
are of Quaternary age.

The artesian aquifers apparently are not exposed in
the study area and were not described by Othberg and
Palmer. The saturated thickness of the water-table
aquifer ranges from a few feet to more than 100 ft and
probably averages about 75 ft.

The upper artesian aquifer is present in only part of
the study area, Where present, its thickness ranges from
a few feet to more than 100 ft and averages about 75 ft.
In the foothill region in the southern part of the study
area the upper artesian aquifer is absent, and the water-
table aquifer directly overlies bedrock or the upper con-
fining bed.

The lower artesian aquifer covers a slightly smaller
area than the upper artesian aquifer. The thickness of
the lower artesian aquifer is not well known.

The confining beds are composed of clay, silt, and
till, with minor inclusions of sand in thin, discontinuous
beds. The upper confining bed may correspond, at least
in part, to the pre-Vashon silts and clays of Othberg and

Palmer (1980a, b, c¢), but the lower confining bed was
not described in their report.

The upper confining bed ranges in thickness from
about 1 ft to more than 200 ft, but is between 25 and 75
ft thick throughout much of the study area. Few data are
available regarding the lower confining bed. It probab-
ly ranges in thickness from less than 50 ft to more than
200 ft. Average thickness is probably on the order of
100 to 125 ft.

Data on the deeper unconsolidated materials were not
sufficient to allow identification of individual units,
There is at least one more aquifer in the deeper uncon-
solidated materials, and there may be several more. The
deeper unconsolidated materials are treated as the base
of the ground-water system in parts of the study area.

Recharge to the Ground-Water System
Precipitation Recharge
Average annual precipitation at the Sequim weather
station is 16.1 in. (1919-79) and in the study area

probably ranges from about 14 in. along the north-
eastern shoreline to 30 in. along the southern boundary.
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About 60 percent of the precipitation occurs from Oc-
tober to February in most years.

Potential evapotranspiration, calculated by a
modified Blaney-Criddle technique (U.S. Department of
Agriculture, 1970), is nearly twice the average pre-
cipitation. At the Sequim weather station the average
potential evapotranspiration (1919-79) is 30.2 in. This
value is probably representative of the entire study area.

Actual evapotranspiration can be estimated by apply-
ing an assumed soil-moisture capacity (3 in. of water)
to the monthly precipitation and potential evapo-
transpiration values. At the Sequim weather station,
average annual evapotranspiration is 13.8 in.
Throughout the study area, it probably ranges from
about 12.7 in. (14-in. precipitation zone) to about 18.8
in, (30-in. precipitation zone).

When precipitation exceeds potential evapotranspira-
tion and the soil-moisture capacity is exceeded, the ex-
cess water is assumed to be ground-water recharge
because direct runoff is believed to be insignificant in

ENGINEERING GEOLOGY IN WASHINGTON

the study area. Calculated average annual ground-water
recharge ranges from about 1.3 in. (14-in. precipitation
zone) to about 11.2 in. (30-in. precipitation zone) and is
about 2.3 in. at the Sequim weather station. The average
recharge rate from precipitation was calculated to be
about 15 cfs.

All weather data used in the above calculations are
from the U.S. Weather Bureau (1920-1965; 1965), U.S.
Department of Commerce (1965-1973), or National
Oceanic and Atmospheric Administration (1974-1979).

Irrigation-System Recharge

Large quantities of water are continuously diverted
from the Dungeness River. The water flows through a
complex system of irrigation ditches belonging to nine
irrigation companies and districts established between
1895 and 1921. The major ditches and their relation to
the area’s surface-water system are shown in Figure 3.
There are also several times as many miles of secondary
ditches and laterals not shown in Figure 3. The water is
used primarily for irrigation, but also for stock supply

e 07’
- /-E 5 i — | Irr. 30"
- ) = i & Dulrlct
T i b Diatrict 4 !:_‘,' '"‘é’ /\-/ .
l : L_. District % q}!/:ﬂ
/8 — ,;a / Elf N
2 L. |8:5 - & \
| 3\ Dungeness] 'g =3 4 o N k
Agnew Ier. i Qo Sequim
/ : Co. o Prairie g -
Yt ber r | o ]: Eureka Irr. |
[f;' District = A : Co.  ;
— T = e 3 ! 8 = cr. - 48°
N z = | 2 s s A T
3 - g I oo ' )
of » \rigatiot =0, Q - 2 Highland )
e RNy~ )T ot !
,‘63/ N "l Inaepen ent = — District '\
:‘, L Ditch L % ¥ =
. ’ <
( EXPLANATION A A\ “9 k & 7°
| irrigation ditch ) & \ v 5
L 7 o
H —-— Boundary of e 1) \ -gf
| )
irrigation district :_/ é}* \ 3 0 1 2 b:i MILES
' ‘*‘} A [ S T I J
| / / ; \ T T T T
15’ i / | ! 0 1 2 3 4 KILOMETERS
/ |
e 10’ 123°05'
Figure 3. Irrigation districts and major irrigation ditches.
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and fire protection in some areas, requiring year-round
flow in most of the major ditches.

Water also is diverted from McDonald Creek by the
Agnew Irrigation District at rates of about 20 cfs during
the irrigation season and about 5 cfs during the non-ir-
rigation season. Prior to this study, systematic discharge
measurements had never been taken on the irrigation
systems. The average irrigation diversion from the Dun-
geness River from September 1978 to August 1980 was
about 67 cfs. Average diversion was about 100 cfs
during the irrigation season, April-September, and about
33 cfs during the rest of the year.

The effect of ground-water recharge from irrigation
can be observed in the relation between flows in the ir-
rigation ditches and water levels in the water-table
aquifer. An example is given in Figure 4, which shows
the flow in the Independent Irrigation Ditch compared
with the water level in well 30/3-19D1, which is 49 ft
deep and within 100 ft of the ditch.
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Figure 4. Flow in the Independent Irrigation Ditch and water
levels in well 30/3-19D1, September 1978-September 1980.

An estimate of ground-water recharge from irrigation
systems was made using diversion data for the Dunge-
ness River and McDonald Creek, estimates of tail
waters (water returned from ditches to surface-water
bodies), and estimates of evapotranspiration. This
resulted in an average rate of ground-water recharge of
70 cfs. Figure 5 shows the relation between estimated
recharge and changes in water levels in the water-table
aquifer during the period September 1978-September
1980. Water levels in the water-table aquifer show a
definite response to increases in recharge from irriga-
tion. Wells in the foothills, where irrigation systems
have little or no effect, appear to respond primarily to
increases in recharge from precipitation.

Ground-Water Movement

General ground-water flow directions can be inferred
from Figure 6, which shows the configuration of the
water table for March 1979. Ground-water movement is
perpendicular to the water-table contours shown in the
figure. Although the altitude of the water table changes
seasonally, the general pattern of flow remains constant.

In addition to lateral flow, there is also vertical flow
in the ground-water system. Vertical flow occurs be-
tween aquifers through the confining beds. Figure 7
shows the general vertical flow directions in the study
area. The diagram assumes that the relatively small
amount of flow into and out of the bedrock and the un-
differentiated unconsolidated deposits does not sig-
nificantly affect the flow system.

Hydraulic Characteristics of the Aquifers

Knowledge of the hydraulic characteristics of the
aquifers and confining beds is necessary in order to
evaluate stresses on the ground-water flow system.
These characteristics include hydraulic conductivity,
transmissivity, specific yield, storage coefficient, and
hydraulic connection between streams and the water-
table aquifer.

Values of lateral hydraulic conductivity were es-
timated for the water-table aquifer from specific-
capacity data. The data were first adjusted, using the
Jacob method (in Bentall, 1963), to account for partial
penetration. Then transmissivity values were calculated
using the Theis method (in Bentall, 1963). Transmis-
sivity values were divided by saturated thickness to ob-
tain values of lateral hydraulic conductivity.

These values of lateral hydraulic conductivity (calcu-
lated for about 500 wells) were plotted on a map of the
area, and zones of lateral hydraulic conductivity were
outlined. Within each zone, lateral hydraulic conduc-
tivity was made equal to the median of all the values in
the zone. The median values (13 zones) ranged from 2.1
ft/day (till) to 410 ft/day (alluvium).

Transmissivity values were estimated for the upper
artesian aquifer from specific-capacity data. The data
were first adjusted, using the Jacob method (in Bentall,
1963), to account for partial penetration. Then transmis-
sivity values were calculated using the Brown method
(in Bentall, 1963).

The values of transmissivity (calculated for 46 sites
in the upper artesian aquifer) were plotted on a map of
the area, and zones of transmissivity were outlined.
Within each zone, transmissivity was made equal to the
median of all the values in the zone. The median values
(four zones) ranged from 800 sq ft/day (toward the
foothills) to 60,000 sq ft/day (northeast of Sequim).

Data were available for only three sites in the lower
artesian aquifer. The three transmissivity values were of
the same order of magnitude as the respective transmis-
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Figure 5. Estimated irrigation and precipitation recharges and changes in water levels

in the water-table aquifer.

sivity zones outlined in the upper artesian aquifer.
Therefore, the transmissivity distribution in the lower
artesian aquifer was assumed to be approximately the
same as in the upper artesian aquifer.

The specific yield of the water-table aquifer was
determined by using measured water-level changes from
mid-March to mid-July 1979 (Figure 8). The change in
volume of saturated material represented in the figure is
an increase of about 1,400 million cu ft.

Average inflow to the aquifer was estimated to be 96
cfs from mid-March to mid-July 1979. Estimated out-

flow for the same period was about 80 cfs. The dif-
ference in inflow and outflow resulted in an increase of
170 million cu ft of water stored in the water-table
aquifer.

The change in the volume of water stored, divided by
the change in the volume of saturated material, indi-
cated the average specific yield to be 12 percent.

Storage coefficients for the artesian aquifers were es-
timated by using a calculation for the expansion of
water and assuming that there is no compression of the
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aquifer and release of water from the confining beds.
The formula is modified from Jacob (in Lohman, 1979):

S=0xyxbxp (¢))
where S = storage coefficient,
0 = porosity,

¥ = specific weig%n per unit area
(0.434 Ib in.”ft 1),

b = aquifer thickness (ft), and

B = reciprocal of theBu]k modulus of elasticity
of water (3.3x10° in.21b™).

Assuming a porosity of 0.2, three zones of gtorage
coefficig,nt were calculated; 7.2110'6, 2.1x10™, and
3.6x10™”. The storage coefficient distribution in the
lower artesian aquifer was assumed to be the same as in
the upper artesian aquifer.

Stream-Aquifer Hydraulic Connection

The Dungeness River loses water to and gains water
from the water-table aquifer. Monthly discharge
measurements were made at four sites on the river from
September 1978 through February 1980. The measured
gains and losses were usually less than 10 percent of the
total flow in the river. Because the discharge measure-
ments themselves are probably accurate only to within
+5 percent, these directly measured gains and losses can
be used only as a general indication of the stream-
aquifer hydraulic connection.

Creeks in the study area also lose water to and gain
water from the water-table aquifer. Most of these creeks
have mean flows of only a few cubic feet per second
and probably exchange only small amounts of water
with the aquifer.
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Figure 7. Schematic cross-section of the ground-water system.

DIGITAL GROUND-WATER-FLOW MODEL

A three-dimensional digital ground-water-flow model
was used to simulate the movement of ground water in
three layers—the water-table, the upper artesian aquifer,
and the lower artesian aquifer. The model simulates
ground-water flow by solving a set of simultaneous-dif-
ference equations using the strongly implicit procedure
(Trescott, 1975). Storage and horizontal components of
flow in the confining beds were assumed to be insig-
nificant, allowing vertical leakage through the confining
beds to be incorporated into the vertical component of
the anisotropic hydraulic conductivity of adjacent
aquifers. Vertical flow within the aquifers was con-
sidered to be insignificant. All vertical flow in the model
is through confining beds. The hydraulic connection be-
tween streams and the water-table aquifer was simulated
using additions to the Trescott model from S. P. Larson
(1976).

The northern and eastern boundaries of the model ap-
proximate the shoreline, where, during steady-state
simulations, each node was assigned a specific head
value (constant head) that was based on measured water

levels. During some transient simulations these nodes
were changed to constant flux (continuous rate of flow)
nodes, based on flows calculated by steady-state simula-
tions. The freshwater-seawater interface is probably off-
shore. The most seaward well, 31/3-18G1 (Figure 1),
extends 657 ft below sea level and taps fresh water. No
attempt was made to model the freshwater-seawater in-
terface.

The model’s western boundary is along Siebert
Creek, where each node is a river node in which the
river level is held constant but the water level in the
aquifer can change.

The model’s southern boundary roughly ap-
proximates the 600-ft topographic contour. The water-
table aquifer extends southward beyond the model
boundary. The use of constant-head nodes along the
southern boundary, based on measured water levels, al-
lows the model to calculate the ground-water inflow
from the portion of the water-table aquifer outside of the
model. The 600-ft level was selected as the farthest
position southward where data were sufficient to ac-
curately simulate the water-table aquifer,
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Figure 8. Average water-level change in the water-table aquifer from mid-March to mid-July 1979.

The base of the model is the bottom of the lower ar-
tesian aquifer, or bedrock where the lower artesian
aquifer is not present (Figure 2).

The model area was divided into 35 rows and 47
columns of square grid blocks measuring one-quarter of
a mile on a side.

Mean annual recharge from precipitation applied at a
continuous average rate of 15.2 cfs (precipitation
recharge) was used for both steady-state and transient
simulations. The majority of recharge from precipitation
occurs in the southern foothills of the modeled area. In
the foothills, the low permeability of the materials
above the water table (mostly till) slows infiltration of
recharge from precipitation to the water-table aquifer.
This results in recharge that is generally continuous,
even though the periods of excess precipitation are

restricted to several months each winter (Figure 5). Ap-
plying mean annual precipitation recharge at a constant
rate in the steady-state simulations probably introduced
slightly more recharge in the lowlands and slightly less
recharge in the foothills than actually took place at the
time simulated, March 1979.

The average rate of recharge during March 1979
from the irrigation system (32.3 cfs) was calculated by
subtracting estimated tail waters (2.4 cfs) from
measured diversions (34.7 cfs). Evapotranspiration and
consumptive uses in March were assumed to be insig-
nificant. The areal distribution of the recharge was
determined by calculating leakages to the aquifer along
each main ditch and assigning the calculated rate of
leakage to each grid block through which the main ditch
passes. Any excess recharge in each irrigation district is
assumed to be leakage from the numerous secondary
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ditches and laterals and was applied evenly over the en-
tire district. The method of calculating leakage from the
main ditches to the aquifer was as follows:

QL = (kp (hp - ha) A)/m 2

where QL = rate of leakage from irrigation ditch
to water-table aquifer, L31T,

kp= vertical hydraulic conductivity of the bed
of the ditch, L/T,

m = thickness of the bed of the ditch, L,

hp = elevation of the water surface in the ditch,
L,

ha = elevation of the head in the aquifer, L, or
if ha is below the bottom of the bed of the
ditch, then the elevation of the bottom of the
bed of the ditch is used, and

A = area of the b2e,d of the ditch (wetted peri-
meter), L°.

The ratio kp/m is called the leakage coefficient. This
parameter probably varies from ditch to ditch and within
each ditch., However, a single value for the leakage
coefficient, 1 (ft/day)/ft, was assumed for all locations
and produced values of leakage that fit the leakage rates
calculated from the diversion measurements and es-
timates of tail waters.

Most leakage from the irrigation system, at least in
March, occurs from the ditch system and not from water
actually spread on the fields. During the height of the
irrigation season, a greater proportion of the recharge
probably occurs as leakage from excess water applied
to fields, but it probably still represents a small portion
of the total leakage.

The leakage between the water-table aquifer and the
Dungeness River and eight creeks is calculated by the
model using equation 2, substituting parameters for the
river or creeks in place of the ditch parameters. The al-
titude of the river bed of the Dungeness was obtained
from a flood study by the U.S. Department of Housing
and Urban Development (1980). The river-bed eleva-
tions of the creeks were obtained from 1:24,000-scale
U.S. Geological Survey topographic maps. The area of
the bed and the depth of water for each river node were
obtained from the data collected during March 1979 at
the measurement site nearest each node along the river
and creeks.

The leakage coefficient for the river nodes was ini-
tially assumed to be 1 (ft/day)/ft. During calibration of
the steady-state model various leakage coefficients from
0.1 to 100 (ft/day)/ft were tried. The results of these trial
runs were compared to measured values of water-table
elevation and estimated leakage from the Dungeness
River (Figure 9). The value of leakage coefficient that
gave the best agreement with measured heads and es-
timated leakage was 2.0 (ft/day)/ft. This value was used
for all steady-state and transient simulations.

All parts of the Dungeness River and Siebert and Mc-
Donald creeks which pass through the modeled area
were represented by river nodes. The six other creeks
were represented by river nodes only along their lower-
most 1 to 1.5 mi. These creeks receive almost all of their
flow (from ground water and the irrigation system)
along the portions represented in the model.

The constant heads used in the model were estimated
from water levels measured in March 1979. For the
water-table aquifer, the large number of available
measured heads (Figure 6) resulted in constant head
values that were quite accurate. For the artesian
aquifers, relatively few values of head were available
along the coastline. Constant-head boundaries in the ar-
tesian aquifers were assigned on the basis of the few
available measured heads and were adjusted during
model calibration.
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The altitude of the bottom of the water-table aquifer
was constructed using drillers’ logs. These data were
entered into the model. An average value was used for
the area enclosed by each grid block.

Values of hydraulic conductivity, transmissivity,
specific yield, and storage coefficient that were used in
the model were calculated by methods discussed above.
The distribution of transmissivity and storage coeffi-
cient were assumed to be the same for both artesian
aquifers.

Vertical leakage through the confining beds was
simulated by estimating a vertical leakage coefficient
that was based on the vertical hydraulic conductivity
and the length of the flow path (confining bed thick-
ness). Vertical leakage is computed as the product of the
head difference between adjacent layers and the vertical
leakage coefficient. Thicknesses of confining beds were
determined from drillers’ logs. The value of vertical
hydraulic couduct.wlty of the confining beds used in the
model was 5x10™ ft/day. This value was determined
during model calibration as the one yielding the best
simulation of heads in all three aquifers. The value fits
the range given by Johnson (1?63) for laboratory
samples of clay to silt size (1x10™ ft/day to 1 ft/day).

In March 1979, pumpage from the ground-water sys-
tem was insignificant. Total pumpage, virtually all for
domestic use, was estimated to be about 2 cfs. Most of
this water was pumped from individual domestic wells
and small public-supply systems (20 homes or less).
Public supply for Sequim was obtained from a modified
infiltration gallery along the Dungeness River outside of
the modeled area. The only significant pumpage for
March (0.05 cfs or greater within a single grid block)
was for the Sunland Development (estimated at (.13
cfs), and was obtained from one well tapping the upper
artesian aquifer. This was the only well represented in
the steady-state simulations. For the transient simula-
tions, pumping (annual average rate) was greater, but
was still insignificant when compared with the average
rate of flow in the ground-water system. Total pumpage
in the transient simulations was 1.6 cfs.

Steady-State Simulation

Average conditions existing during March 20-31,
1979, were used for steady-state calibration of the
model. This period was selected for calibration because
(1) water levels were generally stable; (2) flow in the
Dungeness River was generally constant; (3) precipita-
tion was insignificant (0.12 in.); (4) evapotranspiration
was minimal; and (5) essentially all irrigation water was
restricted to the major ditch systems (no field irriga-
tion).

Calibration was accomplished by holding all model
input constant except hydraulic conductivity of the
water-table aquifer, transmissivity, vertical leakage
coefficients, and river leakage coefficients. Hydraulic

conductivity in the water-table aquifer and transmis-
sivity in the artesian aquifers were adjusted only by
changing the boundaries of the zones of conductivity
and transmissivity. In all cases, the value assigned to a
zone of hydraulic conductivity or transmissivity was the
median value derived from all specific-capacity tests in
that zone. The model proved to be insensitive to the
value of vertical leakage coefficient, showing sig-
nificant head changes only when the tested value dif-
fered by two orders of magnitude or more (from the
final value used, 5x10™ ft/day). The river-leakage-coef-
ficient value was adjusted during calibration (Figure 9)
to obtain the best reproduction of heads in the water-
table aquifer and measured leakage in the Dungeness
River.

The reliability of the calibration can be checked by
comparing measured heads and river leakages with
heads and leakages calculated by the model. Com-
parisons of measured and calculated heads are shown in
Figure 10 (water-table aquifer) and Table 1 (upper ar-
tesian aquifer). No measured water levels were available
for the lower artesian aquifer. Well 30/4-9L2, open to
the undifferentiated deposits beneath the lower artesian
aquifer, had a water-level altitude of 54.1 ft in March
1979, which was probably slightly less than the water-
level altitude in the lower artesian aquifer at the same
site. The model-calculated water-level altitude was 58.1
ft.

Average measured river leakage from the Dungeness
River gage to Dungeness (near the mouth of the river)
for March 20-31, 1979, was 20 cfs. Leakage calculated
by the model was 19 cfs. The measured leakage includes
approximately 1.25 mi of river not simulated in the
model but believed to be insignificant with regard to the
total leakage.

Meadowbrook Creek (the only outflowing creek not
significantly affected by irrigation tail waters) had a
measured discharge of 5.2 cfs on March 16, 1979. Basi-

Table 1. Comparison of measured and model-calculated water-
level altitudes in the upper artesian aquifer, March 1979

Water-level altitude (ft)
Percent
(2) difference
(1) Calculated (2)-(1)  x 100
Well no. Measured by model [§8)

30/3-8J3 42.1 43.0 +2
-8M1  42.2 48.8 +16
-16C1  37.4 41.8 +12
-17A1  44.7 49.0 +10
30/4-3Q1 100.4 67.3 -33
-IN1  68.7 62.8 -9
-22J2 152.1 145.4 -4
-23e3 118.1 138.8 +18
-25C1 271.4 269.1 -1
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Figure 10. Comparison of measured and model-calculated water-level altitude in the water-table aquifer, March

1979.

cally all flow in Meadowbrook Creek was leakage from
the water-table aquifer. Leakage from the aquifer to the
creek was calculated to be 5.0 cfs by the model.

The water budget of the ground-water system for the
modeled area, as calculated in the steady-state calibra-
tion, is shown in Figure 11. Total calculated flow
through the ground-water system was 82 cfs, including
32.3 cfs, or about 40 percent of the total flow, from ir-
rigation leakage. During the prime irrigation season
(April-September) irrigation leakage probably repre-
sents an even greater percentage of the total flow
(Figure 5).

Transient Simulation

The present trend in land use in the study area may
lead to eventual abandonment of the irrigation system.
This would cause ground-water conditions to return
gradually to conditions similar to those existing before
construction of the irrigation system. Because data are
not available for the period prior to irrigation, a tran-

sient model was constructed to show the potential ef-
fects of no recharge from irrigation.

Seasonal fluctuations of the ground-water system
were considered to be of secondary interest and impor-
tance. It was assumed that the gross changes caused by
termination of the irrigation system would be at least
several times greater than the seasonal fluctuation of
water levels (presently about 4 ft, Figure 5).

The transient model used basically the same input as
the steady-state model, except that no recharge from the
irrigation systems was included in the transient model
and the storage coefficient was added. Starting heads
and flow rates in the transient model are the heads and
flow rates calculated by the steady-state model.

The transient model was run using two different sets
of boundary conditions. One set (constant-head condi-
tion) used exactly the same boundaries as in the steady-
state model. In the other set (constant-flux condition)
the constant-head boundary along the coastline was
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Figure 11. Ground-water budget for March 1979, calculated by steady-state model.

changed to a constant rate of outflow as calculated by
the steady-state model. The constant-head condition led
to simulations in which calculated drawdowns were
generally somewhat less than what would probably
occur, while the constant-flux condition produced cal-
culated drawdowns that were generally somewhat
greater than what would probably occur.

Model simulations indicate that an abrupt termina-
tion of the irrigation system would cause water levels to
decline significantly, reaching a new equilibrium in 10
to 20 yr (Figure 12). Figure 12 represents the decline in
water level (drawdown) at a point in the water-table
aquifer where the calculated drawdowns would be
greatest. All transient simulations were run for 20-yr
periods to be certain that the effects caused by no
recharge from irrigation would stabilize.

Drawdowns that would be caused by termination of
the irrigation system were calculated for each aquifer
for various combinations of boundary conditions and
river leakage. In each case, the calculated drawdowns
are more severe for the constant-flux condition than for
the constant-head condition. Actual drawdowns would
lie somewhere between the two extremes. The greatest
impact would be in the water-table aquifer (Figures 13
and 14) where drawdowns would probably average
about 20 ft, indicating that some parts of the aquifer
could be completely unsaturated and several hundred
wells could be dry or nearly so. The artesian aquifers
would be less severely impacted with probable average

drawdowns of about 10 ft. The artesian aquifers would
be completely saturated, but the lowered heads would
result in greater pumping costs.

Some potential for seawater intrusion could result
from termination of the irrigation system. In some coas-
tal areas, when using constant-flux conditions, calcu-
lated heads in the water-table aquifer were below sea
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Figure 12. Drawdown at node 26,34 in the water-table aquifer,
computed by the model assuming no irrigation and river
leakage coefficient of 2.0 (ft/day)/ft.
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Figure 13. Drawdown in the water-table aquifer after 20 yr of no irrigation, calculated by the model using river
leakage coefficient of 2.0 (ft/day)/ft and constant-head boundary conditions.

level. Actual heads in these areas would probably be
slightly above sea level. Any significant pumping could
then lead to inland movement of seawater.

Calculated changes that could occur in the ground-
water budget due to termination of the irrigation system
are shown in Table 2. Total flow through the ground-
water system could be reduced by 15 to 30 percent. Net
leakage from the Dungeness River could increase by 40
to 80 percent. The creeks, which have a net inflow from
the ground-water system in the steady-state model,
could have a net loss to the ground-water system. This
could mean that most of the small creeks would be dry
or nearly dry most of the time.

The calculated drawdowns in the water-table aquifer
(Figures 13 and 14) and the calculated changes in the
ground-water budget (Table 2) indicate that the Dunge-
ness River would be an important factor if the irrigation
system were terminated. The calculated drawdowns are
very small near the Dungeness River, showing that in-

creased leakage from the river would serve to replace
some of the lost irrigation recharge. Accurate simulation
of leakage from the Dungeness River is obviously a pre-
requisite for accurate simulation of the ground-water
system. Because the river-leakage coefficient was not
determined independent of the model, the model was
run using leakage coefficients one order of magnitude
greater than and less than the "ideal" coefficient of 2.0
(ft/day)/ft (Figure 9).

The effects of changing the river-leakage coefficient
can be seen in Table 3 and Figures 15 and 16. Increas-
ing the coefficient by a factor of ten does not sig-
nificantly change the computed drawdowns. However,
decreasing the coefficient by a factor of ten drastically
increases drawdown. The high and "ideal" values of
river leakage coefficient (which assume ratios of verti-
cal hydraulic conductivity of the river bed to the
horizontal conductivity of the underlying aquifer that
are about 1/20 and 1/200) are reasonable values to ex-
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Figure 14. Drawdown in the water-table aquifer after 20 yr of no irrigation, calculated by the model using river
leakage coefficient of 2.0 (ft/day)/ft and constant-flux boundary conditions.

pect in nature. The low value (which assumes a ratio of could have average declines of about 20 feet, and

about 1/2,000) is probably not likely to occur naturally.

SUMMARY AND CONCLUSION

(1) The digital model simulated the ground-water
flow system within the accuracy of the input data.

(2) The model confirms that leakage from the irriga-
tion system is the largest source of recharge to the
ground-water system. The leakage occurs primari-
ly from the ditch system, not from water actually
applied to fields.

(3) Termination of the irrigation system would lead to
lower heads throughout the ground-water system.
The ground-water levels in the water-table aquifer

some areas could become completely unsaturated.
Several hundred wells could go dry.

(4) Understanding the relation between the Dunge-
ness River and the ground-water system is critical
to predicting the possible effects of termination of
the irrigation system. The simulations indicate that
the lost ground-water recharge from irrigation
would be partially replaced by increased leakage
from the river. The magnitude of the recharge
from the river would depend primarily on the river
leakage coefficient. Because this coefficient is not
directly measurable, a range of values was used in
the model to indicate a range of possible water
levels resulting from termination of irrigation.
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Table 2. Comparison of calculated ground-water budgets from steady-state model
and transient model after 20 yr of no irrigation, with river leakage coefficient of

2.0 (cu ft/day)/ft

Calculated flow rate (cfs)
Transient model

Steady- Constant- Constant-
state head flux
Ground-water flow mode] condition condition
Inflow (all to water-table aquifer)
Ground water (from uplfnds) 15.2 16.2 15.7
Precipitation recharge 15.1 15.0 14.7
Irrigation recharge 32.3 - -
Dungeness River net leakage 19.4 Tl 34.2
Net leakage from creeks -- 1.1 5.1
Total 82.0 59.4 69.7
Net flow between aquifers
Water table to upper artesian 27.7 21.9 27.9
Upper artesian to lower artesian 8.8 7.7 8.8
Outflow
Net leakage to creeks 13.5 -- -
Net pumpage
Water-table aquifer -- 1.2 1.2
Upper artesian aquifer 0.1 0.3 0.3
Lower artesian aquifer2 - .0 .0
Ground water (all at shorelines)
Water-table aquifer 40.8 36.4 40.8
Upper artesian aquifer 18.8 13.9 18.8
Lower artesian aquifer 8.8 7.7 8.8
Total 82.0 59. 69.9
Change in storage (inflow-outflow) -- -0.1 -0.2

! Precipitation recharge in all three cases is input as 15.1 cfs. In transient model,
when a node goes dry, the precipitation recharge at that site is changed to zero.

2 Pumping rate input to the transient model is actually 0.05 cfs; the 0.0 results from

rounding off.
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Chambers Creek Tunnel Dewatering and Impact on
Ground-Water Users near Tacoma

LORI J. HERMAN
Hart-Crowser & AssociatesInc.

INTRODUCTION

The Chambers Creek tunnel was constructed south of
Tacoma in Pierce County, Washington. The tunnel,
which is approximately 2-1/2 mi long and 9 ft in
diameter, was constructed as an interceptor for convey-
ing sewage from several service-area trunk lines to a
treatment plant just east of Puget Sound near Tacoma.
Approximately two-thirds of the alignment was con-
structed below the water table, to a maximum depth
below the water table of about 30 ft. The location of the
tunnel project is shown on Figure 1.

This paper describes the results of a ground-water in-
vestigation to evaluate and design an effective dewater-
ing system for tunnel construction while balancing the
ability to maintain the water-supply source for the area
residents. The ground-water issues were evaluated as
part of the subsurface explorations and geotechnical en-
gineering study (Hart-Crowser & Associates, Inc.,
1982).

In order to achieve the most consistent tunneling
ground conditions and to minimize the difficulty in
dewatering during construction, the Chambers Creek
tunnel was constructed largely through a shallow
aquifer. The aquifer consists of glacial outwash sands
and gravels and is the principal source of water for
domestic use in the area. Data on the construction and
operation of the water-supply wells were obtained, and
predictions of aquifer response during dewatering were
used to determine the risk of impact and evaluate alter-
natives for temporary water supply.

HYDROGEOLOGIC CONDITIONS

The tunnel project lies within the Chambers Creek
basin, which contains a stream (Chambers Creek) that
dissects a sequence of predominantly glacial deposits.
The deposits are part of the thick regional sequence of
glacial and interglacial sediments deposited in the Puget
Sound lowland during the Vashon Stade of the Fraser
glaciation (Walters and Kimmel, 1968).

The geologic sequence typically includes Vashon
recessional outwash overlying advance outwash. The in-
tervening till common to the Vashon sequence in the

region is absent in the project area. The advance out-
wash comprises the water-table aquifer and is the prin-
cipal zone tapped by area wells for water supply.
Interglacial silt and sand and pre-Vashon till are present
below the advance outwash in various portions of the
project area, demarcating the bottom of the aquifer.

Ground-water flow within the advance outwash
aquifer is generally from the northeast part of the
project area toward the Chambers Creek valley. The
creek flows to the west and discharges into Puget
Sound. Chambers Creek is a regional discharge area for
the water-table aquifer, as evidenced by numerous
springs along the valley walls and regional ground-
water flow gradients.

A generalized geologic profile along the tunnel align-
ment is shown on Figure 1. The four principal
hydrostratigraphic units in the zone of construction from
the ground surface to the creek bed are:

« Sandy gravel deposited as recessional outwash; un-
saturated in the project area.

+ Sand with gravel (Vashon advance outwash) com-
prising the water-table aquifer and the zone through
which the tunnel was constructed.

« Interbedded silt and sand interpreted as interglacial
lacustrine silt with lenses and layers of clean
saturated sand.

- Till consisting of very dense, silty sand and gravel
and considered relatively impermeable.

Differences in distribution of the hydrostratigraphic
units along the alignment affected the tunnel dewater-
ing conditions. Wright Ravine, located approximately
midway along the tunnel alignment, marked a dividing
point for these hydrostratigraphic differences. East of
the ravine (zone C, Figure 1), interbedded silt layers in
the upper part of the sand with gravel aquifer caused lo-
calized perched water and semi-confined aquifer condi-
tions. Till marked the bottom of the aquifer east of the
ravine and occurred within the tunnel zone. Areas of
mixed-face tunneling ground and difficulty in complete-
ly dewatering were expected in this area. West of the
ravine (zone B, Figure 1), the contact between the sand
with gravel aquifer and the underlying interbedded silt
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and sand unit occurred close to the tunnel invert. In zone
B it was anticipated that the limited saturated aquifer
thickness below the tunnel grade might require a closer
well spacing to achieve the required dewatering. In zone
A (west of the dewatered area) the tunnel was con-
structed above the water table.

AQUIFER PROPERTIES

Pumping tests were conducted to evaluate aquifer
properties. The aquifer test design included a pumping
well and several monitoring wells arranged to obtain
multi-directional observations. The monitoring wells
were installed within the aquifer and within overlying
and underlying silty layers to assess vertical hydraulic
gradients and detect leakage. Constant rate, 24-hr pump-
ing tests were conducted at four test locations (Figure
1). Representative log-log time versus drawdown curves
are presented for each of the pumping tests on Figure 2.
The aquifer characteristics determined from analyses of
the test results are presented in Table 1.

The results of the aquifer testing indicated a delayed-
yield effect in the time-drawdown response. The aquifer
behaved as a confined to semi-confined system during
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the short-term period of testing, but the drawdown data
suggested that a longer term unconfined condition
would dominate because of the delayed-yield
phenomena. The delayed yield is observed in the data

Table 1. Water-table aquifer characteristics

Aquifer Storage
test Transmis- coefficient
Test analysis sivity (dimension-
number method (gpd/ft) less)
Zone B Boulton 20,000 0.02
Test 1 delayed
yield
Zone B Theis 20,000 0.00005
Test 2
Zone C Theis 39,500 0.01
Test 3
Zone C Boulton 25,000 0.015
Test 4 delayed
yield
Aquifer Test 2 - Zone B
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Figure 2. Representative aquifer pumping test drawdown data.
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as a recharge effect due to leakage from the upper part
of the aquifer and is reflective of changing storage
properties of the aquifer. The larger storage coefficient
of the unconfined condition (which occurs at later
times) results in an increase in yield per foot of draw-
down and consequently is significant to the dewatering
analyses.

In tests 1 and 2 (zone B) the early time-drawdown
data (when the aquifer exhibited the Theis non-equi-
librium infinite, confined aquifer response) were used to
evaluate the transmissivity of the aquifer. After a short
time, a recharge effect was seen in the data due to
leakage from the upper part of the aquifer. This recharge
effect was seen immediately in tests 3 and 4 (Zone C-
Figure 2) due to a thinner saturated section and fewer
silty layers in the upper part of the aquifer. The delayed-
yield effect caused a stability in the rate of drawdown
as yield from the aquifer was balanced by replenishment
with gravity drainage. At later times the effects of
gravity drainage were small, as the rate of drawdown
again reflects the Theis non-equilibrium aquifer
response,

The time-drawdown data indicated a fairly consistent
aquifer transmissivity throughout the dewatering zone,
as shown in Table 1. The average aquifer thickness west
of the ravine (zone B) was 25 ft, resulting in a hydraulic
conductivity of approximately 1,000 to 1,500 gpd/sq ft.
The average aquifer thickness east of the ravine (zone
C) was 35 ft, resulting in a hydraulic conductivity of
500 gpd/sq ft.

DEWATERING SYSTEM DESIGN

The results of the aquifer pumping tests were used to
design an appropriate dewatering system to control
ground water during tunneling and to predict the effects
of the dewatering on the water-supply wells in the area.
A steady-state flow model (Powers, 1981) was used to
evaluate the dewatering pumping rates, location and
number of wells, and well spacing. A transient flow
model (Leake, 1977) was used to evaluate the time
needed to dewater and drawdown with distance over
time. The system was modeled as flow to a continuous
line-slot from a constant head recharge source to the
north and with a discharge boundary to the south.

The pumping rates required during steady-state
dewatering conditions were estimated to be on the order
of 1,000 to 2,000 gpm. A single line of wells located
north of the tunnel and parallel to the tunnel alignment
was recommended in order to intercept ground-water
flow toward the creek. The line-slot flow model was
simulated by a series of wells to determine well spacing
and pumping volume per well. It was estimated that ap-
proximately 50 to 60 wells spaced 100 to 200 ft apart
would accomplish the desired dewatering. The wells
were designed to pump 100 to 125 gpm during the ini-
tial pumping period in order to achieve aquifer storage
depletion. As the aquifer was dewatered, the pumping

rates would decrease to eventual steady-state flow rates
on the order of 20 to 40 gpm. The time required to
dewater the system and achieve a drawdown below the
tunnel invert was estimated, based on the transient
analysis, to be between 20 and 40 days.

The tunnel dewatering was actually accomplished
with a series of 100- to 120-ft-deep wells installed on
approximately 100-ft spacings in zone C and 50-ft spac-
ings in zone B. The wells were placed approximately 5
to 10 ft north of and parallel to the center line of the
tunnel. The wells were operating at least 2 weeks prior
to the advance of the tunnel. Total system discharge
rates were estimated to be between 1,000 and 2,000
gpm. The wells east of the ravine were pumped for ap-
proximately 1 yr. The wells west of the ravine were
pumped for approximately 136 days.

The dewatering effectively controlled the ground
water throughout most of the construction period. Some
minor delays occurred during tunneling in the zone B
area due to standing water in the tunnel invert. The
water problems were caused by interfingering zones of
silt and sand near the interface of unit 2 (sand with
gravel aquifer) and unit 3 (underlying interbedded silt
and sand). It was anticipated that dewatering would be
more difficult in this zone because of the limited aquifer
thickness below the invert from which to pump. Addi-
tional wells were installed in this zone to tighten the
well spacing to about 50 ft and thus reduce the mound-
ing between wells.

IMPACT ASSESSMENT

Predicted drawdown with distance was used in con-
Jjunction with the well inventory data to evaluate the risk
to operating domestic wells during dewatering. The well
inventory included obtaining information on the well
depth, the completion details, pump setting, and draw-
down during pumping. Individual pumping tests were
conducted on each of the domestic wells to evaluate the
operational conditions during extended use. It was found
that in most wells the water levels stabilized at a par-
ticular drawdown level. The low discharge rates at
which most of the pumps operated likely accounted for
the stabilized pumping water levels, as most of the draw-
down was associated with well loss and relatively negli-
gible amounts of aquifer drawdown.

Risk of adverse effects of the dewatering was as-
signed to the wells based on the depth of the pump, the
pumping water level, and the amount of drawdown
available before the pumps would break suction. Wells
in which water level drawdowns to within 2 ft of the
pump intake occurred during a pumping condition and
those completed within the water-table aquifer south of
the tunnel alignment were considered at high risk and
were placed on a temporary water line. Water levels
were monitored in the remaining wells throughout con-
struction.
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MONITORING PROGRAM RESULTS
Aquifer Drawdown

The monitoring program consisted of measuring and
evaluating water-level data obtained in the observation
wells and in the domestic wells. The water-level data
were used to assess drawdown conditions in the tunnel-
ing zone and to monitor response of the domestic wells.
A contour map of the ground-water drawdown ex-
perienced during dewatering of the aquifer is presented
on Figure 3.

A plot of the observed drawdown with distance is
compared with the predicted drawdowns for various
times on Figure 4 for the initial 30 days of pumping in
zone C. The data indicate that the predicted late time
drawdowns more closely correlate with the observed

response than do the early time-drawdown data. The
analyses assumed a constant storage coefficient and con-
stant discharge along the tunnel alignment. As indicated
by the delayed-yield response during the pumping test,
the responses of the aquifer storage properties were like-
ly changing during the initial pumping period. In addi-
tion, the dewatering wells were brought on line as they
were installed. Both of these conditions could contribute
to the deviation of the predicted from observed response
in the early time-drawdown data. At later times, the ob-
served time-drawdown response more closely met the
assumptions used in the analysis. The data also indicated
that at greater distances from the dewatering wells, the
time-drawdown response more closely agreed with the
predictions and was conservative enough to place con-
fidence in the well impact assessments.
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Predictions of the aquifer response and water-level
monitoring in zone B facilitated the continued operation
of five water-supply wells during the dewatering, al-
though as much as 11 ft of water-level decline occurred.
Construction delays in zone C caused a longer period of
dewatering than planned, resulting in larger drawdowns
than expected and necessitating temporary water sup-
plies. It was not until approximately 6 months into the
dewatering that the zone C domestic wells were adverse-
ly impacted, requiring a temporary water system. If tun-
nel advance rates in zone C had been comparable to
those for zone B, these wells would not have needed an
alternative supply.

Aquifer Recovery

Domestic well monitoring following shut down of the
dewatering system indicated that aquifer levels in zone
B took roughly 150 days to recover and that the aquifer
in zone C took about 3 yr to fully recover. These periods
closely match the length of time during which dewater-
ing was accomplished.

Most of the wells the owners chose to reinstate were
monitored to full recovery levels, and few experienced
problems with reinstating their original supply. One well
required redevelopment. The water level in another well
located on the west edge of the ravine had not fully
recovered 1 yr after dewatering ceased. It is believed
that backfill materials associated with the construction
of a pipe bridge close to this well may have altered the
local flow conditions and resulted in lower ground-water
levels.

CONCLUSIONS

The exploration and testing program provided valu-
able insight into the conditions that would affect tunnel-
ing, as well as the data to assess impacts to the local
community. Recognition of a delayed-yield aquifer
response was critical to evaluating the transmissivity of
the aquifer, the storage properties that would control the
dewatering system design, and the time required to
achieve a dewatered condition. A thorough well inven-
tory and monitoring program allowed an early warning
of potential problems with existing water-supply wells;
this resulted in cost savings by eliminating unnecessary
temporary water supplies.
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Management of Declining Ground-Water Levels in
Part of Eastern Washington

THEODORE M. OLSON
Washington Department of Ecology

BACKGROUND

East-central Washington is a semiarid region in the
center of the Columbia Plateau. The average annual
precipitation is only about 9 to 15 in. and occurs
primarily during the winter. Agriculture in this area
prior to the early 1950s was primarily dry land wheat
farming on a crop-fallow rotation basis. Ground-water
use was limited to domestic supplies for communities
and individual farmsteads.

The limited precipitation, coupled with the hot, low-
humidity summers, created a need for supplemental ir-
rigation. During the late 1950s, farmers began drilling
deep irrigation wells, and notwithstanding pumping lifts
as great as 500 ft, the economic benefits were obvious.
Dramatic increases in crop yield with irrigation were ap-
parent. During the 1960s, ground-water pumpage for ir-
rigation tripled every 2 yr. The annual withdrawal was
14,000 acre-ft in 1963; 44,000 acre-ft in 1966; and
149,000 acre-ft by 1968. By 1966, declines in water
levels were noted over large areas. A reduction in
pumpage to 117,000 acre-ft occurred by 1970.

The Washington Department of Ecology (formerly
the Department of Water Resources) recognized the
potential future problems associated with water-level
declines, such as well interference and general aquifer
depletion. In August 1967, the Department informally
closed from further appropriation for irrigation ap-
proximately 1,100 sq mi of east-central Washington.
This closure provided time for the Department to con-
duct studies into the causes of the declines and means
of correcting further declines in the ground-water levels.
The study area includes the communities of Odessa,
Ritzville, Lind, and Warden (Figure 1).

GEOLOGY AND HYDROLOGY

Ground water in east-central Washington occurs
principally in a thick sequence of basalt flows referred
to as the Columbia River Basalt Group. The major
aquifers occur within flow contact zones consisting of
unconsolidated sediments or rubbly basalt; these zones
comprise approximately 25 percent of the total se-

quence. The dense central parts of the flows confine the
ground water, and the water levels in the basalt se-
quence generally decrease with increasing aquifer
depths. Regionally, ground-water movement is from
northeast to southwest.

Three basalt units of the Columbia River Basalt
Group are identifiable east of the Columbia River
(Swanson et al., 1979) (Figure 2). In the western part of
the Columbia Plateau, the Saddle Mountains and
Wanapum basalts are exposed at or are near land sur-
face. These units gradually thin to the north and east.
The Grande Ronde Basalt underlies the Wanapum. Near
Odessa, the basalts attain a total thickness of 4,465 ft,
as shown by data from an exploratory oil well, locally
referred to as Basalt Explorer.

Sedimentary deposits are generally interbedded with
the Saddle Mountains Basalt flows, particularly near the
plateau margins. With increasing distance east of the
Columbia River, there is a corresponding thinning of
sediments interbedded with basalt flows. Only one sig-
nificant interbed is present in the east-central region,
and it lies between the Wanapum and Grande Ronde
basalts. This interbed is known as the Vantage Member
(of the Ellensburg Formation) and attains a thickness of
25 to 30 ft, but is generally 10 to 15 ft thick.

Major irrigation wells range from 600 ft to more than
2,500 ft in depth. Aquifer test data show that the coef-
ficients of storage in the Saddle Mountains, Wanapum,
and Grande Ronde basalts range from 0.0015 to 0.006.
The coefficients of transmissivity range from less than
10,000 to more than 200,000 gpd/ft; the average is ap-
proximately 50,000 gpd/ft (6,600 ft sq/day). Production
data indicate that the upper flows of the Grande Ronde
are more productive than those of the overlying
Wanapum Basalt.

As part of the on-going data collection by the
Washington Department of Ecology, annual water-level
measurements are made in more than 450 wells. The
measurements are made with air lines or with electric
tapes each spring before the irrigation season begins.
These measurements indicate the position of the water
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Figure 2. Stratigraphic terminology used in this report.

level after it has recovered from the previous irrigation
season. The field measurement data are transferred to
individual hydrographs for each well. The long-term
water-level trend of each well is readily apparent from
the hydrographs. The trend in some wells has become a
straight line function showing an annual decline rate of
as much as 20 ft/yr (Figures 3 and 4).

NATURE OF THE PROBLEM

Regulatory History

The moratorium of 1967 (for 1967-1972) became ef-
fective on all pending applications for new water rights
within the Odessa Subarea. As provided by law (RCW
90.44.130, 1947), the Department of Ecology may es-
tablish management areas or subareas in order that over-
draft of public ground water may be prevented so far as
is feasible. On the basis of this jurisdiction, the Depart-
ment established the Odessa Ground Water Subarea in
January 1973. In conjunction with the 5-yr moratorium,
the Department entered into cooperative agreements
with the U.S. Geological Survey (Water Resources

Division) and Washington State University Water Re-
search Center. The moratorium allowed the Department
time to evaluate the effects of large-scale ground-water
withdrawals. The study by the U.S. Geological Survey
resulted in a digital computer model using finite dif-
ference techniques to simulate an intensively pumped,
multilayered, basalt aquifer system. For model analysis,
the deeper pumped aquifers were treated as a single
layer with drawdown-development leakage from an
overlying confining layer. Verification of the model was
achieved primarily by closely matching observed
pumpage-related head declines ranging from 10 ft to
more than 40 ft between March 1967 and March 1971.
The results of this study and additional work are
presented in joint Department and Survey publications
by Garrett (1968), Luzier and Burt (1974), and Luzier
and Skrivan (1975). Predictive capabilities of the model
were used to evaluate pending applications for new per-
mits.

At the end of the moratorium in 1972, and with avail-

able results of the various studies conducted, the Depart-
ment set about the task of evaluating the study results
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and applying these data to formulate management
regulations for ground-water appropriation. These
regulations are intended to insure the maintenance of a
sustained yield while allowing for a reasonable and
feasible pumping lift. During 1973 the Department
drafted management regulations with the assistance of a
concerned citizens organization. Public meetings were
held to review the draft proposals and to solicit input.
Public hearings were conducted on the final draft, with

subsequent revisions as appropriate. The final regula-
tions were ultimately adopted in January 1974 and
codified under Chapters 173-128A WAC and 173-130A
WAC.

The original management regulations include: the es-
tablishment of a geographic boundary within which the
regulations apply (1,800 sq mi); controlled rate of an-
nual decline not to exceed 30 ft in 3 yr; defined irriga-
tion season of March 1 through September 30;
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measurement of spring static water level; installation of
flow meters; identification of aquifer systems by depth;
and the holding of public meetings annually for the first
5 yr to review the regulations and amend them as neces-
sary.

In February 1974, through the predictive capabilities
of the U. S. Geological Survey numerical computer
model, the Department selectively issued new permits
for ground water. These permits met the criteria set
forth in the management regulations.

As a result of the first public review of the regula-
tions in 1975, amendments were made. These included
extending the authorized irrigation season from 7 to 10
months (February 1 to November 30) and requiring
reworked wells to be cased and sealed to eliminate all
cascading water. The most recent revision to the regula-
tions occurred in August 1982 and resulted in major
amendments which: eliminated the requirement for flow
meters and the identification of aquifer systems by
depth; set the time period in which construction must
begin after well permits are issued; enlarged the subarea
by 162,000 acres (total area now 1,313,920 acres [2,053
sq-mi]); and provided for acreage expansion. The con-
cept of acreage expansion is unique under western water
law and allows certificate holders to expand their
authorized irrigated acreage while not increasing actual
historic withdrawal rates in gallons per minute or acre-
feet/year within the maximum limits of the water right.
To qualify for the program, the irrigator must document
quantities of water withdrawn and acres irrigated for
three previous consecutive irrigation seasons. If the ex-
pansion is approved, the irrigator may increase his ir-
rigation to any amount of acreage, but is limited to
historic water quantity. Additionally, a flow meter must
be installed, the total water used must be reported by
December 31 of each year, and the authorization is ad-
ministered as a temporary change through an annual let-
ter valid for one calendar year. No permanent change or
amendment to any water right will be issued as part of
this program,

Ground- Water Pumpage and
Water-Level Response

The number of irrigation wells drilled in east-central
Washington increased dramatically from the mid 1960s
to the mid 1970s; there was a corresponding increase in
pumpage. Within the Odessa Subarea in 1967, the
pumpage was approximately 50,000 acre-ft from 137
wells. Within the general east-central Washington area
for this same year, there were an additional 168 wells
with pumpage of approximately 60,000 acre-ft. By
1977, the number of wells in the subarea increased to
more than 250 with an annual pumpage of approximate-
ly 165,000 acre-ft. For this same year in east-central
Washington, the total number of wells had reached 369
with pumpage of approximately 220,000 acre-ft. Thus,

during this 10-yr period, the number of wells more than
doubled and the pumpage quadrupled.

The ground-water withdrawal in 1967 was generally
less than 1,000 acre-ft annually per township, with a few
areas drawing as much as 10,000 acre-ft per year per
township (Figure 5). By 1977, the annual withdrawal
had increased to more than 25,000 acre-ft in some
townships (Figure 6). The greatest increase occurred in
the southern part of the Odessa Subarea southeast of
Warden.

Accompanying the increased withdrawals were
regional declines in ground-water levels. Between 1968
and 1978, levels declined more than 80 ft in the upper
Wanapum Basalt (Figure 7). For this same period, the
declines exceeded 100 ft in some geographic areas in
wells which penetrated both the Wanapum and Grande
Ronde basalts (Figure 8). For the period 1978-1981,
water-level declines in the Wanapum Basalt southeast
of Warden approached 15 ft/yr (Figure 9). Declines in
wells penetrating both the Wanapum and Grande Ronde
basalts exceeded 20 ft/yr in the area southeast of War-
den for that period (Figure 10). The water-level chan-
ges (1968-1981) in the critical southern area are shown
in cross sections A-A” and B-B’ shown on Figures 11
and 12.

The declining water levels caused considerable con-
cern among the irrigators. In an effort to keep ahead of
the declines, many well owners deepened their wells. In
most cases the deepening of a well was associated with
a subsequent corresponding drop in water level (Figure
13). This drop in head, with increased well depth,
reflects the lower potentiometric surface with depth.

Water-level declines in the wells penetrating only the
Wanapum Basalt have been steady but not as severe as
those in wells which penetrate both the Wanapum and
Grande Ronde basalts (Figures 14 and 15). This greater
rate of decline in wells producing from both basalt units
is interpreted as a reflection of decreasing vertical per-
meability with increased depth, which thus restricts ver-
tical ground-water movement. Generally, significant
head changes occur across the Vantage Member and the
uppermost Grand Ronde Basalt, where the head has
been lowered as much as 100 ft. Where structural or
stratigraphic changes affect the movement of ground
water, the effect can be more significant. In contrast, in
areas where the Wanapum Basalt is exposed or is
present near land surface and where existing wells
produce entirely from the Wanapum Basalt, water levels
appear to reflect a water-table or semi-confined condi-
tion. This is believed to be related to the proximity of a
source of recharge at land surface and greater vertical
permeability within the upper part of the Wanapum
Basalt.

In a continuing effort to monitor the changes in
ground-water levels, piezometers have been installed in
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Figure 12. Ground-water level changes in wells tapping both the Wanapum and Grand Ronde basalts from spring

1968 to spring 1981.

several observation wells to provide data regarding in-
dividual aquifer systems within the basalt sequence. The
recorded long-term trends in water-level change indi-
cate that the aquifers with the greatest stress from irriga-
tion withdrawal exhibit the greatest annual and
long-term decline (Figure 16). Wells with total depths
in excess of 500 to 700 ft show the most dramatic
declines because they penetrate the zones with greatest
pumpage.

The installation of piezometers in eastern
Washington wells has assisted the Department in

monitoring changes in water levels. Some piezometers
have been equipped with continuous recorders to ac-
curately define rate of decline with pumping stress
during the irrigation season. A typical installation is
shown on Figure 17. Piezometers were also installed in
an abandoned exploratory oil well; the water-level data
are shown on Figure 18. From this hydrograph, it is
readily apparent that the intensely pumped zone from
755 to 1,480 ft reflects the greatest decline, and that the
1,498-t0-2,300-ft zone shows essentially no effect from
pumping and has a head higher than all other aquifer
zones.
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DEMAND FOR NEW PERMITS

In spite of the general knowledge that ground-water
levels are declining at an alarming rate, the demand con-
tinues for new permits. There appears to be little, if any,
difference in reasoning between those individuals wish-
ing to expand irrigation capacity of existing systems and
those converting from dry land practices to irrigation
other than expectation of increased profit. The water-
level decline, associated with increasing costs of power,
may dictate extent of future development. Some projects
are currently incurring water costs of as much as $50.00/
acre-ft in the southern part of the subarea.

Because of the continued demand for new permits, in
1974 the Department decided to process more than 100
ground-water applications which were being held for
priority purposes only during the moratorium. The com-
puter program, developed by the U.S. Geological Sur-
vey during the 1967-1972 moratorium, was not used
then because the model boundary needed to be ex-
panded and dependable pumping data were not avail-
able. Instead, the U.S. Geological Survey two-

dimensional finite difference model (Trescott et al.,
1976) with expanded boundaries was and continues to
be used. The simulated rate of decline in the well
proposed for each pending application is superimposed
on a map showing the measured rate of decline of the
Odessa Subarea (Figure 19). The active part of the
model includes Townships 13 through 34 and Ranges
28 through 37 and is bounded by constant head nodes.
The model boundary extends beyond the subarea bound-
ary to minimize the effect of the constant head bound-
ary on the predicted declines. The transmissivity and
storage values are modified slightly from the original
1972 U.S. Geological Survey model data to reflect ad-
ditional data gathered since that time. Starting with a
flat water surface, each well in order of its application
priority date is simulated as being pumped for 150 con-
tinuous days at a rate equivalent to the annual acre feet
requested, and then the simulated water level is allowed
to recover for 215 days to complete one irrigation year.
The computed water-level decline is printed in map
form at the end of the recovery period of the third ir-
rigation year.
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The total water-level decline for the period 1977-
1982 was plotted and contoured for those wells penetrat-
ing both the Wanapum and Grande Ronde basalts. A
contour interval of "50" represents an average decline
rate of 10 ft/yr, a "40" contour 8 ft/yr, and so on. (Figure
19). For convenience, the scales of the measured and
computed decline maps are the same.

The contour map of current annual decline rates is
overlaid on the computer-produced decline map, and the
measured and the computed values are matched. An ap-
plication for a well whose predicted decline plus exist-
ing decline rate is within the limit of decline permitted
(30 ft in 3 yr) is accepted. Once accepted, the well
remains as part of the cumulative pumping pattern con-
sisting of all previously accepted applications. Applica-
tions exceeding the limit of decline are withdrawn from
further processing, and the permit is denied. A total of
129 applications were processed and 10 permits for 594
acres were approved through 1982,

MANAGEMENT FOR THE FUTURE

Recognizing the intent of the Water Resource Act of
1971 (RCW 90. 54), that is, that the allocation of public
water is to be based upon securing the maximum net
benefits to the people of the State of Washington and
that there is a limited supply of unappropriated public
water, the State is faced with some difficult decisions,
the results of which will have far-reaching implications.

One readily apparent solution to the problem of
water-level declines is to deny permits to all future ap-
plications. In effect, this will end the development of ir-

rigated agriculture in a large part of eastern Washington
and have serious economic consequences. An alterna-
tive is to use computer modeling. With the continuing
collection of data on water levels and pumpage, model-
ing techniques will be increasingly useful and more ac-
curate in predicting effects of new wells,

Because of the continuing demand for permits to ir-
rigate new lands and the opposition of non-irrigators,
the State legislature has taken an interest in the problem
and has drafted legislation aimed at the problem of
declining water levels. Changes in the State water code
have also been suggested as a vehicle to better manage-
ment. Proposals include statewide adjudication of sur-
face and ground water rights to more precisely account
for the uses and quantities of public waters; a clear
definition of the term "public interest” as used in the
Water Resource Act of 1971; and a clear definition of
the phrase "reasonable and feasible pump lift" as it is
used in the ground-water code (RCW 90. 44. 070,
1947). Additional suggestions include: prioritization of
water uses and issuance of permits accordingly, for ex-
ample, domestic use over irrigation use; issuance of a
term permit, as opposed to water rights in perpetuity;
and establishment of an applicant’s financial ability to
complete the project on schedule to discourage specula-
tion in water-short areas,

These alternatives are currently in the discussion
stage within the Department of Ecology and other inter-
est groups. The goal is a reasonable solution which is
acceptable to the majority of the citizens of the State of
Washington.
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Figure 19. Contour map of ground-water level decline in the Odessa Subarea, 1977-1982 (contours in ft).



1032 ENGINEERING GEOLOGY IN WASHINGTON

REFERENCES

Garrett, A. A., 1968, Ground Water Withdrawal in the Odessa
Area, Adams, Grant and Lincoln Counties, Washington:
Washington Department of Water Resources Water Supply
Bulletin 31, Olympia, WA, 84 p.

Luzier, J. E. and Burt, R. I, 1974, Hydrology of Basalt
Aquifers and Depletions of Ground Water in East-Central
Washington: Washington Department of Ecology Water
Supply Bulletin 33, Olympia, WA, 53, p.

Luzier, J. E. and Skrivan, J. A., 1975, Digital Simulation and
Projection of Water Level Declines in Basalt Aquifers of the
Odessa-Lind Area: U.S. Geological Survey Water Supply
Paper 2036, 48 p.

Swanson, D. A.; Anderson, J. L.; Bentley, R. D.; Beyerly, G.
R.; Camp, V. E.; Gardner, J. N.; and Wright, T. L., 1979,
Reconnaissance Geologic Map of the Columbia River Basalt
Group in Eastern Washington and Northern Idaho: U.S.
Geological Survey Open-File Report 79-1363, 12 sheets,
scale 1:250,000.

Trescott, P. C.; Pinder, G. F.; and Larson, S. P., 1976, Finite-
Difference Model for Aquifer Simulation in Two Dimensions
with Results of Numerical Experiments: U.S. Geological
Survey Techniques of Water Resource Investigations, Book
7, Chapter C1, 116 p.

Revised Code of Washington (RCW) 90.44.070, 1947, Regula-
tion of Public Ground Waters

Revised Code of Washington (RCW) 90.44.130, 1947, Regula-
tion of Public Ground Water

Revised Code of Washington (RCW) 90.54, 1971, Water
Resources Act of 1971 [Washington Administrative Code
(WAC) 173-128A, 1982, Odessa Ground Water Manage-
ment Subarea)

Washington Administrative Code (WAC) 173-130A, 1982,
Odessa Ground Water Subarea Management Policy.

A van with a logging machine panel. Borehole
geophysical logging may include natural gamma, spon-
taneous potential, and resistivity. Photograph courtesy
of Golder Associates, Redmond, WA.




ineering Geology in Washington, Volume I :
%’ﬂghnmgwg D‘wisig of Genlogygtmd Earth Resources Bulletin 78

Ground Water Management for Renton, Washington:
Development of an Aquifer Protection Area

STUART M. BROWN and JEFFERY H. RANDALL
CH2M Hill, Inc.

INTRODUCTION

The City of Renton, Washington, relies on ground
water for approximately 85 percent of its water supply.
Ground water is withdrawn from the Cedar River aquifer
by five wells capable of producing 14 million gpd.
Figure 1 shows the general location of the City of Ren-
ton and its well field.

Historically, the well field has produced high-quality
water that consistently exceeds State of Washington
Department of Social and Health Services (DSHS) and
the federal Environmental Protection Agency (EPA)
quality standards for public water supplies.

The Cedar River aquifer, however, is vulnerable to
contamination because ground water is relatively shal-
low and there are a number of potential sources of con-
tamination close to the well field. Ground water occurs
under water-table conditions at a depth of approximately
20 ft below the ground surface; the City of Renton
production wells are screened at depths ranging from 35
to 105 ft. As Figure 1 shows, the central business district
and several major transportation corridors (particularly
Interstate Highway 405 and State Route 169) are near
the well field. These and other potential sources of con-
tamination pose a significant threat to the aquifer. The
threat is likely to increase in the future because of in-
creased urban and commercial development in the area
and proposed highway expansions.

This paper briefly reviews an aquifer protection
program initiated by the City of Renton in 1983 and then
focuses on one phase of the program: the Well Field
Monitoring Study. This study involved monitoring
water-level fluctuations and ground-water quality in the
vicinity of the well field to provide information on the
rates and directions of ground-water movement under
different pumping conditions. The paper describes the
monitoring activities conducted during the study and
how the information was used to delineate an aquifer
protection area (APA) for the well field.

AQUIFER PROTECTION PROGRAM
OVERVIEW

To date, the City of Renton aquifer protection
program has been conducted in three phases (Figure 2):
- Phase 1 — Well Field Protection Study
« Phase 2 — Well Field Monitoring Study
« Phase 3 — Ordinance Development
A more detailed description of each phase is
provided in Brown and Randall (1987).

Phase 1 — Well Field Protection Study

Phase 1, the Well Field Protection Study (CH2M
Hill, Inc., 1984), involved:

(1) Characterization of the hydrogeology of the Cedar
River aquifer and potential contaminant migration path-
ways,

(2) Inventory of potential sources of contamination,

(3) Development of preventive measures for different
types of potential sources, and

(4) Initiation of a public information program.

Hydrogeologic Characterization

The hydrogeologic characterization involved a
review of the following information: Water Resources
Bulletin 28 (Luzier, 1969), boring logs for the City of
Renton production wells, and a hydrologic analysis of
Well 9.

On the basis of this information, it was determined
that the Cedar River aquifer is a 70- to 90-ft-thick delta
and alluvial deposit at the mouth of the Cedar River val-
ley. Following the retreat of the last glaciation, the
Cedar River eroded a channel into the existing glacial
drift plain and deposited a delta fan into a marine em-
bayment that occupied the valley. The fan deposits con-
sist of coarse gravel and cobbles near the mouth of the
valley and grade to sands and silty sands radially out-
ward from the mouth. Overlying the fan deposits are
more recent alluvial deposits of the Cedar River.
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PROGRAM PHASES PROGRAM ELEMENTS Ground water occurs under water-table conditions at

1 a depth of approximately 20 ft below the land surface.
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— Hydrogecioic Charactedzation Regionally, ground water moves westward, down the
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Cedar River valley (Figure 1). Locally, ground-water
—{____Polential Source identifiation ] movement is influenced by well field pumping.

PROTECTION The probable lateral extent of the aquifer is shown in

—L Preventative Measure Development

—

Figure 3. To the northeast and southeast of the Cedar

River, the aquifer is bounded by the drift plain uplands.
— Public Information Program ] To the southeast, the aquifer extends beyond a bedrock
narrows located about 4,000 ft from the well field. The
western boundary is defined as the approximate extent
of coarse sand and gravel materials associated with the

’—L Monitoring Well/Stream Gage Installation —I delta deposit.

_L T P— —l Identification of Potential Contmrﬁnan.t Sources '
wEEﬁFEED A four-step process was used to inventory pptcnt_lal
MONITORING [ 1 Water Leve Data Evatvotion ] sources of contamination. The first step was to identify

i existing land uses within the limits of the Cedar River
aquifer and its recharge areas that could be potential

— Water Quality Sampling ] sources of contamination. Incidents that could lead to a
contaminant release to the aquifer were also identified
(for example, spills and sewer overflows). The second

step was to divide the potential contamination sources
p— Aquifer Protection Ordinance | into five general categories: subsurface, surface, river,
ORDINANCE transportation, and general. The third step in the process
DENELTNENT Secondary Containment Ordinance | was to characterize each potential source in terms of the
following key factors:
Figure 2. City of Renton Aquifer Protection Program phases (1) Nature of the hazard posed by the source,

and elements.
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(2) Source location with respect to the well field and
probable direction of ground-water movement,

(3) Quantity of chemical,
(4) Probability of occurrence of a release,

(5) Potential for chemical attenuation because of ad-
sorption, precipitation, degradation, and dilution,
and

(6) Ability to detect a release and prevent migration.

The final step was to qualitatively rank each source
(for example, high, medium, or low) according to its
potential for impacting the aquifer. The six factors listed
above were used to develop a qualitative ranking.

Development of Preventive Measures

Measures for preventing contamination were
developed for those potential sources that were ranked
as high or medium. It was decided that preventive
measures were probably not necessary at this time for
sources that ranked low. Two types of preventive
measures were developed: (1) general measures ap-
plicable to a number of sources and (2) measures ap-
plicable to specific sources. The general preventive
measures that were developed are summarized in Table
1. Preventive measures for specific sources are
presented in CH2M Hill, Inc. (1984) and Brown and
Randall (1987).

Table 1. Summary of general preventive measures

Develop policies that 1imit land use within the
aquifer recharge area. Such policies include
appropriate zoning to limit or eliminate
commercial activities that are potential
contaminant sources and the acquisition of such
properties for conversion to park, greenbelt, or
another noncontaminating use.

Increase participation by the City of Renton in
resolution of regional issues that may impact
aquifer protection. These issues include
1-405/1-90 and other highway planning,
construction, and traffic restrictions;
continued use of and hauling of waste to the
Cedar Hills landfill; and use in the river
basin east of the city limits; sewerage of
outlying areas; and maintenance of minimum
stream flows in the Cedar River.

Petition of EPA to have the Cedar River aquifer
declared a sole-source supply.

Monitor water-table elevations in the aquifer
area to confirm ground-water and contaminant
flow paths.

Monitor water-quality of both well (aquifer)
water and river water to observe trends in
contaminant levels.

Develop an emergency response plan to deal with
possible aquifer contamination incidents.




1036 ENGINEERING GEOLOGY IN WASHINGTON

Public Information Program

In an effort to inform the public of the need to protect
ground-water quality, the City of Renton prepared a
public information leaflet. The leaflet discusses the im-
portance of protecting ground-water quality and
presents a series of do’s and don’ts for the handling and
disposal of potential contaminants (for example, paints,
solvents, lubricating oils, household cleaners, and an-
tifreeze). The City of Renton distributes the leaflet to
developers, contractors, engineers, and local citizens.

Phase 2 — Well Field Monitoring Study

One of the major findings of the Well Field Protec-
tion Study was that rates and directions of ground-water
movement in the vicinity of the well field and the zone
of potential capture for the well field could not be deter-
mined from the available hydrogeologic information.
Thus, additional hydrogeologic information needed to
be collected to provide a defensible basis for delineat-
ing an APA.

For this reason, the City of Renton initiated a well
field monitoring study. As Figure 2 illustrates, the Well
Field Monitoring Study consisted of four major program
elements:

(1) Monitoring well/stream gage installation,
(2) Water-level monitoring,

(3) Water-level data evaluation, and

(4) Water-quality sampling.

A more detailed description of each program element
is presented in the next section.

Phase 3 — Ordinance Development

The Well Field Protection Study recommended that
the City of Renton implement administrative restrictions
to control land uses and activities that could impact the
well field. The City decided to implement these restric-
tions through an aquifer protection ordinance. The Well
Field Protection Study also recommended that restric-
tions be placed on underground storage facilities, par-
ticularly in the vicinity of the well field. A separate
secondary containment ordinance was drafted, with spe-
cial provisions for existing underground storage
facilities located in the aquifer protection area. Brown
and Randall (1987) provide a description of both or-
dinances.

WELL FIELD MONITORING STUDY

The original objective of the Well Field Monitoring
Study was to determine rates and directions of ground-
water movement near the well field to determine the
zone of potential capture under different pumping con-
ditions. This objective was subsequently expanded to in-
clude two more objectives:

(1) Delineation of the boundaries of an APA for the
well field to satisfy the provisions of the City of
Renton aquifer protection ordinance.

(2) Ground-water sampling to obtain additional infor-
mation on existing water-quality conditions in the
Cedar River aquifer.

Water-Level Monitoring Activities

To meet these objectives, a monitoring network con-
sisting of 11 ground-water monitoring wells and three
Cedar River stage gages was designed. The location of
each monitoring well and stage gage, as well as the loca-
tion of the five production wells that constitute the City
of Renton well field (PW1, PW2, PW3, PW8, and PW9)
are shown in Figure 4. Except for MW8 and MW9, all
monitoring wells shown in Figure 4 were installed
during the Well Field Monitoring Study. MW8 and
MW9 are observation wells installed during the con-
struction and testing of PW9. The three Cedar River
stage gages installed during the Well Field Monitoring
Study are also shown in Figure 4. City of Renton staff
recorded water levels in the monitoring wells and
production wells and at the Cedar River stage gages 21
times between March 1986 and March 1987.

In June of 1987 a well-field pumping test was con-
ducted by the City of Renton as part of a water rights
evaluation study. The study consisted of an 8-hr shut-
down of the well field to allow the aquifer to recover,
followed by two 24-hr periods of pumping. Pumping
during the first period was at the current water right of
11,500 gpm; pumping during the second period was at
an increased rate, 15,000 gpm. This test provided an op-
portunity to collect additional water-level data under
controlled pumping conditions. Water levels were
measured in all of the monitoring wells at the end of the
8-hr recovery period and at the end of each 24-hr pump-
ing period. Continuous recordings of water levels were
made prior to and during the test in monitoring wells
MW1, MWS5, and MW 10 (Figure 4).

All of the water-level data were analyzed by contour-
ing water levels to obtain potentiometric maps and by
plotting water-level variations with time at each well or
stage gage to obtain hydrographs. On the basis of the
potentiometric maps and hydrographs, the zone of
potential capture for the well field was defined by deter-
mining:

(1) Probable directions of ground-water movement,
and

(2) Cedar River-aquifer interactions.
Directions of Ground-Water Movement

A potentiometric map (Figure 5) shows ground-water
elevations and probable directions of ground-water
movement under a no pumping condition (that is, none
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Figure 4. Location of wells in monitoring network.

of the wells are in operation). This potentiometric map
indicates that the regional direction of ground-water
movement is to the west.

When one or more of the wells is pumped, a cone of
depression forms around the well(s), causing ground
water to flow toward the well. Figure 6 is a poten-
tiometric map that illustrates this condition.

The boundary between the portion of the Cedar River
aquifer in which ground-water movement continues in
the regional direction and the portion in which ground-
water movement is back towards the well field is
referred to as a ground-water divide. The ground-water
divide defines the boundary of the well field zone of
potential capture. As will be discussed later, the loca-
tion of the divide defines part of the boundary of the
well field aquifer protection area. Its approximate posi-

tion on September 16, 1986, when PW8 was in opera-
tion, is shown as a dashed line in Figure 6. The results
of the Well Field Monitoring Study indicate that the
zone of potential capture expands and contracts depend-
ing upon well field pumping and regional ground-water
flow conditions. The maximum extent of the zone of
potential capture occurs during the summer when well
field pumping is at its maximum and regional ground-
water elevations are low.

Cedar River-Aquifer Interactions

Monitoring of ground-water elevations across the
Cedar River from the well field found that pumping of
PW1 and PW2 influences ground-water movement
south of the river. Thus, the zone of capture extends to
the south of the river. This influence was clearly ob-
served at monitoring well MW1 during the June 1987
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Figure 5. Ground-water elevations, January 23, 1987.

well-field pumping test. From the available data, pump-
ing of PW3, PW8, or PW9 does not appear to influence
ground-water movement south of the river.

Monitoring of river and ground-water elevations near
the Cedar River indicates that the river contributes
limited recharge to the aquifer in the vicinity of the well
field. The results of the June 1987 well-field pumping
test indicate that the magnitude of the river recharge is
small in comparison to the well-field pumping rate.
Monitoring of stream flows upgradient and
downgradient of the well field during the pumping test
did not detect any measurable change in flow rate.

Delineation of the Well Field
Aquifer Protection Area

The results of the Well Field Monitoring Study and
Well Field Protection Study provided a basis for
delineating an APA for the well field to satisfy the
provisions of the City of Renton aquifer protection or-
dinance.

According to the ordinance, an APA can be divided
into two zones. Zone 1 is defined as the area between
the 365-day ground-water travel-time contour and the
well field. Zone 2 is defined as the area between the
365-day travel-time contour and the recharge area for
the well field.

Probable ground-water velocities in the Cedar River
aquifer under different pumping conditions were calcu-
lated to determine the extent of the 365-day travel-time
contour. Velocities were estimated from hydraulic con-
ductivities obtained from pumping test data, an assumed
effective porosity of 0.25, and gradients obtained from
potentiometric maps. The resultant velocities were con-
verted into probable ground-water travel times.

From the calculated travel times, the boundary for
Zone 1 was delineated as follows: The regional
downgradient boundary of Zone 1 was generally defined
as the extent of the zone of potential capture under cur-
rent water right pumping conditions (Figure 7) because



BROWN AND RANDALL—GROUND-WATER MANAGEMENT, RENTON, WASHINGTON 1039

// :
-
' @ MW10 (18.29)
-~
A7
5 PW-9 OFF
/ Groundwater Elevation
MWS (19.13) ¢ ——1f —
® MW11 (18.27) 4 = ::c;nio: gn fee:
= & > _ » Inferr roundwater
? e / & Flow Direction
N, i ® Mwa (18.07) , — — — Approximate Location
T N L - of Groundwater Divide
- & £ : ! Well Number and
i " MW1 (16.75) Measured Water Elevation
", qt§ MW3 (18.34) PW3 (18.0)
s, 563 (20.35)
’:'\'-l'_ % 3 ’0 L\
W R "N, MW (18.16)

(in feet)
MW6 (18.11) @
T _ PW3 (18.0) P

EXPLANATION

Pumping Conditions
PW-1 OFF

PW-2 OFF

PW-3 OFF

PW-8 3450 gpm

$G2 (22,670

MW1 (18.18)

MW2 (23.32) @ <

N

t

0 250 500 FT.
—

SCALE (Approx.)

X MW8 (17.88) @ GA
PW8 (8.16) @
0 pw'f 2 [15'91 18.41)

Figure 6. Ground-water elevations, September 16, 1986.

calculated travel times from the ground-water divide
were less than 365 days. The only exception is in an
area immediately north of the well field. In this area, the
zone of capture extends beyond the coarse sand and
gravel materials commonly associated with the Cedar
River aquifer into less permeable silt and peat materials
associated with Lake Washington deposits. Because
ground-water velocities in the silt and peat deposits are
low, the boundary for Zone 1 does not extend as far as
the ground-water divide. Where the ground-water divide
intercepts the uplands north and south of the well field,
the boundary of Zone 1 proceeds regionally upgradient
(that is, to the east) along the walls of the Cedar River
valley past the bedrock narrows (Figure 7). These por-
tions of the Zone 1 boundary correspond to the north-
ern and southern limits of the Cedar River aquifer. The
upgradient (or eastern) boundary of Zone 1 transects the
Cedar River valley approximately 6,000 ft from the well
field. This distance corresponds to a 365-day ground-
water travel time.

Zone 2 encompasses upland areas north and south of
the Cedar River valley that contribute recharge to the
Cedar River aquifer (Figure 7). The boundary of Zone
2 was delineated by mapping the surface drainage area
for the Cedar River east of where the ground-water
divide intercepts the uplands north and south of the well
field. The eastern boundary of Zone 2 corresponds to
the Renton city limits.

Ground-Water Quality Monitoring

The Well Field Monitoring Study also consisted of
sampling ground water from four monitoring wells.
Priority pollutant analyses were conducted on the
samples to obtain supplemental data on the quality of
water in the Cedar River aquifer. As is shown in Table
2, ground water in the Cedar River aquifer satisfies cur-
rent and proposed maximum contaminant levels (MCL)
specified by the EPA for drinking water.



1040 ENGINEERING GEOLOGY IN WASHINGTON
£\
i »

_________

i Traler W C J L
W " . Park ez £ ok
i i -

7 ./(/////

EXPLANATION

= APA Boundary
0 1000 2000 FT.
——

SCALE (Approx.)
Figure 7. Well-field Aquifer Protection Area.



BROWN AND RANDALL—GROUND-WATER MANAGEMENT, RENTON, WASHINGTON

1041

Table 2. Concentrations (ug/l) of selected inorganic and organic constituents, City of Renton monitoring
wells, June 12, 1986; MCL, maximum contaminant levels (ug/l), U.S. Environmental Protection Agency,

September 1986; ND, not detected

MCL Saﬁﬁ1ing Results Detection
Constituent Current Proposed MWI g MW5 MW7 Limit
Inorganic
Arsenic 50 ND ND ND ND 5
Cadmium 10 ND ND 2 2 1
Chromium 50 1 1 3 2 1
Selenium 10 ND ND ND ND 5
Lead 50 ND ND ND ND 10
Organic
Endrin 0.2 ND ND ND ND 0.04
Lindane 4 ND ND ND ND 0.02
Methoxychlor 100 ND ND ND ND 0.1
Toxaphene 0.5 ND ND ND ND 5
2,4-D 100
2,4,5-TP silvex 10
Benzene 5 ND ND ND ND 1
Carbon tetrachloride 5 ND ND ND ND 1
1,2-Dichloroethane 5 ND ND ND ND 1
1,1-Dichloroethylene 7 ND ND ND ND 1
p-Dichlorobenzene 750 ND ND ND ND 1
1,1,1-Trichloroethane 200 ND ND ND ND 1
Trichloroethylene 5 ND ND ND ND 1
Vinyl chloride 1 ND ND ND ND 1

CONCLUSIONS

A major element of most ground-water management
programs is the delineation of an APA. Available
hydrogeologic information rarely provides a defensible
basis for delineating such an area. For this reason, a
ground-water monitoring study will generally be re-
quired to generate additional hydrogeologic informa-
tion. The elements of the monitoring program will
depend upon site-specific hydrogeologic conditions,
well or well-field operations, and ground-water manage-
ment program needs (for example, ordinance require-
ments).

One year of monitoring of ground water and Cedar
River elevations provided the additional information re-
quired to delineate an APA for the City of Renton well
field. The water-level data collected during the Well
Field Monitoring Study were used to determine prob-
able directions of ground-water movement and Cedar
River-aquifer interactions. Both were required to deter-

mine the extent of the zone of potential capture under
different pumping conditions. The data were also used
to calculate ground-water travel times for purposes of
dividing the APA into two zones requiring different
levels of protection.
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Pumping test of an 8-in.-
diameter test well at ap-
proximately 450 gpm at the
site of a proposed fish
hatchery on the Nisqually
River near McKenna, WA.
Photograph courtesy of
Hart Crowser Inc., Seattle,
WA.

A sand testing device
mounted in the pump dis-
charge line for the pumping
test of a municipal supply
well near Renton.
Photograph courtesy of
CH2M Hill, Inc., Bellevue,
WA.
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Waste Disposal and Ground Water Contamination:
Introduction

LARRY WEST
Sweet-Edwards/EMCON, Inc.

ISSUES AND CONCERNS

Waste disposal has emerged as one of the paramount
geotechnical issues of the 1980s in terms of both public
awareness and as steady employment for the geotechni-
cal profession. The recent and increasing attention
placed on waste disposal bodes well for our society, for,
as most major social issues go, it is a relatively un-
glamorous, economically depressing, and generally
dirty (literally and metaphorically) subject to deal with.
There is little argument that the increasing amounts and
complexity of the waste our society generates are a
direct reflection of our prosperity and technological ad-
vancement. However, it can be argued that the increas-
ing amounts and complexity of our waste are also a
reflection of society’s failure to efficiently utilize our
natural and manmade resources. Also, the numerous
ground-water contamination problems occurring across
the country are indicative of society’s failure to proper-
ly dispose of its waste.

Our heightened awareness of waste and contaminated
ground-water problems are also a direct product of our
technological advancement. The ability of scientists to
monitor changes in our environment has increased by
orders of magnitude. A scant few years ago we had
trouble measuring chemical parameters in our soil and
water in the parts-per-million range. Now, routine
analysis in the parts-per-trillion range is an everyday oc-
currence. Likewise, health and medical advances have
taught us what to look for. Fifteen years ago, ethylene
dibromide (EDB) was applauded as an effective anti-
knock additive for gasoline and helped our cars run bet-
ter. EDB also proved to be an excellent nematicide,
increasing the yield and quality of our own Northwest
strawberries and raspberries. Now we know EDB as a
particulary persistent carcinogen that has contaminated
ground-water supplies in several Washington farming
areas.

The state of Washington is relatively fortunate in that
its youth, low population density and environmental
awareness have resulted in relatively few waste-disposal
and ground-water contamination problems. Neverthe-

less, problems do exist, but, as the case studies
presented in this chapter illustrate, a considerable
amount of human, technological, and economic effort
has been and continues to be expended to address and
alleviate these problems.

In order to provide the proper setting or context for
these case studies, the reader may find useful the fol-
lowing overview of major factors influencing
hydrogeologic investigations of waste-disposal and
ground-water contamination sites in the state of
Washington. These factors include: waste definition,
problems associated with waste disposal, the
hydrogeologic environments unique and common to
western and eastern Washington and, equally important,
the regulatory environment.

REGULATORY ENVIRONMENT

With few exceptions, government regulation is the
driving force behind most of the effort in developing
sound waste-disposal practices and identifying and
cleaning up existing ground-water contamination.
Regulations now dictate siting, design, operation, and
monitoring of waste disposal facilities. They also dic-
tate the approach and, in many cases, the methodology
of conducting hydrogeologic investigation of existing
ground-water contamination problems. Consequently,
practicing hydrogeologists must have, in addition to
their scientific skills, an understanding of the laws and
regulations governing the waste-disposal industry. In
some situations adherence to regulations during the
course of an investigation is a relatively simple "cook-
book" type approach. However, more often than not
(particularly in existing contamination situations),
scientific investigations as well as engineered solutions
are guided by the complicated legal manipulations of
lawyers and the power of the courts. This is the direct
result of the liability involved for both industry and con-
sultant, the enormous cost involved in ground-water in-
vestigation, monitoring, and cleanup, as well as the
numerous, often conflicting and overlapping federal,
state, and local regulations.
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Solid Waste

Prior to 1972, waste disposal in Washington was vir-
tually unregulated beyond state requirements for permit-
ting by local health departments. In 1972 the State
adopted Minimum Functional Standards (MFS) for
Solid Waste Handling, Chapter 173-301 Washington
Administrative Code (WAC). While these standards
provided for the inclusion of ground-water pollution
controls in waste disposal site development, they were
relatively limited and interpreted on a case by case
basis. From a ground-water perspective, the only ele-
ments included in the 1972 MFS were provision for
leachate control and a separation equivalent to 4 ft of
impervious soil between the bottom of the solid waste
and highest ground water.

The 1972 MFS required design reports, but
throughout the early and mid 1970s, the State lacked the
resources (money and expertise) to adequately imple-
ment the MFS. It was also during the early to mid 1970s
that most of the existing waste disposal sites were es-
tablished. By the time the solid waste industry and the
regulatory agencies (primarily local health departments
and the Washington Department of Ecology) were con-
sistently interpreting and applying the MFES, the federal
government, through the Environmental Protection
Agency (EPA), had adopted and was enforcing the 1976
Resource Recovery and Conservation Act (RCRA),
which provided for the regulation of solid and hazard-
ous waste disposal.

Under agreement with EPA, the Department of Ecol-
ogy is responsible for implementing the federal regula-
tions and in response, after several years of
development, adopted in 1985 a new set of MFS (WAC
173-304). The new MFS are detailed and comprehen-
sive, covering nearly every aspect of solid-waste dis-
posal from initial siting to long-term post-closure
monitoring.

Hazardous Waste

Its emotionally charged names as well as its environ-
mental and health consequences have focused much of
society’s attention and resources on hazardous waste.
Consequently, prior to 1986, the regulatory emphasis
was much greater with respect to hazardous waste than
to solid waste. However, with time and increased enfor-
cement activity, solid-waste disposal facilities are being
treated more like hazardous-waste disposal sites. These
actions are due to the unknowing (in most cases) dis-
posal of hazardous wastes in rural and municipal
landfills and an increasing body of information indicat-
ing that leachates from municipal solid waste (pre-
viously thought benign) commonly contain hazardous
substances. By and large, however, most ground-water
contamination is due to improper handling or disposal
of hazardous waste at industrial sites, private sewage
drainfields, and the agricultural use of pesticides and
herbicides. Nearly 400,000 tons of hazardous waste are

generated in Washington every year (Kruger, 1986).
However, at present, there is no authorized hazardous-
waste disposal site in Washington. All hazardous waste
as well as contaminated soils must be transported to dis-
posal sites in Oregon or Idaho.

There are numerous federal, state, and local laws
governing the regulation of hazardous waste. The first
and foremost is the RCRA. RCRA was amended in 1980
and again in 1984. The most relevant part of RCRA was
Subtitle C - Hazardous Waste Management. Subtitle C
provided for the identification and listing of hazardous
waste as well as standards for hazardous-waste gener-
ators, transporters, and owners and operators of hazard-
ous-waste facilities (storage, treatment, and disposal).
Subtitle C also provides for enforcement of the law, and
in Washington this function has been delegated to the
Department of Ecology by the EPA.

The initial response by the state was the 1980 im-
plementation of its own Dangerous Waste Regulations
(Chapter 173-303, WAC). These regulations covered
most of the hazardous-waste provisions of RCRA, but
they specifically excluded radioactive wastes.

Equally important as RCRA in driving the search for
and cleanup of contaminated sites is the Comprehensive
Environmental Response, Compensation and Liability
Act (CERCLA) passed by Congress in 1980. CERCLA,
otherwise known as Superfund, established the liability
and funding for contaminated site cleanup. Furthermore,
it established the National Priority List (NPL), under
which EPA targets the most seriously threatening con-
tamination sites for early cleanup. Washington contains
23 NPL sites. Only 10 other states have a greater num-
ber of NPL sites. This implies that Washington has a
greater contamination problem than many other parts of
the country, or that EPA Region X is more diligent
and/or zealous in identifying NPL sites. While Super-
fund has played a major role in stimulating
hydrogeologic investigation in Washington, the actual
success rate of Superfund was rather dismal. Within the
first 5 yr of Superfund, only 15 of the more than 1,500
NPL sites across the country had been cleaned up, and
cleanup costs increased from $2.5 million to $8.3 mil-
lion per site (Atkeson et al., 1986). The poor success
rate was in part due to the inadequacies of the Super-
fund law itself, as well as to the reluctance of potential-
ly responsible parties to engage in such costly cleanup
activities. Consequently, President Reagan signed into
law the Superfund Amendments and Reauthorization
Act of 1986 (SARA). SARA was designed primarily to
prevent litigation from influencing the rate of NPL site
cleanup. Also, it provides for a much greater role for the
Washington Department of Ecology in implementation
of Superfund. In accord with the provisions set forth in
SARA, the Washington legislature passed its own super-
fund law in October 1987, which, through industrial
taxes, provides additional funds for site cleanup. SARA
also provides for cleanup of federal facilities on the
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NPL, including McChord Air Force Base and Fort
Lewis in Pierce County.

One of the more subtle elements of SARA that has
major implications for the geologic practioner is the sec-
tion that eliminates the liability of "innocent land-
owners" who have purchased contaminated property.
However, the innocent landowner must not have had
knowledge after appropriate inquiry of the contamina-
tion at the time of acquisition. Appropriate inquiry in-
cludes taking into account specialized expertise
(Marvin, 1986). This expertise falls into the domain of
the hydrogeologist and means that more and more
bankers and developers will require environmental
audits or contamination investigations prior to the trans-
fer of property. While such environmental audits have
become commonplace in the Southwest and Northeast,
there has been little demand for them in Washington.
With the implementation of SARA and correlative state
legislation, the geotechnical industry is besieged by last
minute requests for soil and ground-water testing neces-
sary to finalize property sales. It is important to note,
too, that the demand for environmental audits applies
not only to active industrial properties, but also to cow
pastures, woodlands, and farms.

The impacts of regulation are significant. Adherence
to the regulations over the long term will ensure high-
quality ground water for future generations; however,
the costs will be enormous. The regulatory environment
which currently prevails will also ensure the accumula-
tion of sufficient high-quality data. The regulations in
some instances advance the waste industry’s state of the
art. Without a doubt, the hydrogeologists’ role becomes
more comprehensive as well as more demanding. They
are responsible not only for protecting the environment
and seeking cost-effective solutions to problems, but
also for ensuring that the plethora of complex and some-
times conflicting regulations are not erroneously or im-
properly applied.

WASTE DEFINITION AND GROUND-WATER
CONTAMINATION

Generally, waste is broken down into two major clas-
sifications: solid waste and hazardous waste. This clas-
sification is primarily a result of the federal and state
regulations governing the generation and disposal of
waste.

Solid waste as defined by the federal government in
the Code of Federal Regulations (CFR) 40, part
241.101, includes "garbage, refuse, sludges, and other
discarded solid materials resulting from industrial and
commercial operations and from community activities".
The State of Washington has adopted a more detailed
and comprehensive view of solid waste which is defined
in WAC 173-304 as

"all putrescible and nonputrescible solid and
semi-solid wastes, including but not limited to

garbage, rubbish, ashes, industrial wastes, swill,
demolition and construction wastes, abandoned
vehicles or parts thereof, and discarded com-
modities. This includes all liquid, solid and
semi-solid, material, which are not the primary
products of public, private, industrial, commer-
cial, mining and agricultural operations. Solid
waste includes but is not limited to sludge from
waste water treatment plants and seepage, from
septic tanks, woodwaste, dangerous waste, and
problem wastes."

This relatively all-encompassing definition governs
the manner for waste disposal and consequently the
costs of disposal. The inclusion of "dangerous waste" (a
classification unique to Washington) and "problem
wastes" tends to blur the definition for solid waste be-
cause dangerous and problem wastes often are included
in the definition of hazardous wastes. This is an issue
typically debated among scientists, lawyers, and
regulators.

While solid waste is defined by the type of waste,
hazardous waste is defined by its effect. Hazardous
waste is defined in CFR 40 241.101 as

"any waste or combination of wastes which
pose a substantial present or potential hazard to
human health or living organisms because such
wastes are non-degradable or persistent in na-
ture or because they can be biologically mag-
nified, or because they can be lethal, or because
they may otherwise cause or tend to cause
detrimental cumulative effects.”

The EPA further classifies hazardous waste by
characteristic into eight groups:

(1) Ignitability (5) Radioactivity

(2) Corrosivity (6) Infectiousness

(3) Reactivity (7) Phytotoxicity

(4) Toxicity (8) Teratogenicity and
mutagenicity

With respect to ground-water contamination, the
toxicity group receives the most attention. This is due
primarily to the ability to test for contaminants in this
group. No doubt, as testing and investigative procedures
advance, the other hazardous-waste groups will receive
greater attention.

The most common hazardous wastes include a wide
variety of chemicals ranging from heavy metals such as
lead, arsenic, and chromium, to simple and complex
manmade organic chemicals such as solvents, her-
bicides, pesticides, explosives, and radioactive
materials.
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PROBLEMS ASSOCIATED WITH
WASTE DISPOSAL

A number of common cliches immediately come to
mind when considering waste disposal: "Fine, but not in
my back yard", or "out of sight, out of mind". Cliches
are a common response to major issues or problems that
seem to lack simple solutions, and waste disposal cer-
tainly falls into that category. Fortunately, as the case
studies in this chapter amply illustrate, the waste-dis-
posal industry has moved well beyond the cliche stage
and is actively pursuing technologically sound solutions
to the problems of waste disposal.

In general, the problems associated with waste dis-
posal can be divided into those that are primarily social
in nature and those that are primarily technical.

Social Problems Associated with Waste Disposal

First, there is the problem of an ever increasing
volume of both solid and hazardous waste throughout
Washington, clearly a problem falling into the social
category. Consequently, this first and foremost of
waste-related problems has been addressed primarily by
political bodies (Congress and the State legislature). In
its effort to stem the tide of increasing solid-waste ac-
cumulation, the Washington legislature has adopted a
fairly well defined direction for implementing all solid-
waste management policy. This policy includes in order
of descending priority: (a) waste reduction; (b) waste
recycling; (c) energy recovery or incineration; and (d)
landfill.

Similar policy has been established for hazardous
wastes. In line with these policies, landfilling is the least
preferred course of action. However, most waste in the
state is disposed of in landfills. And, barring any major
technical breakthroughs, landfilling will continue to be
the principal method of disposal over the next decade.
Therefore, maintaining and operating the existing
waste-disposal sites, as well as finding new disposal
sites, present the most pressing social and technological
challenges to the waste-disposal community. Refer to
the accompanying paper by K. Rattue and S. Sagstad on
the Snohomish County regional landfill siting for a dis-
cussion of this situation.

The major social problems result from the "not in my
backyard" syndrome and, equally important, the ever-in-
creasing costs of siting and operating waste-disposal
sites. For example, in King, Pierce, and Snohomish
counties, dumping fees for solid waste increased three-
to fourfold between 1985 and 1988. In 1987, tipping
fees increased from $26/ton to $46/ton at the King
County Cedar Hills Landfill solely from the county’s ef-
forts to maintain compliance with Department of Ecol-
ogy MFS (Deborah P. Lambert, King County Solid
Waste, personal communication). This same pattern is
repeated throughout the state as county, municipal, and

private landfill operators implement new State-man-
dated standards for solid-waste disposal.

Technical Problems Associated with Waste Disposal

Identifying and solving the technical problems as-
sociated with waste disposal are the primary focus of
the papers presented in this chapter. Those problems
with which the engineering geologist is most involved
are typically environmentally related and include
ground-water contamination, leachate generation, and
gas migration. While all of these problems are of con-
cern in most waste-disposal situations they vary in
severity and nature from site to site depending on
geologic, hydrologic, and climatic conditions. As such,
the problems of waste disposal and the solutions to these
problems fall into the domain of the geologist and in
most cases, more specifically, the hydrogeologist.

Because problems due to improper siting, design,
operation, and disposal of waste occur in virtually every
part of the state, the hydrogeologist must address all of
the hydrogeologic phenomena the state has to offer. Al-
though infinitely varied throughout the state, these
phenomena and the types of associated waste-disposal
problems/solutions can generally be separated into those
occurring in western Washington environments and
those occurring in eastern Washington environments.

WESTERN WASHINGTON HYDROGEOLOGIC
ENVIRONMENTS

Within the context of waste disposal, the
hydrogeologic environment of western Washington is
distinguished by generally high but varied rainfall,
numerous surface water bodies, shallow ground-water
occurrence, complex geology dominated by highly
transmissive glacial deposits, and few or no true clay
deposits.

Precipitation west of the Cascades ranges from 15 to
120 in./yr. With the exception of a few areas protected
by the Olympic Mountains (northwest Olympic Penin-
sula, Whidbey Island and the San Juan islands), rainfall
is typically in excess of 30 in./yr. This high precipita-
tion results in significant ground-water fluctuations (as
much as 30 ft/yr) and high rates of local recharge, both
of which contribute to increased rates of leachate
generation at landfills,

The great number of surface-water bodies (streams,
creeks, rivers, and lakes) are also a direct result of the
high precipitation rates west of the Cascades. These sur-
face-water bodies contribute to ground-water recharge,
but, in many areas associated with waste-disposal sites,
they are more commonly discharge points for ground-
water systems passing through or beneath landfill sites.

Due to the shallow ground waters of western
Washington and the relatively high population densities,
ground-water production, for both municipal and
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domestic use, is quite high; well densities in some areas
(for example, Pierce County) reach 50 wells per square
mile. With the intense surface- and ground-water usage,
it is rare to find an existing waste-disposal site that is
not upgradient of some beneficial uses. This condition
is not unique to the population centers of the state; it
also is present in more rural environs, such as Island
County. This is well illustrated by an evaluation of the
pollution potential at eight waste disposal sites in Island
County presented later in this chapter.

We find western Washington waste-disposal sites un-
derlain by a variety of geologic materials, including
marine sediments along the coast, fluvial and estuarine
deposits along rivers, and even the occasional landslide
or volcanic mudflow. However, past landfill siting has,
for the most part, favored glacial sedimentary environ-
ments. The typical glacial sequence c_Pnsists of a till
having low permeability (10~ to 10" cm/sec) sand-
wiched between highly transmissive recessional and ad-
vance outwash sand and gravel deposits. As many as
five glacial sequences have been superimposed upon
one another; some extend as far south as Olympia.
Determining which glacial sequences are present and
their hydrologic relationship to a waste disposal site is
usually the first challenge the hydrogeologist is faced
with in a site investigation.

The design, operation, and closure of a waste facility
is also dependent upon the availability of suitable or
select geologic materials. Fine-grained low-per-
meability materials are required for liners and caps,
whereas permeable coarser materials are sought for
drainage, gas control blankets, and daily and final cover
of waste.

It is a rare site indeed where earth materials are readi-
ly available in sufficient quantities for all the required
applications. Commonly, costly manmade impermeable
geomembranes are necessary to adequately construct or
close out a waste-disposal site. Due to the types of
parent rock and the erosional and depositional history
of western Washington, there is a significant absence of
true clay deposits. Although glacial till possesses low
in-situ permeabilities, this is primarily a function of
compaction by the glacial ice rather than of material
type (usually silty sand or gravelly silt). Due to the lack
of sufficient clay fraction in tills, it is commonly dif-
ficult or impractical to _;mhieve, through recompaction,
the required 10 or 10”7 cm/sec permeability necessary
for applications at waste disposal facilities.

Due to western Washington’s climate and geology,
and in part due to ignorance, past waste-disposal siting
practices often consisted of finding a nearby deep gravel
pit where the till had been stripped away to get at the
sand or coarse aggregate of an advance outwash deposit.
Many of these pits were excavated down to the ground-
water level, then abandoned. Invariably, the gravel pits
were selected for waste disposal in July or August when

ground water was at its lowest level, and the pit was
filled over succeeding years. Consequently, infiltrating
precipitation and high ground water saturated the waste,
generating leachate that then migrated through the high-
ly transmissive gravels and in places contaminated
ground-water supplies.

EASTERN WASHINGTON HYDROGEOLOGIC
ENVIRONMENTS

While precipitation in western Washington is one of
the principal factors leading to ground-water contamina-
tion, it is of minor concern in eastern Washington where
total precipitation rarely exceeds 20 in./yr. However, the
unique hydrogeology of eastern Washington presents its
own challenges with respect to waste disposal. The
central and southern parts of eastern Washington are
dominated by scablands geology where intense glacial
flooding has stripped the surface of most sediments,
leaving exposures of the Columbia River basalt. The
northern part of eastern Washington is dominated by ig-
neous and metamorphic rocks, which like basalt, results
in minimal soil development and a hard-rock base (com-
monly highly fractured) underlying most landfill sites.

As a result of the "hard-rock geology", past landfill
siting and operation in eastern Washington usually con-
sisted of finding a small canyon or a topographic
depression, scraping off the limited soil accumulation,
filling the low area with waste, and covering that with
whatever residue was available. In most instances, the
low population densities of eastern Washington yield
relatively insignificant waste accumulation. This,
coupled with the low precipitation rates, has spared
most of eastern Washington the ground-water con-
tamination problems associated with western
Washington landfills. However, problems occur where
large populations are present (for example, Spokane). In
addition, the intense agricultural activity in eastern
Washington has typically led to the disposal of pes-
ticides and herbicides in many small rural landfills. In-
tense agriculture also leads to raised water tables which
can saturate the base of a previously dry landfill, in-
creasing the potential for leachate generation.

Where problems do occur, the fracture flow and
basalt interflow hydraulics pose unique challenges to
the hydrogeologist, including: locating representative
monitoring wells, identifying the uppermost aquifer(s),
determining the direction of ground-water flow, iden-
tifying downgradient beneficial uses, and establishing
aquifer interconnection.

These challenges are compounded in tectonically dis-
turbed areas where thrust faulting may make it possible
to penetrate the same aquifer (basalt interflow zone)
twice in the same borehole. Lateral and vertical faulting
creates subsurface dams or conduits, diverting the direc-
tion of ground-water flow.
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Like those in western Washington, the typical east-
ern Washington landfill site rarely possesses readily
available earth materials for proper landfill operation
and construction. Although low-permeability clay is
more prevalent in eastern Washington, it is commonly
uneconomically distant from a site, and sufficient
suitable cover material is always at a premium.

CONCLUSION

Despite our advances in waste technology and the
death of that proverbial cliche "out of sight, out of
mind”, which has been the root of traditional public
awareness, we still face some major challenges with
respect to waste disposal, ground-water contamination
and ground-water cleanup. However, the waste and
ground-water industries, in a remarkably short period of
time, have responded aggressively and, in most cases
successfully, to the challenges. Five years ago, a major
pipeline leak would have gone unnoticed or, at best,
been patched and forgotten. The resulting impacts to
health and environment would possibly have been dis-
regarded. Now, teams of experts are immediately dis-
patched, the problem identified, analyzed, and solved.
Virtually all of the state’s major landfills are currently
under hydrogeologic investigation, and where problems
have been identified, remedial measures are being im-
plemented. The solutions are not always simple, cheap,
or successful. The effort, however, is there and the suc-
cesses far outnumber the failures. The ever-increasing
number of geologists employed in the waste-related in-
dustries is evidence of the enormous efforts being ex-
pended. The critical shortage of experienced
ground-water specialists is drawing on the professional
resources of a number of related disciplines, somewhat
alleviating the depressing slack in the mining,
petroleum, and other energy-related industries.

Under stringent regulatory, liability, and economic
pressures, a diverse range of professionals, with
geologists at the forefront, is advancing the state of

ground-water science to a new and higher standard. This
advance includes new technologies such as subsurface
microbial remediation and computer-assisted analysis
and interpretation. We have also advanced our
methodologies and instrumentation to better observe our
Earth and its myriad of geologic, hydrologic, physical,
and chemical phenomena. Compared to a scant 10 yr
ago when hydrogeologists were just beginning to grap-
ple with the vagaries of nitrate movement in the subsur-
face, they are now characterizing the fate and transport
of numerous complex organic chemicals that have
polysyllabic names and which change form and com-
position in the subsurface environment.

The case studies presented in this chapter provide a
diverse overview of the talent and effort expended on
waste-disposal and ground-water contamination
problems occurring in Washington. Many of the chal-
lenges faced by the hydrogeologist specializing in
waste-related problems are a direct result of the com-
plexity of subsurface contaminant behavior. Conse-
quently, the following paper by Gerritt Rosenthal on
contaminant characteristics should provide the reader
with an overview and appreciation of the range and
scope of the environmental problems and creative solu-
tions addressed in this chapter’s case studies.
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INTRODUCTION

Hazardous waste behavior in the subsurface environ-
ment is extremely complicated, combining the various
aspects of ground-water hydrology and mineral and or-
ganic contaminant chemistry, all in an environment that
is less known and understood than that of surface-water
regimes. An understanding of these systems is critical,
however, to meaningful discussions of ground-water
contamination. This is particularly true since technical
approaches often rely on simplifications of the actual
situation, and these simplifications must be well
grounded to provide any degree of adequate response to
difficult contamination situations. It is insufficient and
incorrect to deal with ground-water contamination from
either the purely hydrologic or geologic aspect since the
chemistry of the contamination is usually the critical
element affecting downstream health and environmental
risks.

Factors to be considered in the evaluation of hazard-
ous wastes in the subsurface environment include: sub-
surface temperature; absence of light; absence of
oxygen (aerobic/anaerobic); physical and chemical
properties of the constituents; soil/contaminant interac-
tions; biological processes; and ground-water hydrol-
ogy.

More specifically, regarding the physical conditions
in the subsurface regime, the subsurface environment is
characterized by an absence of light and thus an absence
of photochemical reactions; it is generally partially or
completely deoxygenated and thus the reactions are not
those that will occur in the surface environment; and
coincident with this, electromotive potentials (chemical
reactivity potentials) are greatly different than in the
surface environment. A simplifying factor is the unifor-
mity of temperatures, which are generally moderated
between 35° and 55° F in the shallow aquifer environ-
ment.

Regarding the physical behavior of the contaminant,
the most important parameters to consider are the melt-
ing and boiling points, the vapor pressure, the water
solubility, and the octanol/water partition coefficients.
The last measures the ability of the chemical to sorb to

organic material in soils. For mineral constituents, the
cation exchange capacity (CEC) of the soil (the ability
of the soils to adsorb positively charged mineral ions)
is a key factor in retardation and attenuation.

The biological behavior of subsurface contaminants
is probably the least understood of the attenuation fac-
tors and may vary locally, regionally, and seasonally.
The potential for anaerobic and/or aerobic transforma-
tions and breakdowns must be considered along with the
availability of energy sources sufficient to stimulate the
microbial population. In addition, both the chronic and
acute toxicities of the subsurface contaminants are sig-
nificant because these toxicities will influence the
ability of organisms to metabolize contaminants. In-
cluded in this complexity is the potential for synergism
(that is, the combined effects of multiple contaminants).
Finally, there are some indications that both the type
and matrix characteristics of the soil are capable of
causing or catalyzing additional transformations of both
a biological and non-biological nature. These interac-
tions are complex and poorly understood.

Superimposed on this contaminant complexity is the
behavior of the ground water and its movements under
an almost limitless array of natural hydrologic and
geologic conditions. Because of this bewildering array
of factors influencing contaminant movement, this
paper will only outline the major factors that must be
considered and some of the simplifications that are pos-
sible.

SUBSURFACE REGIMES AND INFLUENCES ON
CONTAMINANT TRANSPORT

As noted in the introduction, there is a wide geologic
variety of subsurface environments in Washington.
Broadly speaking, however, aquifers can be charac-
terized either by true or approximate porous media flow
or by fractured rock and/or channelized flow. The
former situation is accessible to general theories of
aquifer behavior and contaminant transport, even
though these general theories are difficult or impossible
to match to specific conditions without (and in many
cases even with) an extensive data base. In cases of frac-
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tured or channelized flow, the interpretations are large-
ly geologic and governed by the knowledge of the
degrees and directions of fracturing. As a result, the de-
gree to which the flow, or portions of the flow, can be
approximated with general porous media descriptions is
based on geologic considerations.

In each geologic setting, the important parameters to
consider include: grain-size distribution, anisotropies in
hydraulic characteristics, thickness and porosity of the
media, presence or absence and the tightness of layers
(that is, the existence of aquicludes and aquitards), the
distance to the water table, the degree of saturation, the
anion/cation exchange capacity of the soil material, soil
organic content, and, in some cases, the presence or ab-
sence of specific natural contaminants (for example, ar-
senic, mercury) or mineral catalytic agents. In some
instances, the acid/base structure of the soil also comes
into play, for example, in the dissociation and move-
ment of weak organic acids such as pentachlorophenol
where the solubility depends on soil pH as well as the
CEC level.

Each of the above parameters could provide the sub-
ject material for an individual text. For this volume,
only the key issues and considerations will be high-
lighted.

CONTAMINANT TRANSPORT CONTROL
PARAMETERS

There are many reference books to turn to for
detailed explanations of the types and/or importance of
specific forms of modeling appropriate to various types
of contaminant transport. From the general standpoint
of this paper, the most significant elements are an un-
derstanding of the types of aquifer and contaminant
parameters that drive these models and a formulation of
the necessary conceptual schematic models to help
simplify and categorize the behavior of subsurface con-
taminant migration. The following parameters are of
greatest interest in modeling of subsurface contamina-
tion in all porous media.

Ground-water Velocity

The specific hydraulic gradients, porosity, and
hydraulic conductivity determine ground-water velocity
according to Darcy’s Law, which is generally valid for
porous media flow but fails to apply in extremely
coarse, cobbly, or bouldery deposits or in channelized
flow as may be observed in recessional glacial outwash
deposits or in unconsolidated mountain alluvium.
Ground-water flow velocities (typically 0.1 to 20.0
ft/day) in excess of 95 ft/day have been observed in the
Steilacoom gravels of central Pierce County, and similar
velocities are not atypical in areas such as the upper
Methow Valley of Okanogan County or in the basalt
aquifers of eastern Washington.

Flow Direction

Also determined by gradients, flow direction is fur-
ther influenced by local channelization and the general
rule that water will flow via the path of least resistance.
Flow direction will determine the major pathway of dis-
solved contaminant migrations, but it may not necessari-
ly control contaminants that volatilize or liquids that are
insoluble and denser than water. Dense, non-aqueous
phase liquids (DNAPLs) are influenced primarily by
geology and gravity. Investigations in the Kent valley
and in Clark County have shown that deep, artesian
aquifers are not necessarily protected against DNAPLs
or deep contaminant movement even though they are
overlain by shallow aquifers with discharging flow.

Retardation

The retardation of contaminants is generally of two
types, mineral and organic. In the former, ionic inor-
ganic mineral or ionic organic contaminants of any type
are adsorbed and/or exchanged with charged materials
(usually calcium and magnesium) in the soil. This
causes a low migration tendency for heavy metal ions
such as cadmium, lead, and chromium. Organic retarda-
tion of contaminants depends on the amount of organic
material in the soil and the relative partition of the con-
taminant between the organic phase and ground water
as measured by the octanol/water partition coefficient.
High retardation is common in clay soils (ionic con-
taminants) found in the Ellensburg Formation of eastern
Washington, organic-rich mud and debris flows (organic
contaminants) of the Kent valley and northeastern
Pierce County, or in lacustrine deposits and buried em-
bayment soils along the coast.

Dispersion

One of the major processes by which contaminants
spread in the subsurface environment is advective dis-
persion, a key factor in the classical-theoretical equa-
tions governing contaminant migration. Dispersion is
measured in the subsurface environment by a factor
referred to as dispersivity, which is dependent on soil
type and grain size, on ground-water velocity, and, most
problematically, by the size of the plume and its dis-
tance from its origin (so called "scale" factors). Ap-
proximations for dispersion are usually employed, on
the basis of experimentally measured dispersion factors
for unconsolidated soils of a general porous nature. To
complicate the situation, dispersion is generally much
greater, usually by a factor of 5 to 20, in the direction
of flow than vertically or horizontally perpendicular to
flow. Also, as with other soil properties, dispersion is
not isotropic but varies with layering and soil particle
orientation. Since these factors are usually impossible to
determine in a field setting, they are subsumed under
the general estimation of uncertainty for dispersivity.

Dispersion in fractured flow is also quite varied,
depending on whether the fracturing is simple and
regular or highly varied and widespread.
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Dissolution and Solubility

The behavior of a compound in the subsurface and/or
ground-water regime will depend on its solubility and
ability to dissociate and move with water. Nearly all
materials are at least slightly soluble and so the behavior
of even "insoluble" contaminants will consist of two
components, that of the insoluble portion and that of the
leached or soluble material. Insoluble liquids will tend
to be influenced by gravity flow and either sink through
the ground water or float on the surface of the upper-
most water layer. Insoluble solids generally do not
migrate but may leach via the action of ground water or
rainfall infiltration.

Volatilization

Some materials, especially a small class of both in-
soluble and soluble organic contaminants (solvents and
fuels) are sufficiently volatile that they produce gaseous
vapors that migrate away from the ground water and
through the unsaturated soil. Gases are also formed by
chemical reactions. Examples include the production of
methane at landfills (for example, Midway landfill,
Seattle) or cyanide gas in acid mine areas (rare in
Washington). Gaseous materials also migrate under the
influence of gravity, but, depending on the gas density,
their path may be opposite the direction of ground-water
flow. Gases lighter than air (for example, acetone vapor,
methane) will generally migrate upward, while dense
gases (vinyl chloride) may disperse downward where
capped by structures or paved areas.

Decay and Degradation

Decay and degradation are important processes to
consider in modeling, especially in the behavior of or-
ganic contaminants. Both bacteriologic and auto-
catalyzed degradative processes have been invoked, and
aerobic degradation is often used to model remedial
treatment methods that may involve the re-injection of
oxygenated ground water. In many cases of organic con-
tamination, the bacterial decay process is the single
most important factor governing contaminant spread
and attenuation. It is also the least well characterized
since it is virtually impossible to study in sitw without
changing those conditions. Decay is usually ap-
proximated by estimating contaminant half-lives based
on an assumed first order exponential decay. Sensitivity
analysis is then used to detail the range of expected im-
pacts of varying decay rates on the contaminant migra-
tion model.

Decay is not applied to certain "conservative" inor-
ganic contaminants such as nitrate, heavy water,
sodium, chloride, and certain other mineral salts. These
"tracers" are assumed to be "conservative" (that is, not
decaying or adsorbing) and are modeled without decay
or retardation. Their migration prediction is often used
to define the maximum possible rate of migration for
other non-conservative materials.

CONCEPTUAL MODEL OF
CONTAMINATION MIGRATION

Before attempting to categorize specific types of con-
tamination and provide for some generality to the types
of migrations that occur, it is important to develop a
conceptual framework or model of contaminant migra-
tion.

Figure 1 is a schematic diagram of one such model.
This diagram is an oversimplification, but the major pat-
terns are relatively clear, and understanding this
framework provides a useful context in which to view
near-surface contamination situations occurring in al-
luvial/glacial aquifers typical of Washington.

As shown in Figure 1, there are two major modes in
which contamination enters the subsurface environment:
as solid or as liquid. The solid form of entry is shown
as presenting a division into three types of contamina-
tion, that which does not migrate or leach to any sig-
nificant extent, that which leaches slowly (slow plume),
and that which leaches rapidly to produce a short, con-
centrated pulse plume. In reality, there are virtually no
materials that are so insoluble such that, given a suffi-
ciently high toxicity, a plume of some concentration of
concern is not possible. Examples of this type of plume
may be mining or metal reprocessing slag piles which
weather and leach slowly.

Regarding liquid contaminations (Figure 1), it is im-
portant to note the two basic types or forms of con-
tamination—aqueous phase, and pure liquid products,
including mixtures of non-aqueous liquids.

The aqueous liquids produce two extremes of con-
tamination on a continuum determined by soil interac-
tion. These extremes are referred to as conservative and
non-conservative, Very few materials are entirely con-
servative (that is, move with ground-water flow and are
not adsorbed), and few are entirely immobilized.
Nitrate, chloride, and sulfate solutions are often treated
as conservative contaminants, as are tracers such as
bromide and iodide, but the only strictly conserved
rnatenal§ are the isotopic forms of water (H"20, H%0,
or HzO

Non-conservativc aqueous contaminants include
soluble nutrients such as phosphate; ionic constituents
such as potassium, nitrite, and ammonia; and strong
acids, strong bases, and dissolved organic liquids and
solids such as sugars, salts, and organic acids (for ex-
ample, sodium acetate, benzoate).

Among the non-aqueous contaminants, there are
three major forms, soluble, light insoluble (low density),
and dense insoluble. Examples of soluble organic li-
quids include acetone, alcohol, formaldehyde, ethyl
acetate, and glycols. Regarding the "insoluble" forms, it
should be noted that "chemical insolubility” is usually
measured at levels on the order of 0.01 to 0.1 percent;
that is, anything more soluble than 0.1 percent = 100
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mg/100 ml is considered "soluble". On the other hand,
contamination at the part per billion (0.00001%) level
is easily measured and often of concern. There are then,
for practical purposes, no non-aqueous liquids that are
sufficiently insoluble so as not to produce a leachable
plume. As a result, density is usually the remaining fac-
tor of greatest concern in dealing with liquid phase con-
taminants.

As may be inferred from Figure 1, the so-called "in-
soluble" liquids are of the greatest concern in the sub-
surface environment because, in addition to factors
associated with dispersion, degradation, and mobility,
they produce multiple forms of contaminant plumes, in-
cluding non-aqueous liquid plumes, aqueous phase
plumes, and, in some cases, gaseous plumes. From the
diagram, the material types of the greatest concern are
the DNAPLs since they are capable of migration
through aquifers and aquitards and in directions deter-
mined by stratigraphy and not hydrology. As a result,
they frequently pose threats to both shallow and deep
aquifers and may be of concern even in areas where the
water-supply source lies below significant clay, silt, or
till aquitards.

Overlain on these general behavioral categories are
the specific chemical types as defined and described in
the next section. The above classifications are useful in
the evaluation of these categories of chemical type.

CATEGORIES OF HAZARDOUS MATERIALS

The situation of contaminant behavior, although
hopelessly complicated, can be simplified for practical
purposes by the categorization of wastes into several
general types, bearing in mind the previous distinction
of aqueous and non-aqueous solids and liquids. This
simplification takes into consideration the material type,
in particular its toxicity and behavior in the environ-
ment, as well as key physical parameters. The follow-
ing categories of subsurface contaminants are identified:

« Metals « Petroleum Products
« Acids and Caustics - Pesticides (see Other Organics)
» Organic Solvents - Nutrients/Anions

« Other Organics

These categories are discussed in detail below.

Metals

This category includes "heavy" metals in either solid
or dissolved aqueous forms. Metal cations (dissolved in-
organic chemicals with positive [+] charges) can be
grouped into two general categories: naturally occurring
ground-water metals whose excessive concentrations
cause nuisance problems; and "heavy" metals, sig-
nificant concentrations of which can result in significant
exposure hazard.

Iron, manganese, zinc, barium, and copper fall in the
first, natural, category. These metals are present in most

waters and natural soils in concentrations varying with
the mineralogy. Iron and manganese, particularly, can
reach high concentrations under anaerobic ground-water
conditions such as in deeper glacial outwash and al-
luvial sands. Anthropogenic contributions of these me-
tals are associated with landfill and woodpile leachates
and other sources of mildly acid and reducing leachate
waters. Excessive concentrations of these materials may
also be found at industrial slag metal sites. In general,
these minerals will rapidly oxidize and precipitate from
pumped waters and surface seeps with a characteristic
red iron-oxide staining.

The second category of metals, the heavy metals, in-
cludes those for which Primary Drinking Water Stand-
ards exist, such as arsenic, cadmium, lead, mercury,
chromium, barium, selenium, and silver. Arsenic is of
widespread occurrence both naturally as well as from a
variety of industrial sources. Areas naturally high in ar-
senic include the upper Skagit River valley and streams
draining east slopes of the North Cascades. Arsenic also
occurs naturally in volcanic-deposit aquifers in western
Washington. Arsenic is generally not susceptible to
transport modeling. The most notable industrial sources
are historical smelting activities in the Tacoma area and
sites used for Copper-Chromium-Arsenic (CCA) wood
preserving treatment. The distribution of arsenic in the
Tacoma area is part of a regional pattern since the waste
slags were used for fill and road ballast in many Pierce
County ares.

Arsenic is of particular concern both because of its
toxicity and carcinogenicity as well as its relative
solubility in both ground and surface waters. Concentra-
tions of higher than 100 times the drinking water stand-
ard of 0.05 ppm (parts per million) (that is, 5.0 ppm)
have been noted.

Lead, cadmium, chromium, and mercury are as-
sociated with metal, wood preserving (CCA), battery
production or reprocessing, and other metals-related in-
dustries. Mercury contamination may be associated with
chlorine bleach operations at paper plants. These metals
may be found in lesser quantities associated with haz-
ardous waste and other landfills. This group of "heavy"
metals differs from arsenic in that the metals are not
generally soluble, except under highly reducing, very
low pH, very high pH, or other unusual ground-water
conditions. (For example, mercury and some other me-
tals are more soluble in the presence of high chloride
concentrations due to the formation of soluble com-
plexes.) These metals tend to be readily removed from
ground water by ion exchange or precipitation reactions
with soil minerals (especially clay).

Although the "heavy" metals are routinely tested for
in the shallow alluvial and glacial aquifers, their occur-
rence in large concentrations is usually confined to areas
immediately beneath or adjacent to anthropogenic sour-
ces of contamination. These metals are not generally
modeled since the levels of attenuation are very high
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(due to chemical reaction and/or ionic exchange) and
the data needed to model these migration processes are
rarely available.

Of the remaining metals, barium is quite soluble but
largely of only a nuisance concern and is not widely oc-
curring in industrial processes. Silver and selenium both
may occur in trace levels in natural, mineralized waters
as well as in areas of contamination. They do not travel
significant distances in normal alluvial or glacial
aquifers due to the formation of insoluble chlorides, sul-
fates, and carbonates.

Acids and Caustics

Acids and caustics are characterized by extremes of
pH (pH < 3.5; pH = 10.0) and can result from a wide
variety of industrial processes common in Washington.
Acid conditions may be generated by pickle liquors, as-
sociated with both metal and, to a lesser degree, food
processing. Acid wastes are also associated with wood
processing and metal plating and etching. Caustics
(alkaline wastes) are often associated with cement
production, chlorine/lime bleach operations, and areas
of lime or caustic soda production. Acid or caustic con-
tamination generally occurs as an aqueous leachate but
is generally of little more than a localized ground-water
problem since these solutions tend to react rapidly with
the soil environment and become neutralized within
fairly short distances from sources. The more common
acids and caustics (hydrochloric and sulfuric acids and
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lime and sodium hydroxide), when neutralized, produce
non-toxic components such as sulfates and chlorides
(acids), and calcium, sodium, and potassium (caustics).

Exceptions to this general statement include nitric
and hydrofluoric acid wastes (excess nitrate and fluoride
levels) or situations where the ground-water flow is very
rapid and the water has little acid/base neutralizing
capacity, such as in coarse and poorly sorted gravels and
cobbles. Glacial outwash channels and highly transmis-
sive recessional outwash such as the Steilacoom gravel
of central Pierce County or the Spokane/Rathdrum
Prairie Aquifer are particularly vulnerable to this type
of contamination.

Nutrients/Anions

Nutrients are a small class of non-metal inorganic
constituents such as ammonia, nitrate, phosphate, sul-
fate, and chloride. For the sake of convenience, all com-
mon anions may be considered together in this category.
Of these materials, only nitrate is of general concern be-
cause of its widespread occurrence from waste disposal,
septic tank leachate, fertilizer, and other high-nitrate
waste solutions. Most forms of nitrogen contamination
produce nitrate plumes after biological transformation
process. With the exception of a few "conservative"
tracers (chloride, nitrate, sulfate), these nutrient species
are readily attenuated or transformed, and contaminant
plumes are not generally observed. Conservative con-
taminant movement is indicated in Figure 2.
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Organic Solvents

Organic solvents are a widespread ground-water con-
taminant and can be roughly subdivided into two major
types, the halogenated solvents and the non-halogenated
solvents. This division also corresponds closely with the
characterization of solvent plumes as dense (sinking) or
light (floating).

Some typical examples of halogenated solvents in
western Washington ground water include the
trihalomethanes, trichloroethene (trichloroethylene),
perchloroethene (PERC), 1,1,1 trichloroethane (TCA),
bromodichloromethane, and other similar chlorinated,
brominated, and fluorinated solvents including freons.
These compounds are widespread in the ground water
in trace and larger concentrations throughout the in-
dustrial as well as residential and commercial areas of
the state. They have been identified as a significant con-
cern in the glacial aquifers of Pierce County where their
presence has resulted in the shutdown of high-yield
municipal wells in Tacoma and Lakewood. The
problems with halogenated solvents are widespread and
are distributed from the Kent valley to the Spokane,
Vancouver, Yakima, and Pasco Basin alluvial aquifers.
Their widespread occurrence is directly tied to their
many uses including metal degreasing, solvent washing
for the electronics industry, septic tank degreasing,
drycleaning, automobile degreasing (repair shops), and
the like.

The physical and toxicological characteristics of the
halogenated solvents make them the ground-water con-
taminant group of greatest concern. As a group they are
generally volatile liquids (a few, such as vinyl chloride)
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are volatile gases) which are slightly soluble in water
and, with a few exceptions, are heavier (more dense)
than water. As a result of these properties and their in-
teraction with the soil matrix, they produce a variety of
plumes including a dissolved fraction plume, a dense
non-aqueous pure liquid product plume, a residual soil
(vadose zone) plume, and in many places a vapor plume.
These plumes are illustrated conceptually for the Trout-
dale aquifer system of Clark County in Figure 3.

In addition, many of these halogenated compounds
have been observed to produce breakdown products and
breakdown product plumes which are of equal or greater
toxicity. Maximum acceptable concentrations range
from 1 to several thousand parts per billion (ppb), and
many of these compounds are of significant concern at
levels near detection limits of 1 ppb.

Because chlorinated solvent contamination occurs in
such a wide variety of situations and because past waste
disposal practices were undocumented, there are very
few shallow developed aquifers in Washington in which
at least traces of contamination will not be found. Past
disposal of quantities as little as 1 quart of used
degreaser is sufficient to contaminate an aquifer area
one half the size of a football field and 10 ft thick to a
level of 1,000 ppb, a concentration 200 times the drink-
ing water criteria level for trichloroethylene (TCE).
Traces of these solvents may even appear in the rela-
tively pristine alluvial valley aquifers of the east slope
(for example, Methow, Entiat, Naches rivers) as a result
of their use as septic system degreasers.

A second class of solvent contaminants includes the
more water-soluble solvents associated with paint, var-
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Figure 3. Diagram of dense, insoluble contaminant migration.
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nish and wood-treatment manufacture, and degreasing
activities. Many of these solvents (for example, acetone)
have widespread home usage and so are found in
landfill waste streams. These solvents are generally less
dense than water and include such non-chlorinated sol-
vents as acetone, various ketones (MEK, MIBK),
tetrahydrofuran, DMSO, hexane, pyridine, benzene,
toluene, and xylenes. These last three chemicals (the
BTX group) also fall under the category of petroleum
derivatives and are discussed in the next section.

As a general rule (benzene being an exception), the
non-halogenated solvents are of less a concern because
of their lower toxicity, greater solubility, and a more
rapid biological breakdown to non-toxic products such
as carbon dioxide and water. Also, in many cases, these
solvents have taste and odor thresholds at lower levels
than their toxicity and so are detected readily in con-
taminated water without elaborate detection programs.
The major red flag of concern, particularly for the
ketonic solvents, is the fact that their higher solubility
means that concentrations of tens to thousands of parts
per million may occur in waste disposal areas or areas
of industrial manufacturing (for example, the Duwamish
valley silts) and may persist for some distance
downgradient. Generally, however, these materials do
not migrate over long distances because of dispersion
and biological breakdown.

Petroleum Products

Another widespread contaminant group throughout
areas accessible to combustion engines is the petroleum
derivatives, including gasoline, oil, kerosene, and other
similar materials. These materials are associated with
petroleum refining, fuel, oil storage, and service sta-
tions. Historical practice has been to store these
materials in underground containers, of which a sub-
stantial number have leaked in nearly all developed en-
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vironments in the state, especially in areas of
periodically wet but unsaturated soils characteristic of
western Washington.

Although generally referred to as "insoluble", most
of these materials are sufficiently soluble to produce
pure product and dissolved product plumes. They are of
less concern than the insoluble and dense organic sol-
vents since contaminant plumes are generally confined
to floating product at the surface of the aquifer plus a
smaller dissolved fraction in the aquifer. Figure 4 il-
lustrates the movement of these plumes. They are also
generally less toxic than many of the chlorinated or-
ganic solvents, with benzene as a notable exception, and
often have lower taste thresholds. This means that the
risk of hazardous exposure is generally reduced and that
taste detection in water supplies usually occurs at levels
at which there is limited danger from toxic effects. Un-
fortunately, this also implies that water supplies may
readily become unpleasant or unpalatable.

The presence of petroleum product contamination is
general throughout the industrial and, to a lesser extent,
other developed areas of the state. Leaking underground
storage tanks are a widespread problem both relating to
refinery activities as well as to fleet or individual ser-
vice station storage. Contamination is usually limited to
the shallowest aquifers.

Other Organics

Other organic chemicals and feedstocks are lumped
into a catchall group which include the following
diverse members: PNAs (polynuclear aromatics); PCBs
(pentachlorobiphenyl); pesticides; process chemicals
(for example, phenol, formaldehyde, methanol); in-
dustrial chemical feedstocks; resins or polymer precur-
sors; exotic chemicals (including alkaloids, peptides,
drugs, antibodies) such as may be used in drug manufac-
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Figure 4. Diagram of light organics contaminant migration.
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ture or are hospital by-products; explosives (for ex-
ample, trinitrotoluene); wood preserving agents such as
pentachlorophenol and the creosote chemicals; and food
process chemicals (for example, organic acids, oils, and
BHA, or butylated hydroxyl anisole). The list of poten-
tial chemical contaminants, especially organic chemi-
cals, is nearly infinite, ranging from acetic acid used in
food processing to dibenzofurans and dibenzodioxins
which are by-products of other processes such as the
manufacture of pentachlorophenol. It is impossible to
detail the broad range of these materials, but a few
broad outlines are possible.

PCBs are well known contaminants due to their high
toxicities and persistence which have resulted in an en-
hanced public awareness of their occurrence in the en-
vironment. The most significant sources appear to be
power and transformer facilities, plus used and waste oil
collection, treatment, and disposal. PCBs do not, as a
rule, migrate significantly, and they pose a generally
higher threat from their presence in soil than from
ground-water contamination.

Pesticides as a category include herbicides, insec-
ticides, fungicides, rodenticides, and other pest killers.
Their primary common attribute is a toxicity to one or
more plant or animal groups. Chemicals in this category
range from soluble to insoluble and from gaseous to
solid. Although many of them are highly toxic, as a
group they do not migrate readily with ground water due
to a susceptibility to adsorption on target organisms, ad-
sorption on organic material in soils, or breakdown by
natural or atmospheric processes. A noteworthy excep-
tion to this is ethylene dibromide (EDB), which may
also be classed with the halogenated solvents. More than
20 wells in the Skagit River valley as well as a number
of wells in Whatcom and Thurston counties have been
contaminated by EDB.

Soluble pesticides tend to break down more readily
than oil-carrier pesticides. Pesticides are found most
commonly in ground water in porous soils in areas of
intense agriculture and high rainfall (Skagit valley) or
in’eas of heavy irrigation (Yakima and Walla Walla val-
eys).

Feedstock chemicals are a roughly defined grouping
of low to moderate toxicity—chemical production
feedstocks such as methanol, formaldehyde, urea, furan,
ethylether, aniline, and pyridine. The more common of
these chemicals tend to be rapidly attenuated by
biodegradation and soil adsorption processes, although
the high levels of usage and/or production (for example,
of acetone, methanol) provide for sporadic occurrence
of low levels of these compounds in many shallow
aquifers.

Biological chemicals (from laboratories, hospitals,
pharmaceutical manufacture, and the like) show such a
wide variability in both receptor sensitivity and toxicity
that generalizations are difficult. In general, biological

chemicals are removed by microbiological decay and/or
by soil adsorption and attenuation before they reach
ground water . The impacts from these materials are also
low due to the isolated nature of the sources and to cost
factors that encourage limited use, recycling, and a
thorough material supply tracking.

Finally, food and food products constitute another
large category of chemicals (such as oils, sugar, weak
acids, food additives, and preservatives) that is of min-
imal concern due to their rapid degradation and low
toxicity. These materials tend to stimulate aerobic
degradation by providing energy sources for bacterial
populations.

CONTAMINANT BEHAVIOR OVERVIEW

The situation is not as bleak as it would first appear,
and the reasons for this lie in the consideration of the
physical, chemical, and biological characteristics of the
different groups of chemical species. The contaminant
transport parameters may be reconceptualized in a
somewhat simpler form as four major characteristics:
mobility, stability, solubility, and toxicity.

Mobility

As discussed previously, mobility is a combination
of velocity, solubility, and attenuation, and is deter-
mined by adsorption and ionic exchange interactions be-
tween the contaminant and the soil and by the rate and
characteristics of ground-water flow. Most of the
materials previously discussed have strong limits placed
on their mobility by ionic exchange reactions (for metal
cations and some anions) or by adsorption onto clay or
organic materials in the soil column through which the
contaminated water passes. In general, pesticides, her-
bicides, most polynuclear aromatics, PCBs and similar
materials, plus many dissolved metals are strongly ad-
sorbed onto the soil and have little potential for migra-
tion beyond the immediate vicinity of the contaminated
area, especially under neutral pH conditions.

The primary classes of compounds of concern, from
a mobility standpoint, are the conservative nutrients
(anions such as nitrate, chloride, and sulfate), soluble
organics (such as methanol, acetone, formaldehyde, and
furfural), the dissolved portions of the organic solvent
plumes (particularly the halogenated solvents such as
trichloroethylene), and the light petroleum product
plumes. Figures 2, 3, and 4 illustrate the migration be-
havior of the most mobile of each of these contaminant
types.

Stability

Chemical stability is of equal (and in many cases
greater) importance to mobility in the attenuation of
contamination. Stability is the resistance to degradation
by biological, atmospheric, or soil catalytic breakdown
processes as well as resistance to other chemical reac-
tions. Many of the more esoteric and toxic chemicals are
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relatively unstable (owing their toxicity to vigorous
reactions with biological systems) and will break down
on exposure to soil microbial populations. Many non-
chlorinated pesticides, most acids and caustics, reactive
chemical feedstocks such as phosgene or arsine gas
solutions, and computer industry liquids such as silanes
fall into this reactive category. Acid and caustic
materials are susceptible to hydrolysis with the conse-
quent liberation of neutral products, making their con-
tamination locally intensive but not usually far reaching.
Nutrient materials (for example, nitrate, nitrite, and
phosphate) and many of the non-halogenated solvents
and industrial feedstocks also have the capacity of being
rapidly biodegraded or metabolically consumed in the
near-surface and shallow subsurface environments. This
is also true of such chemicals as methanol, acetone,
ethyl acetate, urea, ethanol, furfural, benzoic acid, and,
to a lesser extent, toluene, pyridine, and many
petroleum products. This limitation on longevity in the
soil also applies as a general rule to the non-halogenated
pesticides and herbicides, such as the carbonates and
thio- and azo- compounds.

Intermediate instability is exhibited by compounds
such as halogenated solvents (TCE, PERC, 1,1,1-
trichloroethane, EDB, and others), certain complex pes-
ticides, and many chlorophenolics. The breakdown of
these materials is not well understood but appears to
vary with soils and specific locality, as well as with the
degree of soil saturation. These degradation processes
may yield products that are more toxic than the starting
compound. For example, vinyl chloride is a common
breakdown end product (for example, from TCE) and its
formation appears to occur anaerobically (which is
usually much slower than aerobic degradation) with a
half-life on the order of several months to several years.
The degradative production of vinyl chloride has been
noted for TCE and similar solvents in the silty, shallow
aquifer soils of the Kent valley, the outwash gravels of
Pierce County, and in the Troutdale silty soils of Clark
County.

Although nearly all chemical contaminants are de-
graded to some extent, half-lives of tens to hundreds of
years are postulated for compounds such as PCBs,
dioxins, and certain pesticides (for example, DDT,
DDE, and Mirex). These materials are considered essen-
tially stable. Metals, of course, do not degrade but are
reactive to ion exchange. Arsenic is of particular con-
cern since it is stable and less susceptible to ion-ex-
change stabilization,

Solubility

Solubility is, as noted previously, a significant factor
in subsurface behavior of contaminants, although there
are very few materials that are so insoluble as to not
produce a dissolved contaminant plume. Nearly all so-
called "chemically insoluble" compounds are soluble to
levels from 0.01 up to the 10-100 ppm range (for ex-

ample, dioxins, PCBs, and pentachlorophenol) and
hence, from the standpoint of contamination, which is
usually measured in parts per billion (1 ppb = 0.001
ppm), are quite soluble. This is true of most of the pes-
ticides, the petroleum derivatives, organic solvents
(many of which are soluble to thousands of parts per
million), most wood waste products and, of course,
caustics, acids, and many of the more common chemi-
cal feedstocks. It is also true of PCBs, dioxins and other
carcinogens such as EDB, benzene, and vinyl chloride,

The most important influence of solubility on liquid
product contamination is that it determines whether a
contaminant will produce one or two (water coincident
and insoluble) plumes. For solids, the concern is
whether the plume will be produced by rapid dissolu-
tion or by slow leaching of product.

Toxicity

Toxicity does not affect the behavior of the chemical
contaminants in the ground water, but it does adjust our
level of concern for their fate. The chlorinated solvents
are of great concern, and their fate is of great impor-
tance since they are both mobile and toxic. The conser-
vative nutrients, on the other hand, although by
definition mobile, are of limited concern since their
toxicity is generally much lower (for example, drinking
water criteria of 10,000 ppb for nitrate versus 1 ppb for
vinyl chloride). Standards are non-existent for many
nontoxic or low-toxicity materials such as chloride, sul-
fate, phosphate, ethanol, and acetone. Conversely, the
pesticides and herbicides are of great concern due to
high toxicity, as are the heavy metals cations (for ex-
ample, lead, chromium, and cadmium), but they are
often of reduced practical concern because of their
lowered mobility due to attenuation and degradation.
The contaminants that are both toxic and somewhat
mobile (for example, pentachlorophenol, other phenols,
feedstocks such as urea and formaldehyde, and the
halogenated solvents) are also of significant concern.
The conclusion is that toxicity considerations are large-
ly specific to each chemical class and that their evalua-
tion depends highly on the previously discussed
characteristics of mobility, stability, and solubility.

SUMMARY

In summary, the fate and behavior of contaminants
in the ground water are as varied as the chemicals that
are available. Several specific chemical categories have
been found to be of widespread concern in the shallow
ground waters of Washington, particularly the alluvial
and glacial aquifers used for drinking water supply.
These categories are:

« Chlorinated liquid solvents (TCE, PERC, vinyl
chloride, EDB)

» Chlorinated wood preservative chemicals (pen-
tachlorophenol and dioxins)
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- Polynuclear aromatic chemicals (anthracene, nap-
thalene, chrysene)
« Pesticides and herbicides (particulary chlorinated
species such as aldrin, endrin, chlordane)
« Other organic solvents; feedstocks (methanol, urea,
acetone, phenol, pyridine)
- Heavy metals (arsenic, lead, chromium)
« Nutrients plus common metals (nitrate, nitrite,
chloride, iron, manganese)
The behavior of these materials is varied, as dis-
cussed previously, but in brief (and not without excep-
tion) the following generalizations are useful:

+ The chlorinated solvents move readily, degrade to
other toxic products, persist in the environment, and
may be present as dense plumes, soluble plumes,
and residual soil contamination.

The chlorinated wood preservatives are not as
mobile as the solvents, are somewhat less toxic,
break down slowly due to their toxicity to microor-
ganisms, and are usually present only as soil con-
tamination and dissolved phase plumes.
Polynuclear aromatic chemicals are generally in-
soluble and have densities similar to that of water.
They are quite immobile and generally moderately
to highly toxic; they persist in the environment,
usually primarily as soil contamination.

- Petroleum materials float on top of the water table
and produce both a dissolved phase in the ground
water as well as pure product plumes. They are
generally not highly toxic and are broken down by
microorganisms to volatile or innocuous products.
The primary concern here is the volume in which
they may exist and the taste and odor nuisance con-
siderations. Benzene is a noteworthy exception,
being carcinogenic and hence of great concern due
to high toxicity.

Pesticides and herbicides are generally either readi-
ly broken down by microorganisms or are adsorbed
strongly to the soil matrix and are rarely found far
from contamination sources. They do, however, tend
to be highly toxic. They are found chiefly as con-
taminated soil residuals or as limited ground-water
plumes. Significant exceptions are presented by
EDB and similar solvent pesticides which are
moderately soluble, highly toxic, and only
moderately attenuated.

Other organic feedstocks and solvents are typically
highly soluble and hence would migrate great dis-
tances except for their biodegradability. Their
toxicity is usually low to moderate, but due to high

volume usages, they may exist locally in large quan-
tities, either as pure product plumes or as relatively
concentrated, soluble, aqueous plumes.

Dissolved heavy metals are generally immobile, ar-
senic being an exception. These metals are also, to
variable extents, naturally occurring, and, in many
cases, also quite toxic. Their soil adhesion proper-
ties make them of only limited concern at significant
distances from a source of contamination.

Nutrients and common metals are of generally lower
concern because of low toxicities or nuisance
characteristics. They generally will migrate with the
ground water and so are common in low concentra-
tions and are naturally occurring. For these ground-
water constituents, the question of concern is a mat-
ter of degree and not occurrence per se.

Although each case of chemical contamination in
Washington deserves special and unique consideration,
the situation is not hopeless since, as has been
described, many of these incidents fall within recog-
nizable patterns. The potential variety of problems is
limited by both hydrologic and chemical factors.

A more thorough understanding of both the in-
dividual subregional aquifer situations, as well as the
number and extent of these areas of contamination, will
take a great deal of commitment on the part of the state,
the regulatory agencies, and the business community.
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Drilling a methane
extraction well. Photograph
by Greg Mack, 1988.

Cable tool drilling of a
borehole for installation of
a ground-water monitoring
well at an industrial site in
Tacoma. Photograph by
Denis E. Mills.
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A Hydrogeologic Assessment of Cedar Hills Regional Landfill,
King County, Washington

DENISE E. MILLS and DONALD A. CORDELL
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INTRODUCTION

After the City of Seattle was forced to close the Kent-
Highlands Landfill at the end of 1986, Cedar Hills
Regional Landfill has served as the principal solid waste
disposal facility for both King County and the
municipality of Seattle. It is owned and operated by
King County. The landfill was opened for solid waste
disposal in 1964 and, today, approximately 3,500 tons
of refuse are accepted daily. At roughly 920 acres, the
Cedar Hills landfill is the largest in the Northwest.

The Cedar Hills landfill is located approximately 3.5
mi south of the town of Issaquah (Figure 1). It is
situated on the east side of the Puget Sound lowland, at
the foothills of the Cascade Range. Northeast of the
landfill, Issaquah Creek flows north toward Lake Sam-
mamish and the Cedar River drainage basin lies to the
south.

In 1964, when the landfill began operating, few
regulations regarding landfill siting and operations were
in effect. During the more than 20 yr of operation, King
County has modified the landfill in an effort to meet
state and federal regulatory requirements relevant to
operations, air quality, and water quality. Knowledge of
existing conditions at the site has been aided by instal-
lation of 31 ground-water monitoring wells around the
landfill perimeter and 9 leachate-monitoring wells in the
solid waste. Notable improvements over the life of the
facility include construction of a leachate collector and
sewer interceptor system, leachate pretreatment
facilities, and a sewer line connecting to a trunk line that
feeds into the Renton sewage treatment plant where
leachate is treated and discharged (Sweet, Edwards &
Assoc., Inc., 1986). Additional improvements include
installation of scattered leachate surface breakout or
nuisance seep collectors.

This paper discusses the geologic characteristics and
ground-water flow regimes onsite relative to the site
stratigraphy. This provides a basis for understanding the
impacts of landfilling activities and mitigation measures
at Cedar Hills. The paper concludes with a discussion
of site improvement projects being developed to reduce

the potential for future water-quality impacts at the
facility.

SITE CHARACTERIZATION

King County has been conducting hydrogeologic
studies at Cedar Hills for 14 yr. These studies have in-
cluded geologic mapping, subsurface investigations, and
collection of ground-water data to determine ground-
water flow directions and water quality.

Field Investigations

The landfill site was mapped in 1984 and 1985 to lo-
cate exposures of the geologic units. The mapping was
enhanced by excavations and concurrent subsurface ex-
ploration.

The stratigraphy of the Cedar Hills landfill has been
characterized by extensive subsurface exploration.
Since 1974, more than 75 exploratory borings and
monitoring well borings as much as 360 ft deep have
been completed at the site (Robinson and Noble, 1974,
1978; CH2M Hill Northwest, Inc., 1985; Sweet, Ed-
wards & Assoc., Inc., 1984, 1985a). The shallow sub-
surface geology has been examined in more than 50
backhoe test pits (CH2M Hill Northwest, Inc., 1985;
Sweet, Edwards & Assoc., Inc., 1984).

Since 1983, ground-water monitoring wells ranging
in depth from 39 to 360 ft have been completed in 22
borings. Seventeen of these wells are completed in shal-
low ground-water zones perched within the Vashon till
and upper advance outwash deposits; five wells are
completed in the deep regional aquifer. Ground water is
collected from the majority of these wells at quarterly
intervals. These ground-water samples are tested for
constituents specified by the Minimum Functional
Standards for Solid Waste Handling in the State of
Washington (WAC 173-304) and for additional inor-
ganic and organic constituents.

Hydrogeology

This section describes the regional geologic setting,
site stratigraphy and lithology, and occurrence of
ground water within the geologic units identified onsite.
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Figure 1. Location of Cedar Hills Regional Landfill.

This provides a basis for understanding the ground-
water flow systems and potential impacts on water-
quality related to solid waste disposal.

Regional Geology

The Cedar Hills landfill is located in the Puget Sound
lowlands of western Washington, which consist of a
structural trough between the Cascade Range and the
Olympic Mountains. Knowledge of the structural geol-
ogy and preglacial history is limited due to a cover of
glacial deposits in the region (Figure 2). Well logs from
the Cedar Hills region indicate that more than 350 ft of
glacial sediments overlie bedrock (Sweet, Edwards &
Assoc., Inc., 1984) (Figure 3). The bedrock appears to
have numerous discontinuities where major structural
blocks have been offset vertically. The exposures of
bedrock closest to Cedar Hills are directly west in the
Cedar River valley (Figure 2).

The landfill is underlain by Vashon till, advance out-
wash deposits, and undifferentiated pre-Vashon glacial
sediments (Rosengreen, 1965; Livingston, 1971; Vine,
1962). Vashon till is very dense and concrete-like and
is generally described as sparsely distributed pebbles,

cobbles, and boulders in a fine-grained and structureless
matrix. Glacial sediments identified at the site range
from less than 1 to roughly 70 ft of lodgement till of
Vashon age, underlain by outwash sands and gravels,
and ice-contact deposits (Figure 3) and other undifferen-
tiated sediments. These sediments include clay, silt,
sand, and gravel and reflect the preglacial history of the
area.

Site Stratigraphy and Lithology

The Cedar Hills landfill site and Queen City Farms
to the south are underlain by alluvium and three types
of glacial sediments (Hart-Crowser and Assoc., Inc.,
1983; Livingston, 1971; Luzier, 1969; Rosengreen,
1965; Sweet, Edwards & Assoc., Inc., 1984, 1985a;
Vine, 1962). These sedimentary units occur in the fol-
lowing sequence from youngest to oldest:

« recent alluvium

+ Vashon till

« outwash sands and gravels, including younger ice-
contact deposits.

Alluvium

Alluvium consisting primarily of sand and silt is
present in the southeast-trending drainage south of the
landfill. This alluvium extends onto the adjacent Queen
City Farms waste disposal site and is locally underlain
by both till and glacial outwash deposits (Hart-Crowser
and Assoc., Inc., 1983).

Vashon till

Regionally, Vashon till mantles pre-existing topog-
raphy, forming a blanket over older glacial sediments.
Recent geologic mapping (CH2M Hill Northwest, Inc.,
1985) and subsurface investigations at the landfill
(Sweet, Edwards & Assoc., Inc., 1985a) show that the
distribution of Vashon till is locally discontinuous. An
isopach map for the till (Figure 4), constructed from cur-
rent geologic data, indicates that the till is less than 10
ft thick toward the north and northwest portion of the
landfill and thickest to the south.,

Both weathered and unweathered till have been iden-
tified at the site. Oxidized (or weathered) till is light
brown or grey mottled with brown. Unweathered till is
blue-grey to grey. Weathered till at Cedar Hills is san-
dier, less dense, and more friable than unweathered till.

Several permeability tests have been conducted on
unweathered till at the site and have indicated that the
hydraulic conductivity ranges from 10° t0 107 cm/sec
(CH2M Hill Northwest, Inc., 1985; Sweet, Edwards &
Assoc., Inc., 1984, 1985a). The permeability of
weathered till was reported by Converse, Ward, Davis
and Dixon (1980) to be 10™ cm/sec. Ground water
therefore is expected to move more quickly through the
weathered zone than the unweathered zone. This is
especially significant at the north end of the landfill
where till is thinner and weathered till directly overlies
the coarser grained outwash sediments.
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Advance outwash deposits

Advance outwash sediments deposited during the
most recent glacial advance underlies the till. The out-
wash consists of various ratios of sand, silt, and gravel.
The total thickness of the outwash deposits beneath the
landfill is not known. Perched ground water has been
observed at several depths, but these water-bearing
zones are of limited extent and generally low yield
(Sweet, Edwards & Assoc., Inc., 1985a).

A silt to silty gravel layer within the outwash has
been observed in all of the deep borings completed at

the landfill site (Sweet, Edwards & Assoc., Inc., 1985a)
and at Queen City Farms (Hart-Crowser and Assoc.,
1983). This layer is underlain by a confined aquifer, in-
dicating it is extensive.

Hydraulic conductivity estimates for the outwash
vary from 10 to 10” cm/sec. The permeability appears
to vary according to the ratios of silt, sand, and gravel
in the strata (Sweet, Edwards & Assoc., Inc., 1984).

Ground-Water Flow Systems

The ground-water flow systems of western
Washington can be divided into regional, intermediate,
and local flow systems. In general, the intermediate and
regional recharge areas are the Cascade Range and ad-
jacent foothills. These deep-seated flow systems dis-
charge into the lower flood plains and terraces of the
Puget Lowland. Local flow systems are superimposed
on the regional and intermediate systems and are
primarily controlled by local topographic and geologic
conditions (Sweet, Edwards & Assoc., Inc., 1984,
1985a).

At the Cedar Hills landfill ground-water flow cor-
responds to three flow systems: Perched zones in the till
are part of the local system; stratified drift and outwash
sediments are part of the intermediate system; and the
deep confined aquifer makes up the regional system.
The deep aquifer is developed for domestic and other
supplies (Sweet, Edwards & Assoc., Inc., 1984).

Percolating moisture recharges the local and inter-
mediate flow systems. The recharge rates vary with
local topographic and geologic factors. In areas
blanketed by Vashon till, recharge to the local and in-
termediate flow systems is limited. Where till is absent
and the more permeable stratified drift dominates the
surficial geology, recharge may be more rapid (Sweet,
Edwards & Assoc., Inc., 1984, 1985a). Local recharge-
discharge flow regimes superimposed on the inter-
mediate and regional systems are evidenced by
discharge points such as springs and perched ground-
water bodies, reflecting the relatively shallow nature of
the local system.

Ground-water flow within the perched zones in the
Vashon till most likely follows local topography. The
direction of flow occurring in perched units within the
upper part of the advance outwash is difficult to deter-
mine because of the variation of attitude of the perch-
ing layers and the wide range of permeabilities, which
influence gradients, flow direction and rates.

Evidence of regional discharge is provided by water-
level data from the wells completed in the deep aquifer
(Sweet, Edwards & Assoc., Inc., 1985a). A poten-
tiometric map of the regional aquifer (Figure 5) indi-
cates that ground water in this system flows to the
northeast.
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Figure 5. Ground-water contour map for the regional aquifer.

Surface Water

The existing storm-water collection system consists
of naturally occurring streams, manmade drainage chan-
nels, and siltation ponds that convey storm-water flows
away from developed areas at the site (Sweet, Edwards
& Assoc., Inc., 1986). Generally, storm water flows to
either the north or south. The north storm-water flow
feeds tributaries of Mason Creek, which flows into Is-
saquah Creek. Storm water from the southern portion of
the site flows south through the drainage system and
leaves the site both at the southeast corner and through
a drainage channel.

Water Quality

Quarterly monitoring of ground- and surface-water
quality has been performed at the Cedar Hills Landfill
since 1978. The results of the monitoring show that
ground water perched in the till has been impacted by

solid waste disposal activities. Evidence of impacts in-
clude elevated levels of iron, manganese, sulfate,
nitrate, chloride, and specific conductance. Sporadic
detections at very low levels of organic constituents do
not permit definition of their distribution in the shallow
aquifer.

Ground-water quality in the deep aquifer is much
more difficult to assess regarding impacts from the
landfill because:

(1) Ground water in the regional aquifer has higher
levels of total dissolved solids relative to back-
ground levels because of its longer residence time.

(2) Water quality from deep wells in the vicinity
shows a wide range of concentrations of naturally
occurring constituents such as iron and man-
ganese. It is difficult to assess whether impacts
from the landfill are causing increases in iron and
manganese concentrations.

(3) The Queen City Farms waste disposal site appears
to be upgradient from the landfill on the basis of
water levels measured in onsite wells completed in
the regional aquifer. It is possible that if con-
tamination of the deep aquifer is detected, Queen
City Farms is a contributor.

(4) The potential for attenuation of contaminants by
the 200 ft of unsaturated soils below the landfill
makes interpretation of overall landfill impacts
difficult.

Monitoring activities are continuing at the landfill in
both the shallow and deep aquifers. An extensive suite
of water-quality and geochemical parameters, both or-
ganic and inorganic, is being monitored; this should
provide the information necessary to analyze potential
landfill-related impacts on water quality. Quarterly
evaluations of the water-quality data are completed to
determine if ground-water information developed
should alter the existing operation or design of the
landfill.

GEOLOGIC EVALUATION OF THE
LEACHATE COLLECTION SYSTEM

A system of subsurface trenches was completed in
1978 at Cedar Hills to collect leachate flows from near-
surface geologic units and convey the leachate to an ap-
proved treatment facility. This system is one of the
largest leachate collection and interceptor systems ever
developed. The collector is constructed of perforated
drain pipe and fine to medium gravel backfill. A plan
view (Figure 4) of the depths of the leachate collector
trenches superimposed on the isopach map of the
Vashon till demonstrates the position of the collector
with respect to the geologic units at the site.

Approximately 3,900 lineal feet of the collector at
the north end of the solid waste disposal area are com-
pleted below the till and located in shallow advance out-
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wash deposits (Figure 4). Cross-sections in Figure 6 and
7 show the leachate collector geometry east and west of
the solid waste pile. At the south end of the site, most
of the leachate collector trench is located in weathered
till rather than unweathered till, which has lower per-
meability (Sweet, Edwards & Assoc., Inc., 1985a,
1986). Therefore, leachate discharge may be occurring
from the south leachate collector.

The effectiveness of the leachate collection system
completed in shallow outwash deposits and weathered
till may be less than intended. There is no evidence that
these systems are not functioning as designed, but it ap-
pears that conditions exist that allow leachate to escape
the collection system and percolate into local and inter-
mediate ground-water flow systems. This may partially
account for some observed water-quality impacts at the
site.

LEACHATE MOUNDING

The majority of the main solid-waste pile overlies
till. Documented leachate seepage around the base of
the main refuse area suggested that leachate was mound-
ing in the waste overlying the low-permeability till. In-
vestigations conducted by Sweet, Edwards & Assoc.,
Inc. (1985b, 1987) to characterize the occurrence of
leachate in the solid waste verified the presence of a
leachate mound within the main portion of the landfill.
In addition to leachate heads within the waste that lo-
cally exceed 45 ft (Mills and Cordell, 1988; Sweet, Ed-
wards & Assoc., Inc., 1987), landfill gas pressures to 12
psig have been measured. The excessive gas pressure
contributes to the liquid head. The total combined head
of approximately 75 ft increases the rate of leachate
movement through the underlying till, allowing un-
treated leachate to enter the shallow ground-water flow
system,

SITE IMPROVEMENTS

The hydrogeologic investigations of the Cedar Hills
Regional Landfill have identified some impacts to
ground- and surface-water quality at the site. Potential
routes for leachate to affect water quality include
nuisance seeps that primarily affect surface-water
quality, the geometry of the leachate collector relative
to the stratigraphic units at the site, and downward
leachate migration from the leachate mound in the main
solid waste pile. In this section, several proposed and/or
implemented methods to reduce leachate impacts from
these sources are discussed.

Surface-Water Quality Improvements

Surface breakouts of leachate occur where low-per-
meability interim cover intersects side slopes of the
refuse pile. Surface breakouts or nuisance seeps on the
landfill and shallow ground-water discharges have been
cited as adversely impacting surface-water quality
(Sweet, Edwards & Assoc., Inc., 1986).

An engineered system to intercept surface breakouts
of leachate has been installed over areas of the landfill
where leachate seepage has been identified. The system
is a series of gravel-lined trenches that allow collection
of surface breakouts. These interceptor trenches convey
collected leachate to the onsite collector for treatment
and disposal. Collection of leachate from nuisance seeps
reduces the quantity of potentially impacted surface
runoff from the solid waste areas, thus decreasing poten-
tial impacts to surface-water quality.

Ground-Water Quality Improvements

Information developed from hydrogeologic and
geotechnical investigations at the Cedar Hills landfill
suggests that leachate discharges may occur where the
leachate collector is completed in the relatively perme-
able weathered till rather than in the low-permeability
unweathered till. Ground-water quality data support this
finding in that there appears to be impacted ground
water onsite within the till south, east, and north of the
landfill (Sweet, Edwards & Assoc., Inc., 1986).

As described previously, portions of the existing
leachate collector are also founded in permeable ad-
vance outwash sands and gravels, allowing exfiltration
of leachate from the collector system. Leachate leakage
from the collectors completed in outwash can potential-
ly impact water quality in the landfill vicinity.

The efficiency of the existing collection system can
be improved in some areas by deepening the collector
and locating the bottom of the trench in unweathered
till. The county plans to complete this work in 1988. Re-
aligning the leachate collection trench should mitigate
impacts to shallow ground water within the till. In 1986,
Sweet, Edwards & Associates, Inc. recommended con-
struction of an inner trench in a configuration that would
not allow leakage from the collector. Construction of an
unperforated pipeline where the existing collector ex-
tends below the till/outwash contact and possibly a
pump station to convey leachate to the interceptor sys-
tem from the existing system were also recommended.

In-Waste Leachate Head Reduction

As previously mentioned, investigations of the occur-
rence of leachate in the main refuse area identified sub-
stantial leachate mounding and landfill gas pressures in
the waste overlying low-permeability till. The combined
head from leachate and landfill gas pressure is sufficient
to cause leachate flow through the till. Reduction of the
total liquid head acting on the till can decrease the
potential for continued impacts on water quality around
the landfill.

In 1987, Sweet, Edwards & Associates, Inc. con-
ducted a study to assess the feasibility of in-waste
leachate head reduction using horizontal drains and/or
vertical extraction well. To assess if dewatering the
main solid waste area is a feasible remediation option,
drawdown and recovery "aquifer" tests were conducted
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on two wells completed in the saturated refuse. Leachate
levels near the pumping wells were monitored in several
observation wells. The average hydraulic conductivity
calculated was 2.4 x 10™ cm/sec. The storage coeffi-
cient was 7 x 104, suggesting that the leachate reservoir
is acting as a confined or, more likely, a partially con-
fined "aquifer”.

For the feasibility study, it was assumed that the
hydraulic properties of leachate are similar to those of
ground water. In reality, however, the hydraulic proper-
ties of leachate and water are dissimilar. Consistency,
specific gravity, viscosity, temperature, gas saturation,
and composition all influence the hydraulic properties
of leachate. The wide variation in leachate characteris-
tics prevents direct comparison with water.

On the basis of theoretical analysis, leachate extrac-
tion is feasible, and a system of vertical extraction wells
appears to be the most flexible and efficient means of
removing leachate from the refuse. As part of the site
development plan, the county is planning to implement
a leachate head reduction program by the end of 1989,

REFERENCES

CH2M Hill Northwest, Inc., 1985, Cedar Hills Regional
Landfill, Phase 2-Site Development Plan, Task 13.0; Sub-
task 13.1, Preliminary Geotechnical Site Evaluation: Report
to King County Solid Waste Division, Seattle, WA, 19 p.

Converse, Ward, Davis, and Dixon, 1980, Geotechnical and
Groundwater Evaluation, Proposed Queen City Farms
Landfill Site: Report to Parametrix, Inc., Bellevue, WA,
18 p.

Hart-Crowser and Associates, Inc., 1983, Assessment of
Hydrogeology and Ground Water Quality Surficial Aquifer,
Queen City Farms, King County, Washington: Report for
Queen City Farms, Inc., Seattle, WA, 12 p.

Livingston, V. E., Jr,, 1971, Geology and Mineral Resources of
King County, Washington: Washington Division of Mines
and Geology Bulletin 63, Olympia, WA, 200 p.

Luzier, J. E., 1969, Geology and Groundwater Resources of
Southwestern King County, Washington: Washington
Division of Water Resources Water Supply Bulletin 28,
Olympia, WA, 260 p., 13 plates.

Mills, D. E. and Cordell, D. A., 1988, Evaluation of In-Waste
Leachate Head Reduction. In Proceedings, Second Interna-
tional Conference on Case Histories in Geotechnical En-
gineering, June 1-5, 1988, St. Louis, MO, Vol. I, Paper No.
10: University of Missouri, Rolla, MO, pp. 35-41.

Robinson and Noble, Inc., 1974, Geological Investigation
Report for Cedar Hills Disposal Site: Report to King County
Solid Waste Division, Seattle, WA, 14 p.

Robinson and Noble, Inc., 1978, Results of Test Drilling
Program at the King County Cedar Hills Landfill: Report to
King County Solid Waste Division, Seattle, WA, 12 p.

Rosengreen, T. E., 1965, Surficial Geology of the Maple Valley
and Hobart Quadrangles, Washington [M.S. thesis]: Univer-
sity of Washington, Seattle, WA, 71 p., 1 plate.

Sweet, Edwards & Associates, Inc., 1984, South Cedar Hills
Draft Geotechnical Report: Report to King County Solid
Waste Division, Seattle, WA, 34 p.

Sweet, Edwards & Associates, Inc., 1985a, Cedar Hills
Regional Landfill, Phase 2-Site Development Plan, Task
13.0; Subtasks 134 and 13.5, Leachate Collection Trench
and Subsurface Water Quality Investigations: Report to
CH2M Hill Northwest, Inc., Bellevue, WA, 16 p.

Sweet, Edwards & Associates, Inc., 1985b, Cedar Hills
Regional Landfill, Phase 2-Site Development Plan, Task
13.0; Subtask 133, Investigations of Leachate in Solid
Waste: Report to CH2M Hill Northwest, Inc., Bellevue,
WA, 14 p.

Sweet, Edwards & Associates, Inc., 1986, Cedar Hills Regional
Landfill, Phase 2-Site Development Plan, Existing Area
Report: Report to CH2M Hill Northwest, Inc., Bellevue,
WA, 40 p.

Sweet, Edwards & Associates, Inc., 1987, Cedar Hills Regional
Landfill, Site Development Plan, Task 45.0, Investigation of
the Feasibility of In-Waste Leachate Head Reduction:
Report to CH2M Hill Northwest, Inc., Bellevue, WA, 99
p-

Vine, J. D., 1962, Preliminary Geologic Map of the Hobart and
Maple Valley Quadrangles, King County, Washington:
Washington Division of Mines and Geology Geologic Map
GM-1, Olympia, WA, 1 sheet, scale 1:24,000.





