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Abstract
A preliminary hydrogeologic study was conducted at the WDOT-owned site adjacent to
Highway 101 on the Skokomish Indian Reservation in Mason County from June 1999 to
May 2000, to evaluate the suitability of the site for rapid infiltration of treated municipal
effluent.  This report represents the first of two volumes that together assess the site suitability.
Volume 2 (Pitz, 2000) describes the potential for groundwater mounding at the site based on the
hydrogeologic characterization and proposed design conditions.

Four groundwater monitoring wells were installed at the site and sampled for water level
(monthly) and water quality constituents (quarterly).  Five test pits were logged, and samples
from the pits were analyzed for grain size.  Five percolation tests were conducted to evaluate soil
permeability.  Water level elevations  at the downgradient wetland also were measured during
the winter rainy season.

The unsaturated zone was 15-28 feet thick at the site.  The seasonal water table fluctuation was
1.5-3.6 feet.  Based on specific capacity tests, hydraulic conductivity was estimated to be
350-400 feet/day in the coarse, outwash material found at the center of the site and 60 feet/day in
the westernmost well screened in finer material.  Samples, field tests, and visual observations of
the native soils indicate rapid permeability and good suitability for rapid infiltration.  However,
landslide debris soils recently imported onto a large portion of the site surface had very low
permeability and are not suited for rapid infiltration.  A lower permeability zone was also
observed in the boring of the westernmost well and may indicate a contact zone with upslope
deposits that are finer than the coarse, native deposits covering most of the site.

Groundwater quality at the site was similar to background concentrations in the area for pH,
specific conductance, total dissolved solids, nitrate+nitrite-N, total phosphorus, and chloride.
Fecal coliform bacteria were not detected.  Petroleum hydrocarbons were also not detected in a
single sample from the monitoring well immediately downgradient of the WDOT maintenance
shop on the site.
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Executive Summary
A hydrogeologic study was conducted at the Washington State Department of Transportation’s
Skokomish site near Potlatch, Washington.  The purpose of the study was to evaluate the
suitability of the site for a rapid infiltration system.  A rapid infiltration system is needed to
distribute effluent discharge from a proposed wastewater treatment facility serving the
Skokomish Tribe and local residents.

The study results are described in two volumes.  Volume 1 (this report) presents a preliminary
characterization of the hydrogeology of the site, including descriptions of soil and vadose zone
conditions.  Volume 2 (Pitz, 2000) describes a modeling analysis conducted to estimate the
mounding potential of the unconfined aquifer.

The primary findings of the hydrogeologic characterization (Volume 1) are:

• Test pit observations indicated that native soils are mainly composed of sand and gravel with
cobbles and boulders.  There was no evidence of fine-grained layers or obstacles to
downward flow of water in the native soil test pits.

• Percolation rates were less than one minute/inch in the native soils and roughly eight
hours/inch in the landslide debris soils.

• Based on soil types, grain size distributions, inspection of test pits, field tests of percolation,
and the rapid water table response to recharge, the native soils appear suitable for rapid
infiltration.  However, the imported landslide debris soils are not suitable.

• A low permeability layer identified above the water table in the western portion of the site
could obstruct downward flow if effluent were applied in this area or similar areas where
finer deposits exist above the water table.

• Little, if any, additional treatment can be expected for effluent percolating through the
permeable native soil.

• The site has a relatively thick vadose zone (15-28 feet).  The range in water table fluctuation
was 1.5-3.6 feet over one year.

• Based on specific capacity testing, permeability estimates for the coarse, outwash material
found in the central and eastern portions of the site are in the range of 350-400 feet/day.  The
permeability estimate for the finer sand found in the western portion of the site is roughly
60 feet/day.

• Low-permeability layers may be present at 15 feet below ground surface (bgs) at well Skok-2
and less possibly at 5 and 25 feet bgs at Skok-3.  The limited density of samples over the site
and the small volume in the samples collected make it impossible to determine the extent of
these layers.  If extensive, these layers could obstruct downward flow of effluent infiltrated
nearby causing effluent to surface before reaching the water table.
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• Groundwater flows from northwest to southeast.  The horizontal flow gradient between well
Skok-1 and the other monitoring wells is 0.2-0.3.  The flow gradient between the other three
wells is 0.0004-0.003.

• The area near well Skok-4 and test pit TP-1 appears to be the most favorable for infiltration,
as long as sufficient distance is maintained from the contact with finer grained material
represented in Skok-1.  This area is most favorable, because there is no evidence of a
fine-grained layer above the water table from test pits or split spoon samples, the unsaturated
zone is the thickest observed, and the percolation rate and hydraulic conductivity estimates
were high.

• Water quality results for nitrate+nitrite-N, chloride, specific conductance, and total dissolved
solids were far below maximum contaminant levels and similar to background concentrations
in Mason County.

• No hydrocarbons were found in the one sample collected from the monitoring well
downgradient of the abandoned maintenance building.  However, this basic screening does
not preclude the need for further site investigation of the impacts of past practices at the site.

• Impacts on the wetland downgradient and across the highway from the study site were not
analyzed.

The primary findings of the mounding analysis (Volume 2) are:

• A mounding analysis was performed to estimate the potential response of the site unconfined
aquifer to the introduction of treated wastewater via a rapid infiltration system.

• The mounding analysis was conducted using simplified assumptions about site
hydrogeologic conditions.  The analysis assumed that infiltration through the site vadose
zone is not a limiting factor for the operation of a rapid infiltration system.

• Both analytical and numerical models were used to estimate the mounding potential of the
aquifer.  Wet season conditions were assumed for modeling.  Modeling scenarios were
constructed assuming the discharge system was centered in the south-central portion of the
site (Skok-4 area).

• Using a steady-state, average-maximum system discharge rate of 500,000 gallons/day, the
modeling results indicate that the water table will not rise to the base of the infiltration
system.  The analytical modeling results indicate that the water table response to an assumed
peak flow rate of 700,000 gal/day would be only slightly greater than predicted under
average maximum conditions.

• The numerical modeling results suggest that, under the average maximum discharge rate, the
mounding response could reach the downgradient wetland, potentially raising the water table
above the ground surface in low-lying areas.
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• The analytical modeling results suggest that, under the stated discharge rate, a water table
mound may breach the site surface if infiltration is centered over the lower permeability
material found in the western portion of the site (Skok-1 area).  Likewise breaching could
occur if infiltration is centered over native soils where aquifer hydraulic conductivity is
significantly lower than that adjacent to well Skok-4 or if hydraulic conductivity is reduced
over time by plugging.

On the basis of the above findings, the following activities are recommended:

• Additional subsurface investigation should be considered in the area between wells Skok-1
and Skok-4 to better characterize the depth and eastern extent of the lower permeability
sediments encountered in Skok-1.  Without further investigation, it is recommended that the
infiltration area be centered away from the far-western half of the site.

• On the basis of the permeable soils, deep unsaturated zone, and distance from the landslide
debris, the area near well Skok-4 and test pit TP-1 is the most favorable location for the rapid
infiltration system.  Care is needed even here to avoid the fine-grained material observed in
well Skok-1 just west of this area.

• Do not construct the infiltration area in the landslide debris soils.

• A pilot-scale field test is recommended prior to full system construction to minimize the
uncertainties of the mounding analysis.  Water levels should be closely monitored in the
vicinity of the test area to confirm that the aquifer responds as predicted.  Monitoring of
water levels in areas predicted by the analysis to be at risk for near surface water table rise
should also be considered.

• Characterize in detail the soils in the proposed infiltration area to detect any potential
obstacles to infiltration, especially areas of low permeability above the water table.  If such
areas are discovered in the proposed construction area, their vertical and lateral extent should
be determined and their impact on downward percolation of water analyzed.  (If
appropriately designed, a pilot-scale test may preclude the need for detailed soil
characterization.)

• Survey monitoring well elevations to 0.01 foot to verify the groundwater flow direction.

• Appropriate operation and maintenance procedures should be implemented to minimize
aquifer plugging and ensure that aquifer transmissivity does not diminish over time.

• A professional wetlands scientist should evaluate the consequences of a water-table rise
adjacent to or within the wetland.
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Introduction
Approximately one-half of the Skokomish Indian Reservation lies in the extensive floodplain of
the Skokomish River that drains into Hood Canal just south of Potlatch State Park (Figure 1).
Individual on-site sewage systems are currently the only wastewater treatment and disposal option
on the reservation.  A growing number of on-site systems in low-lying areas flood each year due to
poor soils and high precipitation.  Serious sanitary, human health, and environmental problems
have resulted, because shallow groundwater is the main water source for domestic, livestock, and
commercial needs in the area.

In 1994 the Skokomish Tribe contracted with Kramer, Chin and Mayo, Inc. (KCM) to develop a
wastewater engineering plan for the reservation.  Neither of the potential receiving waters for a
surface discharge, the Skokomish River nor Hood Canal, currently meets water quality
standards.  In addition, nearby Annas Bay is threatened with a shellfish closure (Figure 1).
Because of these existing water quality problems, the recommended wastewater treatment
discharge option called for rapid infiltration of treated effluent.  Rapid infiltration refers to the
technique of applying high rates of wastewater either above or below the ground surface for
infiltration into the soil.  Infiltration is followed by rapid percolation away from the application
point (EPA, 1980).

The Skokomish Tribe subsequently became aware of a potential site that could provide a feasible
location for below-ground rapid infiltration.  The Tribe has begun negotiations with the
Washington State Department of Transportation (WDOT), the property owner, to acquire the
15-acre site along Highway 101 (Figure 2).

Before further negotiations or design and construction efforts could proceed, a hydrogeologic study
of the site was necessary.  Because the Tribe had no other funding source, the Washington State
Department of Ecology Southwest Regional Office asked the Ecology Environmental Assessment
Program to conduct a study to provide information needed to evaluate the feasibility and design
constraints for a rapid infiltration wastewater disposal system at the site.

The site has been used by the WDOT as a storage area and gravel pit for many years, and until a
few years ago it was also used as a vehicle maintenance facility.  In March 1999 when the
hydrogeologic study was about to begin, two large landslides occurred along Highway 101 north of
the site.  The WDOT transported wet soil and debris from the landslides to the site and distributed it
over most of the area previously excavated for gravel.  See Figure 2 for spoils location and Figure 3
for a photo of the debris.  The debris is 12 or more feet deep in most places.  This unexpected event
affected the design of the study and greatly affects design considerations of the site for construction
of a rapid infiltration system.
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Figure 3.  Landslide debris placed at the WDOT site on April 16, 1999.

Figure 7.  Sidewall of TP-1.

Figure 8.  Percolation pit in native soils.
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Objectives
This report is the first of a two-volume series that evaluates the feasibility and design constraints of
the WDOT site for a rapid infiltration wastewater disposal system for the Skokomish Tribe and
local residents.

Volume 1 presents a preliminary characterization of the hydrogeology of the WDOT site on
Highway 101 in Mason County, including the soils and vadose zone.  Design of a rapid infiltration
system is dependent on the type and location of soils on the site.  The soils must have the capacity
to infiltrate the discharged wastewater in order to avoid overland flow and downstream drainage
problems.  Hydrogeologic characteristics also influence the design of the rapid infiltration system in
terms of maximum flow and discharge pipe location and dimensions. Volume 1 also includes a
water quality analysis and establishes a baseline for future reference.

The objective of Volume 2 was to determine if the proposed rapid infiltration system discharge
would cause excessive mounding of the water table if the proposed loading rates were to reach the
water table (Pitz, 2000).

The overall objectives of the studies were to:

• Characterize local groundwater flow: seasonal variation in depth-to-water and flow direction.

• Characterize hydrologic properties of the aquifer and the overlying vadose zone.

• Evaluate the soils for suitability for infiltrating effluent.

• Determine the probable response of the uppermost aquifer to projected wastewater loading.

• Characterize baseline groundwater quality.
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Site Description
Location
The site is located near the north end of the Skokomish Indian Reservation in the northwest
quarter of the northwest quarter of Section 2, Township 21 N, Range 4 W.  It lies on the west
side of Highway 101 just north of the intersection with Reservation Road.  The elevation of the
site is about 30-60 feet above mean sea level (AMSL) according to the USGS 7.5 minute
quadrangle map.  The site slopes somewhat steeply downward from northwest to southeast with
overall slope of about 10%.

Hydrogeology
The site is located on a localized alluvial fan terrace of recessional outwash deposits from the
late Vashon glaciation, according to Molenaar and Noble (1970) (Figure 4).  The outwash
material (Qvr) is typically loose sand and gravel with varying amounts of silt and clay.  The site
is located in a transition zone between steep, forested bluffs to the west and forested wetlands to
the east.  Diagrammatic interpretations of the Skokomish area by Molenaar and Cummans (1973)
and Hong West (1994) indicate that a till layer may underlie the recessional outwash in the
valley.  Below the till layer, Molenaar and Cummans (1973) indicate that sand, gravel, silt and
some clay form the bottom of the Vashon materials in the valley.

The steep, forested slope bordering the west side of the property may be represented as three
eroded layers, starting at the bottom with Pre-Vashon glacial and interglacial deposits (Pv) as
shown in Figure 4.  The Pre-Vashon materials are mostly till and outwash deposited before the
Vashon glaciation, as well as non-glacial sediments such as the Skokomish Gravels
(Hong West, 1994; Molenaar and Noble, 1970).   

The next sequence upslope is Vashon advance outwash (Qva) consisting of dense sand and
gravel, locally containing fine-grained sediments.  The uppermost, extensive sequence of Vashon
till (Vt) caps the slope 400-500 feet above the site.  The top of the terrace has been clearcut and
replanted.  The trees on the terrace are about two years old (Barron, 2000).  The lack of forested
soil conditions may affect recharge through the till.

The eastern border of the site transitions to the forested alluvial floodplain of the Skokomish
River.  The wetland floodplain drains to Hood Canal about three-fourths mile east of the site.

Soils and topography
Most of the site is mapped as Grove gravelly sandy loam, 0-5% slope by the U.S. Soil
Conservation Service (1960).  Slopes based on elevations measured during the study were
2-9% at the site.  Grove soils are somewhat excessively drained, reddish-brown gravelly soils
found in large glacial outwash plains.  According to the U.S. Soil Conservation Service (1960),



Figure 4.  Generalized geologic column from Hong West (1994).
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the Grove soils have developed from Vashon glacial drift by inclusions of local basaltic rock and
mixed material from the Olympic Mountain glaciers.  The soil becomes more gravelly and
cobbly with depth to 32 inches.

The western quarter of the site is mapped as Hoodsport gravelly sandy loam, 15-30% slope.  This
steeper part of the property is mostly forested.  These well-drained soils are typically reddish and
found in the uplands. According to the U.S. Soil Conservation Service (1960), the Hoodsport
soils have developed from granitic till that is highly stained by iron, and contains considerable
metamorphosed and basic igneous gravel and stone.  This material originated from local glacial
till.

Roughly one-third of the site was used for gravel extraction in past years.  The extraction depth
is not known, but during February 1999 it appeared to be about 10-14 feet.  In March 1999 the
WDOT covered the gravel extraction area and surrounding area with debris from a large nearby
landslide.  The approximate extent of the debris coverage is shown in Figure 2.

In addition to the sloping topography from west to east, there is an additional 10-foot drop-off in
the southeast corner of the site below well Skok-4.  The steep cut in the bank was probably
excavated to allow development of the WDOT maintenance building and storage areas.  Clearing
and development of this part of the site has effectively removed some of the unsaturated soils
that would have been available for rapid infiltration system treatment and disposal.

Climate
Annual precipitation at the Cushman Dam NOAA Climate Station about two miles north of the site
in 1999 (NOAA, 2000) was 149 inches, about 160% of the 1924-1977 average of 93 inches
(Shannon & Wilson, 1978).  See Hong West (1994) for more information about local climate.

Daily precipitation values used in the study are taken from the Skokomish Tribal Fish Hatchery in
Potlatch, about one mile north of the site.  Annual precipitation at the hatchery was 147 inches,
about the same as at the Cushman Dam NOAA Climate Station.  It is assumed that precipitation at
the two sites is very similar and that the 1999 total precipitation at the hatchery would be about
160% of the average.
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Methods

Monitoring wells
Four monitoring wells were drilled to about ten feet below the top of the water table on June 8,
1999 (Figure 2).  One well, Skok-1, was drilled in an area presumed to be hydraulically upgradient
of the future rapid infiltration system.  Well Skok-4 was built to replace the WDOT well which
indicated a silt or clay layer at about three feet below mean sea level (Appendix A).  The
remaining two wells were placed for maximum areal coverage of the site and for observing
downgradient changes.  Skok-2 was placed downgradient of the maintenance building in order to
observe potential impacts on groundwater.

The monitoring wells were drilled by Holt Drilling, Inc., Puyallup, Washington, using a
4-1/4-inch I.D. diameter hollow stem auger.  The wells were two-inch diameter Schedule 40,
flush-threaded PVC casing with caps and screens.  The screens were ten feet long with a slot size
of 20.  The sand pack consisted of 10-20 silica sand installed continuously over the screened
interval to two feet above the top of the screen.  Bentonite chips were placed from the top of the
sand pack to within three feet of the ground surface.  Neat cement was placed from three feet
below ground to the surface.  The PVC casing was cut off two feet above the ground level.  A
five-foot long, six-inch diameter locking, outer protective steel casing was then installed over the
well to a depth of about three feet.

During drilling, observations were recorded of subsurface stratigraphy, soil characteristics of split
spoon samples collected every five feet, blow counts for split spoon penetration, well construction,
and pertinent driller’s comments (Appendix A).  Samples were placed in labeled, heavy-duty,
plastic, zip-lock sampling bags for grain size analysis per American Society for Testing and
Materials (ASTM) (1994) Method 2488-90, Standard Practice for Description and Identification of
Soils.  Samples were then taken to the Ecology/EPA Manchester Environmental Laboratory and
transported to Rosa Environmental and Geotechnical Laboratory, Seattle, Washington for grain
size analysis.

The drillers developed the wells one day after drilling.  They pumped each well at about one
gallon/minute using a submersible pump until the discharge was clear, about 30-90 minutes each.

Test pit excavation
Five test pits were excavated with a backhoe operated by the Skokomish Tribal staff on
August 17, 1999 to about 12 feet (TP-1, -2,-3,-4,-5) (Figure 2).  Soil characteristics were logged in
the field.  Samples were collected and handled using the same procedures as used for the
monitoring well soil samples described above (Appendix B).  Like the split spoon samples, test pit
soil samples were transported to Manchester Laboratory and transported to Rosa Environmental
and Geotechnical Laboratory for grain size analysis.  Test pits were covered immediately after
sampling.
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Percolation tests
Five percolation tests were conducted across the site between August 17 and 19, 1999 to test
infiltration rates for the vadose zone soils (IP-1, 2, 3, 4, and 5) (Figure 2).  Standard field
procedures for falling-head percolation tests were followed, as outlined in EPA (1980).

At each test location, a pit was initially excavated by backhoe to a depth of 3.5 to 4.5 feet below
ground surface (bgs).  The decision to conduct the percolation tests below the current ground
surface was made to avoid disturbed surface conditions and to evaluate the soil character at or
immediately below the depth of a typical buried discharge gallery line.  The percolation hole used
for testing was then excavated by hand at the base of the pit.  The soil at the base of several of the
test pits contained a significant percentage of gravel and cobbles, causing  difficulty in maintaining
a percolation test hole of the fixed six-inch diameter required by the test procedures.

With the exception of IP-4, none of the test locations required a pre-test soaking period, due to
very high initial infiltration rates.  Test hole IP-4, which was located in imported material, was
soaked for approximately 23 hours prior to testing.  Test hole IP-2 was located in an area that is
currently covered or backfilled by imported material.  The percolation test conducted at this
location was, however, performed in soils lying below a distinct contact interpreted as the
transition between imported material and native soils.  Percolation tests were repeated for each
location until the infiltration rate stabilized.

Specific capacity tests
Specific capacity tests were run on wells Skok-1, Skok-2, and Skok-4 in September and
October, 1999.  Water was pumped from each well at a rate of approximately six gallons per
minute until the water level stabilized.  Water level measurements were recorded and entered into
a computer program developed by Bradbury and Rothschild (1985).  The program corrects for
partial penetration effects and well loss.  A well loss correction factor of 1 was used for all tests.
Saturated aquifer thickness was assumed to be 19 feet, based on depth to the silty-clay layer in the
WDOT well log and the lack of such a layer in the 50-foot boring at Skok-4.

This test provides reasonably good estimates of hydraulic conductivity.  Results are usually
reliable to within an order of magnitude.

Water table elevations
Well head elevations were surveyed to the nearest 0.01 foot, using a Top Con surveyor’s level and
rod.  Elevations are referenced to a visual estimate of the elevation of Skok-4 from the USGS
7.5 minute topographic quadrangle.  The elevation estimate for ground surface at Skok-4 is
45.00 feet above mean sea level (AMSL).



  Page 15

The depth-to-water was measured monthly in the monitoring wells using a commercial electric
well probe.  A fixed staff was installed at the edge of the wetland southeast of the site entrance
along Highway 101 on Nov 16, 1999.  Measurements of the wetland water surface elevation were
made at least every other week during the wet season and generally more frequently.  The
elevation of the staff  was also surveyed relative to the well head elevations.

Two-meter pressure transducers were installed at Skok-2 and Skok-4 on July 2, 1999.  Calibration
testing prior to installation indicated that the transducers had a precision of 0.01 foot with 2-6 feet
of head above the probe.  Transducers were set at 5.5-6.0 feet below the top of the water table.
This put the transducers at 21.5 feet bgs at Skok-2, and 35.5 feet bgs at Skok-4.  Measurements
were recorded every two hours with a Unidata data logger via a locked, weather-proof, steel
control box.  The data loggers were periodically downloaded and replaced.  The frequency of
logging was reduced after October 12, 1999 to once every 12 hours.  No data were collected at
well Skok-2 from September 21 to December 8, 1999, due to a low data logger battery.

Water quality sampling
Samples were collected quarterly for one year at each of the monitoring wells for water quality
indicators.  Wells were purged and then sampled using a submersible pump pre-rinsed with
deionized water.  The submersible pump intake was set at one to two feet below the top of the
water table, and allowed to run for about ten minutes at about one gallon/minute before samples
were collected.  The exit tubing for the pump was attached to an enclosed Geotech flow cell where
temperature, pH, specific conductance, and dissolved oxygen were measured and recorded during
the purging process.

After at least ten minutes of purging and when field parameters had stabilized, the exit tubing was
disconnected from the flow cell, and samples requiring laboratory analysis were collected.
Samples were collected for the following constituents: ammonia-N, nitrate+nitrite-N, total
persulfate N, total phosphorus, total dissolved solids, chloride, fecal coliform bacteria (on two of
the four sampling rounds), and hydrocarbon identification (one time at Skok-2).  Sample bottles
were immediately placed on ice, maintained at 4°C, and delivered the next day to Manchester
Laboratory.  The methods for analysis and data quality are shown in Table 1.

The hydrocarbon identification sample at Skok-2 on November 8, 1999 was collected to screen for
contamination from activities at the adjacent, abandoned maintenance building.  The timing of the
sample was intended to coincide with a potential first-flush of available, remaining petroleum
product with water percolating through the vadose zone.
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Table 1.  Parameters, test methods, quantitation limits, and required precision and bias.
Test Method Required Required
EPA1/Standard Methods2 Quantitation Precision Bias

Parameter ASTM 3 Limit Matrix4 (%) (%)
pH (Field) WTW Probe5 0.1 Std Unit G 15 10
Specific conductance (Field) WTW Probe5 1 umhos/cm G 15 10
Dissolved oxygen (Field) WTW Probe5 0.1 mg/L G
Chloride EPA 330.0/4110B 0.1 mg/L G 15 10
Total dissolved solids EPA 160.1/2540 1 mg/L G 15 10
Ammonia-N EPA 350.1/4500 NH3 D 0.01 mg/L G 15 10
Nitrate+nitrite-N EPA 353.2/4500 NO3 F 0.01 mg/L G 15 10
Total persulfate N EPA 353.2 (Modified)/4500 0.01 mg/L G 15 10
Total phosphorus EPA 365.3/4500-P F 0.01 mg/L G 15 10
Hydrocarbon Identification MEL SOP No. 730028 6 NA7 G
Grain size ASTM D422-63 (Reapproved S

1990)
1 EPA, 1983.  Methods for Chemical Analysis of Water and Wastes, EPA-600/4-79-020. Revised March 1983.
2 American Public Health Association, 1992.  Methods for the Examination of Water and Wastewater,
 18th Edition.
3 ASTM, 1994.  ASTM Standards on Ground Water and Vadose Zone Investigations, 2nd Ed. Philadelphia.
4 Matrix Codes: G=Groundwater, S=Soil.
5 Wissenshaftlich-Technishce Werkstatten, GmBH.
6 Manchester Environmental Laboratory Standard Operating Procedure.
7 This is a screening method.  It is not quantitative.

Quality assurance
Blind duplicate samples were submitted from one well on each sampling date to estimate
combined analytical and field precision.  The results are shown in Table 2 in terms of relative
percent difference (RPD).  The RPD is the difference between the duplicates divided by their
mean.

Data quality was generally good.  The RPDs for ammonia-N, nitrate+nitrite-N, and total persulfate
N were 0.2-2.0%.  However, the first total phosphorus result from Skok-3 was outside the 15%
limit for precision on August 2, 1999, with an RPD of 28%.  This may have been due to
inadequate purging of the well, which may have allowed more sediment to be collected from the
first sample than from the second.  Chloride, total dissolved solids, and specific conductance had
low RPD’s of 0-3.4%.

A discrepency occurred in the total persulfate nitrogen results in six of 20 samples.  Persulfate N
represents the sum of ammonia-N, nitrate+nitrite-N, and organic N; therefore, persulfate N values
should be at least as high as the sum of ammonia-N and nitrate+nitrite-N.  However, in several
samples the total N value was less than that for nitrate+nitrite-N.  The maximum difference was
0.04 mg/L.  The cause of the discrepency is not known.
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Table 2.  Relative percent differences between duplicate samples.  Concentrations are in
mg/L unless specified otherwise.

Specific
Conductance-Lab

Well Date NH3-N NO2+NO3-N TPN Total P Chloride TDS (umhos/cm)

Skok-3 8/2/99 0.036 0.184 0.172 0.280 1.59 67 68.4
8/2/99 0.032 0.187 0.186 0.080 1.53 61 68.5

RPD (%) 2.9 0.4 2.0 27.8 1.0 2.3 0.0

2/11/00 0.110 0.851 0.918 0.106 2.17 71
2/11/00 0.010 U 0.870 0.944 0.077 2.19 64

RPD (%) NA 0.6 0.7 7.9 -0.2 2.6

5/9/00 0.010 U 0.394 0.410 0.045 1.61 55 73.6
5/9/00 0.010 U 0.410 0.407 0.033 1.61 63 74.2

RPD (%) NA 1.0 0.2 7.7 0.0 3.4 0.2

Skok-4 11/8/99 0.010 U 0.103 0.110 0.034 1.79 68 98.3
11/8/99 0.010 U 0.102 0.109 0.036 1.67 65 98.3

RPD (%) NA 0.2 0.2 1.4 1.7 1.1 0.0
RPD: Relative percent difference, the difference between measurements divided by the mean x 100.
U:  Below detection limit.
NC:  No detectable petroleum hydrocarbons or products, or any other gas chromatographic compounds.
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Results

Monitoring wells
The monitoring well locations are shown in Figure 2.  Well logs are shown in Appendix A.  All
wells were drilled away from the recently imported landslide debris spoils.  Split spoon samples
from Skok-2, Skok-3, and Skok-4 indicated mostly mixtures of sand and gravel, with more
gravel at the surface than at the bottom.  A small number of soil samples from Skok-2 and
Skok-3 also contained more than 5% silt.  Figure 5 shows the ASTM (1994) soils classifications
and d10 values for the boring samples based on grain size analysis for the cross-section in
Figure 2.  A summary of the soil classifications and d10 values are shown in Table 3.

At Skok-2, samples collected at 15, 20, and 30 feet depth contained more than 10% of particles
finer than 75 um (No. 200 sieve).  At Skok-3, samples from 5, 25, and 30 feet contained more
than 10% finer than 75um.  The d10, or effective grain size, is the sieve diameter through which
10% of soil particles pass and can be extrapolated from the grain size distribution.  Grain size
distribution curves for the split spoon samples are shown in Appendix C.  Table 4 shows the
percent of particles retained for various sieve sizes.

The d10 values for Skok-2, Skok-3, and Skok-4 were mainly in the range of 0.2-0.3 mm.  The d10
values in the few soil samples at Skok-2 and Skok-3 that contained more than 10% silt were
about an order of magnitude lower than those without a significant fraction of silt.  Split spoon
samples tend to underestimate the importance of large cobbles and boulders due to the narrow,
1.5-inch diameter of the sampler.  When cobbles and boulders are encountered by the split spoon
sampler, they are either broken and small fragments obtained or the sampler simply does not
collect a sample.  A significant component of the material in the native soil test pits was
composed of materials greater than 1.5 inches in diameter to a depth of 12 feet.

Soil samples from Skok-1 indicate a silty-clay layer at 20 feet and silty sand from 10 to 15 feet.
The 20-foot sample was a compacted, orange, silty-clayey sand and gravel.  The d10 value for the
20-foot sample was 0.008 mm, about two orders of magnitude less than those for most samples
from the other monitoring wells.  The d10 values for the 10- and 15-foot samples were about one
order of magnitude lower than those from the other wells.  The d10 values for samples in the
fine to medium sand below the till layer, 0.13-0.28 mm, were similar to those in the other wells.

Test pits
The test pit locations are shown in Figure 2.  Logs of the test pit excavations are shown in
Appendix B.  Figure 6 shows the ASTM (1994) soil classifications and d10 values for the soil
samples based on grain size analysis for the cross-section in Figure 2.  Two of the test pit logs,
TP-1 and TP-5, are also shown with the monitoring wells in Figure 5.
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Table 3.  ASTM soil classifications for split spoon samples based on grain size analysis
(Method 2487-92 Standard classification of soils for engineering purposes) and effective
grain size (d10) estimates.

Lab # Field I.D. Depth (ft) Soil Class Description d10
1(mm)

34-8180 SK-1, S1 5 GP Poorly graded gravel w/ sand 0.85
34-8181 SK-1, S2 10 SM Silty sand 0.015
34-8182 SK-1, S3 15 SP-SM Poorly graded sand w/ silt 0.03
34-8183 SK-1, S4 20 SC-SM Silty, clayey sand and gravel 0.008
34-8184 SK-1, S5 25 SM Silty sand 0.05
34-8185 SK-1, S6 30 SW Well graded sand w/ gravel 0.28
34-8186 SK-1, S7 35 SP Poorly graded sand 0.13
34-8187 SK-1, S8 40 SP Poorly graded sand 0.18

23-8215 SK-2, S1 5 SM Silty sand with gravel 0.23
23-8216 SK-2, S2 10 GP Poorly graded gravel w/ sand 0.41
23-8217 SK-2, S3 15 GW-GM Well graded gravel with sand and silt 0.04
23-8218 SK-2, S4 20 SW-SM Well graded sand w/ silt and gravel 0.20
23-8219 SK-2, S5 25 SP-SM Poorly graded sand w/ gravel and silt 0.16
23-8220 SK-2, S6 30 SP-SM Poorly graded sand w/ gravel and silt 0.16

23-8221 SK-3, S1 5 SM Silty sand w/ gravel 0.02
23-8222 SK-3, S2 10 GW Well graded gravel w/ sand 0.19
23-8223 SK-3, S3 20 GW-GM Well graded gravel w/ silt and sand 0.19
23-8224 SK-3, S4 25 SW-SM Well graded sand w/ silt and gravel 0.06
23-8225 SK-3, S5 30 SW-SM Well graded sand w/ silt and gravel 0.07
34-8188 SK-3, S6 35 SP-SM Poorly graded sand w/ silt and gravel 0.25

23-8205 SK-4, S1 5 SW Well graded sand w/ gravel 0.25
23-8206 SK-4, S2 12.5 GW-GM Well graded gravel w/ silt and sand 0.25
23-8207 SK-4, S3 15 GW Well graded gravel w/ sand 0.33
23-8208 SK-4, S4 20 GW Well graded gravel w/ sand 0.30
23-8209 SK-4, S5 25 SW Well graded sand w/ gravel 0.36
23-8210 SK-4, S6 30 GP-GM Poorly graded gravel w/ silt and sand 0.07
23-8211 SK-4, S7 35 SP-SC Poorly graded sand w/ silty clay and

gravel
0.18

23-8212 SK-4, S8 40 SP-SM Poorly graded sand w/ silt and gravel 0.20
23-8213 SK-4, S9 45 SP Poorly graded sand 0.28
23-8214 SK-4, S10 50 SP Poorly graded sand 0.26
1d10 is the particle-size diameter corresponding to 10% passing on the cumulative distribution curve.
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Three of the five test pits were excavated in native soils (TP-1, TP-3, and TP-5) and two at least
partially in landslide debris (TP-2 and TP-4).  The native soils were coarse sand and gravel with
large cobbles.  No visual observations of fine-grained bedding or obstructions to downward flow
of water were noted.  Figure 7 (page 5) shows a side-wall of TP-1.

Soil classifications based on grain size analyses for the native soils (TP-1, TP-3, and TP-5) were
all gravel, some well sorted and others poorly sorted (Table 5).  The d10 values for the native
soils ranged from 0.15 mm to 1.0 mm.  The median value was 0.53 mm.  Soil samples from test
pits tend to be biased toward smaller particle sizes, especially when cobbles and boulders are
present, as they were in these test pits.

Table 5.  ASTM (1994) soil classifications for test pit samples based on grain size analysis
(Method 2487-92, Standard classification of soils for engineering purposes) and effective grain
size (d10) estimates.

Depth d10
Lab # Field I.D. (feet) Soil Class Description (mm)
34-8189 TP-1, 3ft 3 GW Well graded gravel w/ sand and cobbles 1.00
34-8190 TP-1, 8ft 8 GW Well graded gravel w/ sand and cobbles 0.75
34-8191 TP-1, 12ft 12 GW Well graded gravel w/ sand and cobbles 0.70
34-8192 TP-2, 6 ft 6 SP-SM Poorly graded sand w/ silt 0.07
34-8193 TP-2, 12 ft 12 GP Poorly graded gravel w/sand 0.17
34-8194 TP-3, 4 ft 4 GW Well graded gravel w/ sand and cobbles 0.33
34-8195 TP-3, 11 ft 12 GW-GM Well graded gravel w/ sand, silt, and cobbles 0.15
34-8196 TP-4, 4 ft 4 SP-SM Poorly graded sand w/ silt, gravel, and cobbles 0.08
34-8197 TP-4, 10 ft 10 SP-SM Poorly graded sand w/ silt, gravel, and cobbles 0.08
34-8198 TP-5, 4 ft 4 GP Poorly graded gravel w/ sand and cobbles 0.53
34-8199 TP-5, 10 ft 10 GP Poorly graded gravel w/ sand and cobbles 0.28

Soils in the landslide debris zone (TP-2 and TP-4) consisted of fine to medium sand with 15% or
less gravel and scattered woody debris.  The landslide soils had an organic odor.  The d10 values
for the landslide soils ranged from 0.07 to 0.17 mm.  The bottom two feet of TP-2 between ten
and 12 feet and the bottom west corner of TP-4 appeared to be transition zones between the
landslide debris and native soils.  There was a distinct difference in color and texture of the soil
in the transition areas.  The d10 value at 12 feet in TP-2, 0.17 mm, was also in the range found in
native soils.

Percolation tests
The location of the infiltration pits is shown in Figure 2.  Four of the five infiltration tests were
conducted in native soils (IP-1, IP-2, IP-3, and IP-5).  Results of the infiltration tests are shown
in Table 6.  Infiltration through the native soils was so rapid that it was difficult at times to make
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accurate water level measurements.  Figure 8 (page 5) shows one of the percolation pits in native
soil.  The infiltration rate in the infiltration pit located in the landslide debris soils, IP-4, was only
about 500 minutes/inch.

Table 6.  Percolation test results using EPA (1980) Falling Head
Percolation Test Procedure.

Estimated Infiltration Rate
Location Field Description (minutes/inch)
IP-1 gravelly, cobbly sand <1
IP-2 sand w/ minor gravel <1
IP-3 very gravelly sand <1
IP-4 loamy sand w/ gravel, organics 500 (imported material)
IP-5 gravelly, cobbly sand <1

Specific capacity tests and screened zone materials
The hydraulic conductivity (Ks) estimates for the aquifer materials near the screened zone of the
wells were:
• Skok-1: 60 feet/day
• Skok-2: 350 feet/day
• Skok-4: 400 feet/day

Fine sands comprised more than 80% of the particles in the screened zone of Skok-1 with very
little gravel compared to 20-45% fine sand in Skok-2 and 12-20% in Skok-4 (Table 3).  Skok-2
and Skok-4 had 6-42% gravel and cobbles in the screened zone and more medium to coarse sand
than Skok-1.

Water table elevations and flow direction
Monthly water level measurements at all wells are shown in Figure 9.  The data are shown in
Appendix D. Water level elevations in Skok-1 were consistently four to five feet higher than in
the other three wells.  Elevations in Skok-2, Skok-3, and Skok-4 were consistently within a few
tenths of one foot of one another.  Annual water level variation was 3.6 feet in Skok-1 and about
1.5 feet in wells Skok-2, Skok-3, and Skok-4.  The water surface elevation in the wetland was
within a few tenths of one foot of the elevation of the nearest well, Skok-2, indicating a close
connection with the water table aquifer at the site.  The unsaturated zone thickness ranged from
15 feet at Skok-2 to 30 feet at Skok-4.

Recharge resulting from precipitation moved rapidly to the water table in wells Skok-2 and
Skok-4, where pressure transducers logged daily water table depths during most of the study
(Figures 10 and 11).  Water table elevations in both wells typically began to rise or fall within
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one to three days of a winter rain event.  Likewise, dry periods during the winter (i.e.,
December 18-29, 1999) resulted in rapidly decreasing water table elevations in both wells.  The
rapid change in water table elevations indicates that flow was rapid not only through the
unsaturated zone but also through the underlying saturated zone.

Groundwater in the unconfined aquifer flows from northwest to southeast (Figures 12 and 13).
This is the expected groundwater flow direction, from higher to lower elevation and toward
Hood Canal in the east.  The horizontal gradient between Skok-1 and Skok-4 was 0.2-0.3.  The
gradient almost completely flattens out between the other wells to gradients of 0.0004-0.003.

Groundwater quality
Results of quarterly water quality sampling from the monitoring wells are shown in Appendix E.
All results were well within drinking water standards and, with the exception of nitrate+nitrite-N,
similar to background median concentrations found in Puget Sound wells in 1981 by the USGS
(Turney, 1986) as shown in Table 7.  At that time, more than 75% of wells in the Puget Sound
region had nitrate-N concentrations less than 1.0 mg/L.

Table 7.  Comparison of median groundwater quality values with USGS
(1986) and Washington State drinking water standards (Chapter 246-290
WAC).  Concentrations are in mg/L.

Drinking Water
Ecology 1999 USGS (1986)2 Standard

NO3+NO2-N1 0.284 0.04 (0.10) 10.0
Total Dissolved Solids 71.5 --- (102) 500
Chloride 1.8 1.8 (2.1) 250
Specific Conductance 97 113 (130) 700
   (umhos/cm)
1 The drinking water standard is for NO3-N.  NO2-N is usually negligible in
groundwater.
2 Medians are based on five samples.
( ) Data were collected before the USGS (1986) study.

Two of four samples from Skok-1 had nitrate+nitrite-N concentrations between 1 to 2 mg/L.
(Nitrite-N is typically negligible in groundwater.)  In the other two samples, nitrate+nitrite-N
concentrations were below 1 mg/L.  The range of nitrate+nitrite-N values in the other three wells
was 0.045-0.870 mg/L.

Mean values for the analytes in each well shown in Table 8 indicate slightly higher levels of
nitrate+nitrite-N, TPN, total P, TDS, and specific conductance in Skok-1 than in the other wells.
Skok-2 had slightly lower values for the same constituents.  Values for chloride were similar in
all wells, ranging between 1.59 and 2.32 mg/L.
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Table 8.  Mean water quality values for quarterly monitoring.  Concentrations are in mg/L
unless otherwise specified.

Laboratory Analytes Field Parameters
Specific Conduc- pH Conductivity Dissolved

Well NO2+NO3-N TPN Total P Chloride TDS tance (umhos/cm) (S.U.) (umhos/cm) Oxygen

Skok-1 1.00 1.04 0.181 2.06 91 123 6.8 121 10.0
Skok-2 0.070 0.071 0.039 1.92 55 72 6.4 69 8.6
Skok-3 0.558 0.586 0.126 1.97 66 81 5.8 80 8.3
Skok-4 0.253 0.257 0.103 1.82 76 102 6.3 101 8.0

Fecal coliform bacteria were not detected in any of the wells on August 2, 1999 and May 9,
2000.  Neither petroleum hydrocarbons or products, nor other gas chromatographic compounds,
were detected in Skok-2.  Sampling for hydrocarbons occurred on November 8, 1999, after the
onset of winter precipitation and a corresponding rise in the water table.  It was not an objective
of the study to assess for contamination from past practices at the site.
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Discussion

Vadose zone
Information on vadose zone characteristics of the site is available from test pit logs, well logs,
grain size analyses, and percolation tests.  One of the key findings that impacts the design of a
rapid infiltration system facility at the site is that the native soils are permeable sand and gravel
with cobbles and boulders.  There were no visible signs of fine-grained layers in the native soils,
while the landslide deposits are quite impermeable sands with silt.  The landslide spoils that
cover a large portion of the site to a depth of about 12 feet are unsuitable for a rapid infiltration
system.

Discussed below are (1) indications of potential low permeability zones above the water table
based on drilling samples, and (2) the thickness and permeability of the vadose zone as a whole.

Screening for low permeability zones

Low permeability zones within the unsaturated zone could prevent infiltrating treated effluent
from percolating to the water table and ultimately downgradient.  This could lead to effluent
surfacing or other problems.  The d10 value was used as an indicator of soil permeability to
screen for potential low permeability zones.  Grain size, which is the basis for the d10 value, does
not take into account other important factors that influence permeability such as soil structure,
layering, and water content.

It was assumed that Ks values from specific capacity tests were a reliable estimate of
permeability within an order of magnitude.  The d10 values for the soil samples from the screened
zones of the monitoring wells and test pits adjacent to the infiltration pits were compared with
d10 values for the unscreened zones of the well borings and the test pit samples not adjacent to
infiltration pits.  Although the hydraulic conductivity of unsaturated materials is typically
different from that of saturated soils, saturated hydraulic conductivity estimates were used as a
best guess regarding relative soil permeability.  It is likely that at least part of the effluent flow
will be under saturated conditions.

Field-measured Ks estimates in the monitoring wells, 60 to 400 feet/day, corresponded to d10
values in the screened zones of 0.13-0.28 mm (Figure 5).  Percolation through the native soils
was very rapid.  d10 values in the test pits beside the infiltration pits in native soils ranged from
0.15 to 1.0 mm, many exceeding those for the saturated zones of the monitoring wells tested
(Figure 6).  Within the landslide debris, percolation was very slow.  Likewise, d10 values in the
landslide debris test pits were some of the lowest found at the site, 0.07 to 0.08 mm.  (A d10 value
in TP-2 of 0.17 mm was collected in the transition zone between native and landslide spoils, and
was therefore not considered representative of landslide debris.)

Based on a comparison of d10 values with the specific capacity-based Ks estimates, samples from
TP-1, TP-3, and TP-5 indicate Ks values for the vadose zone of about the same order of
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magnitude as those found in the monitoring wells, or higher.  d10 values for samples of the
unsaturated zone near the monitoring wells were also mostly in the same range as those for the
saturated zone near the screened area of the wells tested for specific capacity.  Therefore the
hydraulic conductivity for most of the soil samples from the vadose zone would be expected to
be similar to or greater than those found in the monitoring wells.

Though fewer in number, several grain-size samples for the unsaturated zones of the well
borings had d10 values in the same range as those for test pits in the landslide spoils.  This may
indicate zones of slow percolation.  Low d10 values in Skok-1 at 10- to 25-feet, 0.008-0.05 mm,
provide further evidence of a distinct low permeability zone (Figure 5).  Less distinct zones of
lower permeability may be indicated by soil samples at Skok-2 (15 feet), Skok-3 (5, 25, and
30 feet), and Skok-4 (30 feet).  As mentioned previously, samples collected using the small-
diameter split spoon sampler may underestimate materials greater than 1.5 inches diameter.  In
addition, grain size alone is not a conclusive indicator of permeability.

At 15 feet in Skok-2 the d10 value, 0.04 mm, was in the same range as the low permeability
landslide spoils.  Although this depth is relatively close to the water table, if extensive, a low
permeability layer at 15 feet could redirect percolating effluent and cause surfacing or drainage
problems.  The blow counts for this sample indicated loose material.  The small sample recovery,
20% of the split spoon length, provides only a small indication of the material present.

Three samples from Skok-3 had d10 values in the same range as the landslide spoils, at 5, 25, and
30 feet.  The five-foot sample could indicate an obstruction to infiltration if it represents an
extensive low permeability layer and if water were infiltrated above it.  The split spoon samples
at 25 and 30 feet contained at least 30-60% gravel and broken cobbles.  Cobbles were a problem
during most of the drilling at Skok-3.  Therefore the split spoon samples, which were less than
half full, may misrepresent the true character of the materials at 25 and 30 feet.  Even if the
samples truly represent low permeability layers, they should not affect infiltration, because the
25-foot sample is close to the water table and the 30-foot sample is at or below the water table.

In Skok-4 a low d10 value at 30 feet, 0.07 mm, also probably does not represent a low
permeability layer.  The split spoon penetration indicated very hard material.  The small sample
(less than 17% full) appeared to be mostly broken rock.  Therefore the grain size information is
probably not representative of the material at that depth.

Although four out of five samples indicating low permeability layers in Skok-2, Skok-3, and
Skok-4 are located at 10-20 feet elevation (Figure 5), most of the samples cannot be considered
representative of the material at that depth because the samples were so small.  The substrate that
was being sampled was either too hard or too loose for proper sample collection.  It seems
unlikely that a low permeability layer extends throughout the site at 10-20 feet elevation, because
most of the samples were taken in what appear to be cobbly areas.  However, loose soils such as
those found in the 15-foot sample in Skok-2 and the 5-foot sample in Skok-3 cannot be ruled out
as low permeability zones of unknown extent.  Additional sampling would be needed to
determine the existence, thickness, and extent of any fine-grained layering and whether they
would pose a problem for a rapid infiltration system.
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Site-wide vadose characteristics

Samples from the unsaturated zone of the monitoring wells which were drilled through native
soils showed somewhat less permeable materials when compared with test pit samples at similar
depths.  This bias toward smaller particles in split spoon samples is consistent with the small
diameter of the sampler, compared to the open excavation available for collecting more
representative test pit samples.  Cobbles and boulders, which were widespread in the native soil
pits, could not be included in monitoring well split spoon samples.  Large materials are likewise
under-represented in test pit samples.

Assuming no obstacles to percolation, the 15- to 28-foot thick unsaturated zone allows for
installation of an effluent discharge line three feet deep and 10-25 feet above the water table.
The greatest depth-to-water was found in Skok-4.  Excavation and removal of about 10-15 feet
of material in the southeast part of the site causes Skok-2 to have the shallowest depth-to-water,
about 15 feet during the winter.

The rapid water table response to recharge from 147 inches of precipitation over the year-long
study indicates that the soils on the site, as a whole, are highly permeable.  This may indicate that
low permeability zones described below and observed in soil samples are not extensive enough
to obstruct flow on the site as a whole.  There is little evidence to indicate that a low permeability
zone extends between wells.  However, even if not extensive over the site, the area where
effluent is infiltrated and the nearby vadose areas should be free of low permeability zones.

Although rapid infiltration is a favorable aspect for construction of a rapid infiltration system,
additional treatment of effluent as it percolates is unlikely to be significant.

Water table aquifer
The water table aquifer is composed mainly of Vashon recessional outwash material.
Monitoring wells Skok-2, Skok-3, and Skok-4 are screened in medium sand with some gravel
and silt.  Small cobbles were also observed in grain size analyses, although difficult to represent
with the small diameter sampler.  A contact between coarse-grained sand and gravels covering
most of the site and finer materials was observed in Skok-1 at the base of the bluffs beginning at
10-15 feet bgs.  The percent cobbles drops to zero at 15 feet from 45% at 5 feet, and fines
increase to 27% at 20 feet from 2.8% at 5 feet.  A distinct, fine-grained, oxidized till layer was
evident in the 20-foot sample (Table 4).  The extent of the layer could not be determined.  Below
the silty-clay layer, fine sand makes up over 80% of the material.

No distinct, fine-grained layers were visually observed during drilling of the other three
monitoring wells, including Skok-4, drilled to 50 feet (elevation -5 feet AMSL).  However,
grain-size distributions from samples of the Skok-2 and Skok-3 borings indicated zones with
lower permeability based on d10 values as discussed in the above section, Screening for low
permeability zones.
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In terms of function, the silty-clay layer in Skok-1 does not seem to act as a confining layer.  The
water levels in Skok-1 are below the elevation of the layer.  During drilling there was also no
moisture observed above or within the silty-clay layer to indicate perching.  However, drilling
occurred during the dry summer period when little moisture would be expected to be percolating
from above.

A 10-foot thick, gravel and clay layer was noted in the 1956 log for a WDOT well at about
elevation -3 feet AMSL, and at a private well just east of the site at elevation -20 feet AMSL
(Appendix A).  The WDOT well could not be located during the study, but WDOT staff working
at the site indicated that it lies between Skok-2 and Skok-4.  The log for the WDOT well
indicates that the material below the gravel and clay layer was gravel, similar to that above the
layer and unlike the fine sand below the silty-clay layer at Skok-1.

The extent of the gravel and clay layer is unknown, but for the purposes of assessing the site for
a rapid infiltration system it is assumed that the layer forms the base of the upper aquifer at
-3 feet AMSL.  The potential thickness of the upper aquifer, therefore, is assumed to be 50 feet
over most of the site based on the lack of a confining layer in Skok-4 to at least 50 feet.  The
saturated thickness of the aquifer during the study was about 20 feet, based on water table
elevations (Appendix D).  If the overlying unsaturated zone is included, the potential aquifer
thickness is 50 feet at Skok-3 and Skok-4 and 35 feet at Skok-2.

The current relatively deep water table, 15-30 feet bgs, allows for a moderate water table rise if a
rapid infiltration system is constructed.  This is discussed in more detail in Volume 2 (Pitz,
2000).

The moderately high estimate for hydraulic conductivity of the recessional material,
350-400 feet/day, is conducive for flow of infiltrated groundwater off-site.  The water table
fluctuation of 1.5 feet during the study in the three downgradient wells (Skok-2, Skok-3, and
Skok-4) during a year with 1.5 times the normal precipitation, indicates rapid flow of recharge to
the aquifer and within the aquifer.  However, the lower hydraulic conductivity in the transition
zone between the coarse outwash and finer sand material, 60 feet/day (Skok-1), coincided with a
3.5-foot fluctuation during the study.  This lower conductivity and larger water table fluctuation
resulting from recharge alone could result in a greater water table rise than in the outwash
material if water were infiltrated in this zone.  The lateral extent of the lower permeability zone
could not be determined with the limited number of samples.

Groundwater flow is from northwest to southeast toward the adjacent wetland and Hood Canal.
Potential impacts of the projected rapid infiltration system on the downgradient wetland and
estuarine water were not addressed in this study.

Groundwater quality
Water quality in the monitoring wells surpassed drinking water standards for specific
conductance, total dissolved solids, nitrate, and chloride (Chapter 246-290 WAC).  Results from
the monitoring wells at the site were similar to background concentrations found in Mason
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County by the U.S. Geological Survey in 1981 (Turney, 1986) as shown in Table 7.  Skok-1 had
slightly higher concentrations of nitrate+nitrite-N, TPN, total P, TDS, and specific conductance
than the other wells.  The slightly higher concentrations in Skok-1 may be related to differences
in aquifer materials.

Hydrocarbons and products were not found when analyzed in the well closest to the WDOT
maintenance facility, Skok-2.  However, this result does not preclude the need for further site
investigation of potential impacts from past practices at the maintenance facility.  The sample
was taken merely as a basic screening tool and was not a stated objective of the study.
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Conclusions

• Test pit observations indicated that native soils are mainly composed of sand and gravel with
cobbles and boulders.  There was no evidence of fine-grained layers or obstacles to
downward flow of water in the native soil test pits.

• Percolation rates were less than one minute/inch in the native soils and roughly eight
hours/inch in the landslide debris soils.

• The site has a relatively thick vadose zone (15-28 feet).  The thinner zone at well Skok-2 is
due to excavation.

• Hydraulic conductivity estimates for the coarse, outwash material found in wells Skok-2,
Skok-3, and Skok-4 based on specific capacity testing are  in the range of 350-400 feet/day.
The permeability estimate for the finer sand found in Skok-1 at the base of the bluff is
roughly 60 feet/day.

• Based on soil types, grain size distributions, inspection of test pits, and the rapid water table
response to recharge, the native soils appear suitable for rapid infiltration.  However, the
imported landslide debris soils are not suitable.

• Percolation rates in the native soils were so high that little additional treatment can be
expected for effluent percolating through the soil.

• The low permeability layer at about 15-25 feet in well Skok-1 could obstruct downward flow
if effluent were applied in this area or similar areas in the western part of the site where finer
deposits exist above the water table.

• Low-permeability layers may be present at 15 feet bgs at well Skok-2 and less possibly at
5 and 25 feet bgs at Skok-3, based grain size analysis of split spoon samples.  The limited
density of samples over the site and low sample recovery makes it impossible to determine
the extent of these layers if they exist.  If extensive, these layers could obstruct downward
flow of effluent infiltrated nearby, causing effluent to surface before reaching the water table.

• Groundwater flows from higher elevation to lower elevation or from northwest to southeast.
The horizontal flow gradient is steep between well Skok-1 and the other wells due to its
location at the base of the steep bluffs and because it is completed in finer material than the
other wells.  The flow gradient is flat between the other three wells.

• The area near well Skok-4 and test pit TP-1 appears to be the most favorable for infiltration
as long as sufficient distance is maintained from the contact with finer grained material
represented in Skok-1.  This area is most favorable, because there is no evidence of a
fine-grained layer above the water table, and the unsaturated zone is the thickest observed.
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• Water quality results for nitrate+nitrite-N, chloride, specific conductance, and total dissolved
solids were far below maximum contaminant levels and similar to background concentrations
in Mason County.

• No hydrocarbons were found in one sample from the monitoring well downgradient of the
abandoned maintenance building.  However, it was not an objective of the study to assess the
potential for contamination at the site.

• Impacts on the wetland downgradient and across the highway from the study site were not
analyzed.
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Recommendations

• Construct one or more additional investigative borings between wells Skok-1 and Skok-4 to
gain more information about the elevation and geometry of the fine-grained unit identified in
Skok-1.

• Survey monitoring well elevations to 0.01 foot to verify correct groundwater flow direction.

• Due to the permeable soils, deep unsaturated zone, distance from the landslide spoils and
lack of more detailed information, the area near well Skok-4 and test pit TP-1 appears to be a
favorable location for the rapid infiltration system.  Care is needed to avoid the fine-grained
material just west of this area observed in Skok-1.

• Do not construct the infiltration area in the landslide debris soils.

• Characterize the soils in the proposed infiltration area in detail to detect any potential
obstacles to infiltration.

• A pilot-scale infiltration field test is recommended prior to system construction to minimize
the uncertainties discussed in this report.

• Appropriate operation and maintenance procedures should be implemented to minimize
aquifer plugging over time and ensure that aquifer transmissivity does not diminish over
time.
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Appendix A

Drilling logs
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Appendix B

Test pit logs
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Appendix C

Grain size results for test pit and monitoring well split spoon samples
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Appendix D

Water table and ground surface elevations
of the monitoring wells and wetland
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Appendix E

Water quality data
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