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A. Campbell Stringer, M.S., June 1991
Geology

A Hydrogeological Investigation of the Former
Burlington Northern Fueling S8ite, Missoula, Montana.

Director Dr. Nancy Hinman/{/VU,

At the request of the Montana Water Quality Bureau (MWBQ)
Burlington Northern Railroad (B. N.) initiated an
environmental investigation at its fueling facility in
Missoula. The subsurface was found to be contaminated with
diesel fuel. The purpose of this study was to develop a
conceptual model of the site and explain the behavior of
diesel fuel in accordance with that model.

A conceptual model was developed based on geologic cross-
sections, well hydrographs, potentiometric maps, aquifer
test results and chemical analysis of ground water. An
aquitard exists under the west end of the site and probably
extends north to the bedrock of Waterworks hill. oOutflow
from Waterworks Hill is the most significant source of
recharge to the perched aquifer. Ground water flow is to
the southwest and west in the regional aquifer and to the
southeast on the perched aquifer. Hydraulic conductivities
are greater to the south and west than to the north and
east. At least one hydrostratigraphic unit different from
the regional aquifer exists, possibly Tertiary sediments.
Significant quantities of recharge to the regional system
are contributed by outflow from Waterworks hill, Rattlesnake
Creek and the Clark Fork River.

Three zones of contamination are associated with three
fueling areas. Mobility of diesel fuel was found to vary
seasonally with water levels. Apparent product thicknesses
fluctuated the most in wells having the most seasonal
variability in water levels.

The conceptual model developed explains the observed
behavior of diesel fuel.

ii
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CHAPTER 1: INTRODUCTION

In 1985, at the request of the Montana Water Quality
Bureau (MWQB), Burlington Northern Railroad (B.N.) initiated
an environmental investigation at its former refueling site
in Missoula, Montana. The MWQB had found that most older
fueling sites in Montana and the United States had fuel
contamination beneath them (personal communication, John
Arrigo, MWQB). According to the Montana Water Quality Act,
section 75-5-605:

"It is unlawful to cause pollution . . . of any

state waters or to place or cause to be placed any

wastes in a location where they are likely to

cause pollution of any state waters."

Also, according to MWQB, 1984:

". . . depending on the severity of the spill or

accidental discharge, the department may require

the owner or operator to: a) take immediate

remedial measures; b) monitor the direction,

depth and rate of movement of any contaminated

groundwaters and anticipated future beneficial

uses of the groundwater supply impacted. . . ".

Once contamination was detected beneath the B.N. site, the
MWQB ordered that a monitoring program be established and
some immediate remedial measures be taken. When this study
began, three consulting firms had already investigated the
site. Several monitoring wells had been installed and a
moderate amount of diesel fuel had been recovered.

The theoretical physical behavior of petroleum fuels in

porous media has been studied in detail. However, actual



observed behavior in heterogenous environments is often
unexplainable in terms of present knowledge. "Little is
known about what happens (chemically) to diesel fuel that is
spilled into the soil environment. Most research to date on
the environmental fate of petroleum products has been done
on gasoline and crude oil in the marine environment" (Burns,
1979) .

Figure 1.1 shows the location of the study area within
the Missoula Valley. Figure 2 is a map of the study area

showing major features and well locations.

PROJECT GOALS
The first goal of this project was to develop a
conceptual model of the physical system by:
A. Analyzing well logs and assessing the depositional
environment;
B. Determining the gross ionic water chemistry:;
C. Identifying distinct hydrostratigraphic units;
D. Ascertaining general direction of ground water flow;

E. Estimating aquifer properties.
The second goal of this project was to interpret the
behavior of diesel fuel in accordance with the conceptual

model by:

A. Evaluating the effect of seasonal changes in flow









direction and water levels on the contaminant
plumes;
B. Assessing any temporal changes in the contaminant

plumes;

THESIS8 ORGANIZATION

The remainder of this thesis is organized into four
parts. Chapter 2 discusses the theoretical and observed
behavior of petroleum hydrocarbons such as diesel fuel, a
review of pertinent previous investigations of diesel fuel
spill sites, and a brief listing and description of previous
work on the Missoula Aquifer.

Chapter 3 describes the physical flow system of the
B.N. site. It presents background information on the
stratigraphy, hydrology and chemistry of the Missoula
Aquifer and cites other examples of groundwater
contamination in the Missoula Valley. Methods used in

stratigraphic, hydrologic, and chemical data collection and

analysis are described. This chapter also presents the
results and interpretation of such data analysis.

Chapter 4 discusses the contamination of the subsurface
by diesel fuel. Chapter 5 summarizes anticipated future

changes and concludes with recommendations for future work.



CHAPTER 2: BACKGROUND

This chapter is divided into three sections which
provide background information on petroleum hydrocarbons in
general and diesel fuel specifically. The first section
presents an overview of the theory of multiphase flow in a
porous medium. The second describes typical behavior of a
liquid hydrocarbon spill. The third section lists some
properties of diesel fuel.

Diesel fuel, 1is immiscible in water, as are all liquid
hydrocarbon fuels. They are often referred to as non-
aqueous phase liquids (NAPLs). NAPLs are immiscible with
water because they are non-polar molecules and water is a
polar molecule. Those NAPLs which are more dense than water
are referred to as DNAPLs (for dense NAPL) and those which
are less dense than water are referred to as LNAPLs (for
light NAPL). In this discussion the terms LNAPL,
hydrocarbon, product and oil will be used interchangeably.

I will first examine the theory of multi-phase fluid
flow in order to provide a foundation for a discussion of

the behavior of diesel fuel in porous aquifer material.

THEORY OF MULTIPHASE FLOW
An understanding of the pore-scale theory of multi-

phase immiscible flow is critical in the consideration of
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the behavior of NAPLs in porous media. Much of this theory
was developed by petroleum engineers.

Two types of flow are possible when two or more fluids
occupy a porous medium domain: miscible displacement and
immiscible displacement. Bear (1972) defines immiscible
displacement as simultaneous flow of two immiscible fluids
or phases in a porous medium domain. The interfacial tension
is non-zero, and a distinct fluid-fluid interface separates
the fluids in each pore. A capillary difference exists
across the interface at each point on it. There is actually
a zone between the two fluids but treating it as an abrupt
interface is a simplifying approximation that aids in
modeling immiscible flow.

When two or more immiscible fluids occupy the same void
space, the saturation of a given fluid is the fraction of
void volume of the porous medium occupied by the fluid
within a relative elementary volume (REV) at a point.

When a liquid comes into contact with another substance
(another immiscible liquid, a gas, or a solid) there is a
free interfacial energy between them. Differences in
surface tension result in interfacial tension.

At this point the concept of wettability must be
introduced. Equation (1) is Young's equation for

interfacial tension.

Ia1 cose = ( Oy ~ o) (1)



Figure 2.1: Interfacial tensions (Bear 1972)

In this equation o, refers to the interfacial tension
between two substances denoted by subscripts where s is
solid, g is gas, and 1 is liquid. 1In equation (1) the angle
8 is called the contact angle. The product g, cosé is
called the adhesion tension; it determines which fluid will
wet the solid, i.e. adhere to it, and spread over it. When
@ < 90° the fluid (L in Figure 2.1) is said to wet the
solid and is called the wetting fluid. When 6 > 90° the
fluid (G in Figure 2.1) is called a nonwetting fluid.

When two immiscible fluids are in contact in the
interstices of a porous medium a discontinuity in pressure
exists across the interface separating them. Its magnitude
is a function of the curvature of the interface separating

them. This pressure is capillary pressure, P_, which can be

c!

calculated as (Dracos, 1987):



P. = Py = P, =0, (2/Ry) (2)
where P, is the pressure in the nonwetting fluid and P, is
the pressure in the wetting fluid at the interface. O is
the interfacial tension between the two fluids and Rm is an
average radius of curvature of the interface.

Since it is not possible to know the shape of all the

interfaces between fluids a more feasible formulation comes

from averaging over a REV (Bear, 1979) which indicates:

P, = £(S,) (3)

c

at any point within the flow domain. S, is the degree of
water saturation of the void space. This relation can be
determined experimentally, at least for two fluids. As
shown in Figure 2.2, this relation is not unique. It shows
a hysteresis. For the same degree of saturation of the
wetting fluid, the absolute value of the wetting fluid is
larger when the porous matrix is wetted. This Figure also
shows that when the porous matrix is drained, the saturation
at P, = 0 is smaller than one.

Flow of water in the unsaturated zone is immiscible
flow, where water is the wetting fluid and air the non-
wetting fluid. When water, air and hydrocarbons all occupy

the same pore space, water is a wetting fluid, air is
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a nonwetting fluid and a hydrocarbon is wetting with respect
to air and nonwetting with respect to water.

In examining the theory of multi-phase fluid flow in
porous media we must first consider the case of two-phase
flow. Let us examine what happens when a wetting fluid
infiltrates a porous medium which is totally saturated with
a nonwetting fluid. Before the addition of the wetting
fluid the saturation of the nonwetting fluid is 100 %. In
the case of unsaturated flow of water, at this point the
pores are dry and filled with air. When a small amount of
water vapor is introduced into the pore spaces, water will
be adsorbed on the surface of the solid particles because of
the attractions between the molecules of the water and those
of the solid (Stallman, 1964). This is known as the
adsorbed stage.

As the saturation of wetting fluid increases, it forms
pendular rings and occupies the angular grain contacts. This
is known as the pendular stage. The wetting fluid is held
by surface tension in discreet droplets. Pressure cannot be
passed on from droplet to droplet. The wetting fluid is
immobile. The wetting fluid remains pendular until it
reaches a threshold saturation called the pendular residual
saturation. This residular saturation of the wetting phase
is close to 15 % for hydrocarbons of low viscosity, e.g.
light crude oils, gasolines, kerosene, and diesel fuel

(Dracos, 1987). At this residual saturation the relative
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permeability to the wetting phase is zero (Figure 2.4).

As the saturation of the wetting fluid continues to
increase, the discreet pendular rings become interconnected,
and pressure is transmitted. At this point flow of both the
wetting and nonwetting fluid are possible. Both the wetting
and nonwetting fluids are in the funicular stage. Flow of
the nonwetting fluids takes place in conduits formed by the
wetting fluid which is adhered to the grain surfaces.

As the saturation of the wetting fluid continues to
increase, the discrete pendular rings become interconnected,
and pressure is transmitted. At this point flow of both the
wetting and nonwetting fluid are possible. Both the wetting
and nonwetting fluids are in the funicular stage. Flow of
the nonwetting fluids takes place in conduits formed by the
wetting fluid which adheres to the grain surfaces.

With increasing saturation of the wetting and
decreasing saturation of the nonwetting fluid, the
nonwetting fluid becomes isolated in discrete bubbles or
droplets. The nonwetting fluid cannot flow when a pressure
gradient is applied to the medium. The relative
permeability to the nonwetting fluid is practically zero
(Figure 2.4). The nonwetting fluid is in the insular stage.
The upper threshold of saturation of the nonwetting fluid at
which it is insular is called the insular residual
saturation and is close to 20 % (Dracos, 1987). This

explains why a porous medium cannot be completely saturated
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during a wetting cycle.

Unsaturated flow is a special case of two-phase flow
where water is the wetting fluid and air is the nonwetting
fluid. 1In the case of two phase flow where only water and
hydrocarbons are present (as might occur in the saturated
zone), the water completely surrounds the hydrocarbons and
the hydrocarbons become immobile if their saturation falls
below insular residual saturation (about 20 %).

If we add a third phase into the medium, flow changes
some-what. Let us examine three phase flow of a hydrocarbon
spill moving through the vadose zone in unsaturated flow.
Water is held by capillary forces at pendular residual
saturation. As the saturation of the hydrocarbon decreases,

a quasi-pendular saturation is reached. Since most of the
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angular grain contacts are already occupied by water, the
degree of saturation of the hydrocarbon at quasi-pendular
saturation is less than 15 % and closer to 3 or 4 % (Dracos,
1987). A hydrocarbon can obviously flow mostly in the
unsaturated zone as long as its own degree of saturation is
large enough to allow for a funicular distribution in the
available pore space. So, hydrocarbons can flow at
saturations down to 20% (insular residual saturation) in the
saturated zone and down to 3 or 4% (quasi-pendular residual
saturation) in the unsaturated zone.

The model of three phase flow is some-what simplified
for hydrocarbons infiltrating the vadose zone. 1In reality,
there may be four or five phases as there are small amounts
of dissolved components and a small amount of hydrocarbon
vapor.

Averaging over a REV allows the derivation of flow
equations for three phase flow. Equations for one
dimensional flow presented here can be extended to three
dimensions. The assumption is often made that during the
infiltration of hydrocarbons, the air moves slowly and the
pressure drop in the air is negligible, meaning the air is
treated as being stagnant and at atmospheric pressure. This
allows movement of NAPLs to be treated with only two
equations (this assumption may or may not be valid).

If we start with Darcy's Law (including all its

assumptions) in terms of intrinsic permeability (k) and
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fluid potential (%) we have:

Q = -kPA d¢ (4)
u  dx

where P = density, A = cross sectional area, u = dynamic
viscosity and & = p/P + gz, where p = pressure, g = the
acceleration due to gravity and z = depth. Modification of

this form of Darcy's Law yields (van Dam, 1967)

Q, = -k, k P_A d& (5)
Koy, dx

and

Q, = -k, kB A dg (6)

K, dx

where

¢, = p/P, + gz (7)
and

¢, = p/P, + gz (8)

The subscripts h and w refer to hydrocarbon and water
respectively. As you can see, for a description of two
phase flow it is necessary to define the individual fluid
potential for each fluid. Xk, refers to the relative
permeability for oil in the presence of water and k , refers
to the relative permeability of water in the presence of
0il. These relative permeabilities may be measured in the

laboratory. They depend on the o0il saturation.
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The above equations adequately describe two-phase flow
only if the potential forces described by eqns (7) and (8)
are significantly larger than capillary forces. This is not
generally true in the case of NAPL migration in water-
bearing porous media. Equations (5) and (6) can be
modified to take into account the influence of capillary
forces by adding a capillary pressure term to egns (7) and
(8). van Dam (1967) did this and derived partial
differential equations to describe the fluid potential for
water, air and hydrocarbons. Dracos (1987), however, points
out that these equations are highly non-linear and the
functions that relate the degree of water saturation to k,
k,, and the different capillary pressures (for when water
displaces air and hydrocarbons, and when hydrocarbons
displace air) are very difficult to determine and are
subject to hysteresis. Interested readers are referred to

van Dam (1967) and Bear (1972) for further treatment of this

topic.

TYPICAL LNAPL SPILL BEHAVIOR

At this point let us shift gears from the pore scale
and look at the behavior of NAPLs at the aquifer scale. The
following is a description of the behavior of a typical
LNAPL spill from beginning to end.

There are three stages to an NAPL spill in porous media



17
(Figure 2.5). The first stage is seepage. After oil is
introduced at ground surface it migrates downward. Often
the o0il will follow man-made conduits such as buried cables
or building foundations which are usually back-filled with
more highly permeable material than the matrix. Below this
level two zones of spreading are observed. In the central
0il core, oil is flowing due to gravitational forces and
flow is described by Darcy's law. Surrounding the oil core
is the o0il wetting zome. It is analogous to the capillary
fringe. In this zone oil is flowing due to capillary forces.

The shape of the spreading body is a function of
hydraulic conductivity (K), capillarity, and the rate of
infiltration. The rate of infiltration is a function of K
and viscosity. As can be seen from Figure 2.6, in layered
or highly heterogeneous systems, the shape of the spreading
body can be highly irregular.

During seepage, if the vertically migrating oil body
encounters a very fine-grained layer before it is
immobilized, it may flow along this layer and be discharged
where the layer intersects land surface (Figure 2.7).
Obviously, low permeability layers can greatly influence the
path of a spill.

If the amount of o0il spilled is small it may reach
residual saturation during seepage. The American Petroleum
Institute (1972) developed equation (9) to estimate the

amount of soil required to immobilize a given volume of oil.
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0.20 x V cubic yards of soil required to (9)
n x Sr reach immobile saturation

n= porosity, V = the volume of oil,

Sr = residual saturation of oil

If the volume of water is large enough seepage
continues until the front reaches the capillary fringe.
Below this level, the degree of water saturation increases
rapidly and the vertical migration of the front is
drastically decelerated. This is the second stage: lateral
spreading. Eventually, a pressure mound is built up which
leads to lateral spreading of oil and slow penetration with
depth. Lateral spreading is due to capillary forces.
Hydrocarbon may penetrate temporarily below the water table.
As the infiltrating volume is usually limited, the pressure
mound which formed initially, flattens, and the lateral
spreading slows down. The spreading body is often referred
to as a "pancake". The thickness of the pancake is roughly
that of the capillary fringe. Subsequent lateral movement
of NAPLs underground is not generally well understood
(Shepard, 1983).

In the final stage, immobilization, the hydraulic
gradient existing in the aquifer begins influencing the
movement of hydrocarbons. Hydrocarbons will then move in
the direction of groundwater flow at a rate somewhat less
than the underlying ground water. Gasoline moves at

slightly less than half the ground water velocity; heavier
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hydrocarbons (e.g. diesel fuel), slightly less than half.
Initial spreading of the pancake on the water table can
be approximated by ignoring ground water movement with the

following formula (Shepard, 1983):

S = (1000/F) (V - (AD/RvV)) (10)
where:
S = Maximum spread of product in sq. m
V = volume of product in cub. m
A = area of spill in sg. m
D = depth to ground water in m

(See Table 1 for values of F and Rv)

Dracos (1978) and Mull (1978) provide equations
developed to estimate the rates of lateral and vertical
migration of a hydrocarbon spill. They are complicated and
may require data which are unobtainable in many cases.

Hence they are not discussed here.

According to Shepard (1983) flow of laterally spreading
hydrocarbons is maximized at a level about 2/3 the height of
the capillary zone (this is generally well above the
capillary fringe, see Figure 2.8). According to Dracos
(1987) this maximum flow occurs at a height roughly
corresponding to the average height of the capillary fringe.
According to Schwille (1967) oil prefers to spread in that
portion of the capillary zone that has a water saturation of

about 75-80 %. Eventually oil reaches quasi-pendular
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Figure 2.6: Generalized shapes of spreading cones at
immobile saturation. A - highly permeable, homogeneous
soil; B - less permeable, homogeneous soil; C - Stratified
soil with varying permeability.
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Figure 2.7: Influence of very low permeability layer on
migration of a hydrocarbon spill.

21



22

Table 2.1
Typical values for Rv and F
Rv

Light F
Soil Gasoline Kerosine fuel oil (mm)
coarse 400 200 100 4
gravel
Gravel to 250 125 62 8
coarse sand
Coarse to 130 66 33 12
medium sand
Medium to 80 40 20 20
fine sand
Fine sand to 50 25 12 40
silt

Rv = A constant, depending on the retention
capacity of the soil and viscosity of the product

F =Thickness of the mobile product layer in the
capillary zone, as determined by in the laboratory

residual saturation and spreading ceases.

A mass of hydrocarbons, whether spreading or immobile,
becomes a source of pollution. All hydrocarbons are soluble
to some extent. Generally, the more refined the product the
more soluble it is. In the vadose zone infiltrating water
picks up these components as it comes into contact with
immobilized hydrocarbons. At the water table soluble
components are leached out of the o0il core and carried down
gradient by dispersion. Highly volatile components diffuse

upward through the unsaturated zone in gas phase.
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Factors Influencing the Spread of LNAPLS

In its final stages, the migration of a LNAPL is
greatly influenced by interfacial and capillary forces.
Water table fluctuations strongly influence the spread of
NAPLs (figure 2.9). They tend to widen the pancake
vertically. This increases the amount of NAPL retained in
the unsaturated zone. NAPLs may be immobilized in the
saturated zone by a rising water table. According to Dracos
(1978, 1987), during a time of a rising water table,
hydrocarbons rise much slower than the water table and are
hence trapped below the water table at insular residual
saturation. When the water table subsequently falls again
below the level at which the trapped hydrocarbon is located,
the water saturation is reduced and the hydrocarbon is
remobilized. This is one explanation for the reappearance
of hydrocarbons in observation wells after long absences.

Dracos assumes that oil at residual saturation is
completely immobile. However, Shepard (1983) says:

"Percolating gravitational water over a

residual plume will leach droplets of product.

Rising groundwater from seasonal recharge will

cause water flow through the previously

unsaturated area above the water table and the

attendant breaking out of droplets of product.

This accounts for changes in measured thickness of

product on the water table in observation wells

with fluctuating water levels. Product changes

have also been observed in falling water table

conditions after initial saturation of upper
soils.

Upon passage of gasoline through the
interstices of the aquifer, shear action and
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GAGUNOWATER FLOW —————

Figure 2.8: Hydrocarbon movement in the capillary zone
(after Shepard, 1983)

Figure 2.9: Redistribution of the hydrocarbon due to
fluctuation of water table (Dracos, 1987)
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interfacial interaction with water disperse the
hydrocarbon into droplets. These reach an equilibrium
size distribution determined by the interfacial tension
between gasoline and ground water and the capillary
forces of the aquifer. Some components of the gasoline
may absorb on the surfaces of the soil particles to
escape later by partitioning equivalent to that found
in liquid chromatography. This can cause low level
introduction of gasoline components over a very long
time through leaching by dynamic ground water.

When soil grains are wetted by water and
water flows in behind product to displace it, the
water follows the wet surfaces of the soil,
squeezing the product through the soil grain
pores. For these droplets to move through the
narrowest pores, they must be distorted from their
spherical shape which affords the least surface
area per unit volume. When hydraulic pressure
forcing a droplet through a pore is not great
enough to effect the required distortion, the
droplet becomes immobile, or bound in the soil
structure. Product bound in this manner can be
moved only if (a) the hydraulic pressure is
increased, (b) the interfacial energy between it
and the surrounding water is lowered by, for
example, a surfactant, or (c) the droplet is
broken up by input of some other form of sonic
energy, like sonic vibration."

Shepard implies that oil held at residual saturation
(whether quasi-pendular or insular) is not necessarily
immobile. Depending on the physicochemical properties of
the NAPL and the size of the pores, imbibing water may
displace some of the NAPL. This implies that the liquid mass
may never become completely immobile.

Schwille (1967) performed a series of sand tank
experiments designed to simulate an oil spill. In one
experiment he raised then lowered the water table in the
sand tank. From the results he concluded that: "A high
water table is an effective means of preventing the

penetration of oil into deeper subsoil. But oil which has
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penetrated to any level cannot be moved upwards or only so
to a small extent." This implies that only a small amount
of displacement of residual oil in an upward direction by
water can take place.

Althari and others (1986) used a microwave dielectric
measuring techniques to measure fluid residual saturations
of model soils in the laboratory. Fluid residual
saturations were measured after a series of displacements
with various miscible and immiscible fluids. Crude oil and
carbon tetrachloride were the immiscible fluids used. The
ability of water to displace the immiscible fluid was found
to be dependent on its immediate prior history of wetness.
More immiscible fluid was retained if the medium was
initially wetted with water than if it was dry or wetted
with immiscible fluid. The retention of immiscible fluid
was found to be less dependent upon grain size than upon the
initial wetting of the grains. Flow rates were also found
to be dependent on wetting of the grains. In general, flow
rates decreased when grains were wet, but the magnitude of
the decrease was greater for water wet media than for carbon
tetrachloride wet media. This indicates that any estimation
of the migration of a NAPL through a soil must take into
account information about the soil wetness prior to the
spill. They also found that the retention of crude oil was
dependent on pore velocities of the displacing water.

Hochmuth and Sunada (1985) developed a two-dimensional,
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finite element, cross-sectional model which simulated two
phase flow. In different runs of the model they varied four
parameters: conductivity of the oil (Ko), air/oil entry
capillary pressure , oil/water entry capillary pressure and
the residual oil saturation. This variation produced a
different result from one parameter to the next. They
found, as might be expected, the value of Ko directly
affects the rate at which the pancake spreads out and the
shape of the pancake. They also found that the entry
pressures affect the vertical location of the pancake
relative to the original water table; specifically, the
elevation of the pancake varies with the sum of the entry
pressures input into the model. The effect of changing the
residual oil saturation was relatively minor. A larger
value for the residual oil saturation produced a slightly
thinner pancake after seepage stopped and lateral spreading
began. This occurs because more oil is immobilized at

residual saturation.

PROPERTIES OF DIESEL FUEL
Diesel fuel is a complex mixture of hydrocarbons,
consisting of over 1,000 individual components, that boils
in the range 180 C to 345 C (350-650 F). This temperature
range corresponds to the boiling points of straight chain
hydrocarbons of 10-20 carbon atoms in length (C,, = C,)).

Diesel fuel's major components are straight chain (normal or
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n-) and branched (iso- or i-) alkanes centered around Cys-
A smaller but significant percentage of the fuel consists of
aromatic constituents such as benzene, toluene and
polycyclic aromatic hydrocarbons (PAHs).

The exact chemical composition of a fuel mixture
varies depending on the source of the crude oil from which
it was refined, the refining process used, and the time of
the year it was produced. Both the variability and
complexity of the fuel mixture make it difficult to predict
its environmental fate or the risks to human health from
exposure to it (Burns, 1987).

About one percent of diesel fuel's mass is water
soluble. The water soluble components are known as the
fuel's water soluble fraction (WSF). Burns (1987) found the
average solubility of a number of unweathered fuel samples
to be three milligrams/liter (mg/l) and the average of six
weathered samples from different spill sites to be one mg/l.
The decreased solubility of the weathered fuels is most
likely due to evaporation and dissolution of their
relatively volatile, water soluble, smaller aromatic

components.



CHAPTER 3: AQUIFER PROPERTIES AND THE

PHYSICAL FLOW SYSTEM

BACKGROUND

Missoula Valley Geology

The eastern Missoula Valley is approximately 35 square
miles in size. It is surrounded by the Rattlesnake Hills to
the North, the Sapphire Mountains to the East, the
Bitterroot Mountains to the South. To the west the Clark
Fork River serves as a discharge zone for the Missoula
Aquifer.

The valley floor is relatively flat. However, it
slopes generally toward the Northwest, away from the
surrounding hills toward where the Clark Fork River leaves
the valley. There are two major river terraces on the
valley floor (Mc Murtrey and others, 1965).

The Missoula Valley is bounded by mountains consisting
of Precambrian meta-sediments of the Belt Supergroup; 0.8 to
1.6 billion years in age.

The foothills surrounding the Missoula Valley are
composed for the most part of fine-grained Tertiary

sediments. Up to 2,500 feet of these sediments, ranging in

29
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size from clay to gravel, underlie the Missoula Valley
(McMurtrey and others, 1965). Clark (1986) gives a thorough
summary of Cenozoic geology of the valley. He lists three
main units of Tertiary sediments:

1.Pre-Renova equivalent. Fanglomerates lying
unconformably on Belt meta-sediments, and believed to
be limited to valley margins.

2. Renova equivalent. These sediments are of similar
lithology and stratigraphic position to the Renova
Formation of the Jefferson basin in southwestern
Montana and are sometimes referred to as "Renova"
equivalent. They are late Eocene to early Miocene in
age and partially to fully consolidated, fine-grained,
volcanic ash rich sediments. These sediments crop out
in the foot hills on the north and southeast sides of
the valley (including the western portion of Waterworks
Hill). These sediments unconformably overlie Belt
meta-sediments at a variable and unknown depth. They
were deposited in an internally drained basin with a
semi-arid climate.

3. Sixmile Creek equivalent. This unit is separated

from the Renova equivalent by an angular unconformity.

It is probably Miocene to Pliocene in age. This unit

is poorly exposed in the valley. It is generally more

coarse grained than the Renova equivalent. Sediments
were deposited in an arid environment and transported
across desert plain surfaces. The South Hills probably
represent a remnant pediment from Sixmile Creek time.
Pleistocene-Holocene flood plain and terrace
alluvium deposits as well as Glacial Lake Missoula clays
cover the surface of the Missoula Valley.

Sand and poorly sorted deltaic deposits of angular Belt
detritus inter-finger with Glacial Lake Missoula clays in
local areas marginal to the mouths of various tributary
canyons (McMurtrey and others, 1965).

Figure 3.1 shows a simplified north to south

cross-section of the Missoula Valley.
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Quaternary alluvium and possibly Sixmile Creek gravels

make up the Missoula Aquifer.

Woessner (1988) lists three stratigraphic zones within

the Missoula Aquifer:

Unit 1: Interbedded boulders, cobbles and gravel with
sand, silt, and some clay. Thickness from 10
to 30 feet. Found at land surface.

Unit 2: Tan to yellow, silty sandy clay with local
layers of coarse sand and gravel.

Thicknesses averages 40 feet. in the center
of the basin to 130 feet in the northwest
section of the valley.

Unit 3: Interbedded gravel, sand, silt and clay.

Unit seems to be coarser at the bottom.
Thickness varies from 50 to 100 feet. May
include part of Sixmile Creek Formation.

Identification of these units is based on the

stratigraphy of the central part of the aquifer. Along the
valley margins, including the study site, the stratigraphy

is considerably more complex, as is discussed in the results

section of this chapter.

Ground Water Hydrology of the Missoula Valley

The sediments composing the Missoula Aquifer have
extremely high hydraulic conductivities. Due to the
aquifer's complex stratigraphy, aquifer properties take on a
wide range of values; it is difficult to generalize about
these characteristics. Woessner (1988) determined aquifer
properties based on laboratory analysis, field aquifer

tests, and driller's reports. Results are summarized in
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Table 3.1
Estimates of Missoula Aquifer Properties (from
Woessner,1988)

Property Unit 1 Unit 2 Unit 3
Porosity 0.20 -—— 0.20
Specific Yield 0.1 -— 0.10
Thickness (ft) 10-30 40 50-150
Hydraulic Conductivity 10,300 200 10,000-
(gpd/ £t?) 25,500
Vertical Hydraulic -— —— 970-2,100
Conductivity (gpd/ft?)
Transmissivity (gpd/ft) 103,000~ 8,000 750,000~
310,000 1,710,000
Table 3.1.

The Missoula Aquifer generally has an annual rise in
water levels between March and June, then a general decline
until the following February or March. Figure 3.2 shows a
typical hydrograph from the center of the Missoula Aquifer.

North of the Clark Fork River, ground water moves away
from the channel and away from the northern aquifer
boundary. Along this boundary, water from the Tertiary
sediments of the northern foothills and from the alluvium in
the Grant Creek and Butler Creek Valleys recharges the
aquifer as is shown in (Figure 3.3). As a result, ground
water flow north of the river is generally parallel to the
river.

The Clark Fork River is the major source of recharge to
the Missoula Aquifer (Clark, 1986 and Miller 1991). Spring

precipitation and snow melt are the principal sources of






Table 3.2
Surface Water Analysis

Clark Fork River

Rattlesnake Creek

36

from Juday and Ke

1

ler, 1978 ;

Van Above Lolo Vine Front

Turah | Buren Missoula Street Street | Street

Street Sewer Bridge Bridge Bridge

Plant

pH 8.3 8.1 8.2 7.8 8.0 8.0
Ca 68.0 30.0 36.9 6.5 11.9 11.1
K 3.5 2.3 2.1 0.5 0.7 0.7
Mg 14.0 12.4 11.3 2.4 3.7 3.5
Na 12.6 7.4 5.8 1.8 2.5 2.5
PO4 0.089 0.038 0.036 0.023 0.014 0.014
SiO2 16.6 14.8 14.2 7.3 7.0 7.2
Cl 3.9 2.1 1.9 0.4 1.3 1.3
NO. 0.029 0.030 0.006 0.180 0.550 0.490
SO, 68.5 40.0 38.0 1.5 4.2 3.2
HCO, 128.2 115.7 141.9 26.5 55.0 52.9
Ca/SiO2 4.10 2.03 2.60 0.89 1.7 1.54

concentrations 1in mg/1

recharge to bedrock and Tertiary sediments which under-lie

the hills surrounding the valley.

hydrostratigraphic units is a source of recharge to the
Missoula Aquifer.

6800acft/yr of ground water discharges from Rattlesnake

Discharge from these

Miller (1991) estimates that 2900-

Valley alluvium to the Missoula Aquifer.
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Ground Water Quality of the Missoula Valley

In general water in the Missoula Aquifer is classified
as calcium or calcium-magnesium bicarbonate with regard to
major cations and anions (Geldon, 1979). From previous
studies, calcium concentrations vary from 30 to 50 mg/l;
sodium concentrations range from 4 to 8 mg/l; magnesium
concentrations vary from about 10 to 35 mg/l; bicarbonate
concentrations range from 150 to 200 mg/l; sulfate
concentrations are generally less than 40 mg/l; chloride
concentrations are generally less than 20 mg/l (Juday and
Keller, 1978). Ground water in most of the Missoula Aquifer
is very similar to Clark Fork River water in its chemical
composition but with higher concentrations of most ions
(Woessner, 1988; Clark, 1986, Juday and Keller, 1978).
Rattlesnake Creek water differs from Clark Fork River water
in that it has less calcium, magnesium, bicarbonate,
sulfate, chloride and sodium (Juday and Keller, 1978).

Rattlesnake Creek pH values range from 7.6 to 8.0.
Clark Fork River pH's in the Missoula Valley range from 8.0
to 8.1. Missoula Aquifer pH's north of the river and east
of Reserve Street range from 7.3 to 8.3 with the lower end
of this range occurring to the east.

Near the Clark Fork River, the mineral content of
ground water fluctuates seasonally in response to changes in
river water quality. At distances over one half mile from

the river, ground water quality remains fairly constant in



Table 3.3

Average Concentrations of constituents of Missoula Basin
aquifers (Geldon, 1979)

Cligocene- \Precambrian

Pliocene-Holocene Alluvium Miocene Rock
EPA Missoula Basin
Standards Grant Rattle-
for | Clark{Hellgate Main Urban Airport Creek Target snake Miller |[Clark Msla.
Drinking | Fork [Valley Area Area Area Range Creek Creek |Fork Basin Msla
Water | Basin|(6 wells) (19 wells) (3 wells) (2 wells) (10 wells) (1 well) (1 well)|Basin (5 wells)|Basin
Calcium(Ca) 75 36 36.7 37.3 25.0 9.6 40.7 23.0 20.4 33 19.3  18.1
Magnesium (Mg) 30 14 15.6 20.3 1.4 7.3 16.7 10.8 8.5 1 13.3  22.8°
Sodium (Na) -- 8.5 8.2 1.6 7.3 2.8 8.2 3.6 4.5 56 13.8 8.5
Silica (Si0,) -- 15 12.3 15.9 17.0 8.7 15.3 10.8 20.7 32 30.2  15.0
Nitrate (NO3) 45 3.8 0.72 0.09 0.75 0.039 0.78 0.14 2.1 23 0.58  0.042
Phosphate (PO,)  -- .- 0.020  0.018 0.032  0.019 0.025  0.014  0.031 --  0.03  0.002
Sulfate(S0, ) 200 7.7 9.0 28.5 8.0 3.5 21.7 4.0 53 14 8.9 16.1
Chloride (°C1) 200 2.5 5.8% 4.5 1.9 1.0 5.0 1.1 2.2 8.4 2.2 1.4
Bycarbonate(ﬂqoé) -- 140 18] 198 140 59 195 131 102 210 144 171
Dissolved solids spp 165 274 34 219 9 306 186 187 292 24) 255
Turbidity (NTU) ] 0.26 0.26 0.34 0.38 0.24 . 1.56 - 0.568 0.72
pH -- 7.0 1.7 1.7 7.7 7.0 1.7 7.8 7.1 8.1 7.6 7.8
Iron(Fe) 0.3 0.33 -- -- — -~ -- -- -- 2.3 -- --
Fluoride (F) - 0.1 -- - -- - - - - 0.4 -- -
Potassium (K) -- 2.5 2.4 2.0 1.7 0.9 2.5 2.2 2.7 8.3 2.1 1.1
Manganese (Mn) 0.5 -- -- -- -- -- -- -- -- 0.42 -- --

OONOL D W —

Data from Juday and Keller (this study) except as noted.
Data from U. S. Environmental Protection Agency (1976).
Data from Boettcher and Gosling (1977).

Average of 4 wells; 16 ppm if 2 wells near sewage plant with

Average of 5 wells; 15.6 ppm Chloride in 6th well.

Average of 9 wells.

Average of 4 wells; 38.4 ppm in 5th well.
Average of 4 wells; 60.8 NTU in 5th well due to 5 ppm Fe.

Range 5.3 - 46.4 ppm.

high sulfate are in¢cluded

8¢
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any given well (Woessner, 1988).

Table 3.2 summarizes average concentrations of common
constituents for wells in the Missoula Basin. The ratio of
calcium to silica (Si0,) can be used as indicator of the
unconfined Missoula Aquifer alluvium to 0.64 in water
inconfined Tertiary sediments (Geldon, 1979). The
importance of the Clark Fork River in recharging the
Missoula Aquifer is shown by decreasing Ca/Si ratios with
increasing distance from the river.

Iron concentrations in water from Tertiary sediments
are much higher than in Missoula Aquifer alluvium, ranging
from about 5.0 to 7.0 mg/l. Iron concentrations in the
Missoula Aquifer are generally less than 0.5 mg/l (Juday and
Keller, 1979; McMurtrey and others, 1965).

Boettcher and Gosling (1977) summarize differences in
water chemistry for valley-fill alluvium and Tertiary
sediments for the entire Clark Fork River drainage upstream
from St. Regis, Montana. Geldon (1979), however, states
that many of these differences were not observed in the
Missoula Valley. He does indicate that silica and sodium
levels are higher in Tertiary sediments than in valley-fill
sediments.

Within the Missoula Aquifer water quality is
essentially constant, varying only as a function of contact

time with aquifer materials.
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Examples of Missoula Valley Ground Water Contamination

Diesel fuel at the B.N. site is but one of many sources
of contamination in the Missoula Aquifer. Peery (1988)
investigated a spill of approximately 600 gallons of leaded
gasoline at the Champion Missoula Sawmill site. Within ten
weeks of the spill domestic wells 1200 ft down gradient of
the spill site had become contaminated with benzene,
toluene, and xylene (BTX). BTX levels at the spill site
decreased 65 % over two years. Eventually, BTX
concentrations were reduced to below detection limits by the
time contaminant plumes migrated 1200 feet down gradient.
Peery attributed this attenuation to biodegradation and
dispersion.

Pottinger (1988) investigated trace levels of
herbicides in the supply well of the Missoula County Weed
Control (MCWC) site. The MCWC facility sump was identified
as the probable source from a list of possible sources.
Ground water flow at this site was found to be complex and
varied seasonally. A two-dimensional solute transport model
was employed to predict the future behavior of contaminant
plumes.

Hinman and others (1990) investigated the contamination
of the Missoula Aquifer by perchloroethylene (PCE). An
assessment of the extent of PCE contamination in the aquifer
was made. After developing a stratigraphic framework, the

authors determined that a portion of the aquifer was missing
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Morgan's (1986) unit 2. Unit 2, being fine-grained,
possibly provides a protective layer to much of the Missoula
Aquifer (Woessner, 1988). The portion of the aquifer that
was missing unit 2 tended to have more PCE contamination
than other portions of the aquifer.

The Missoula County Health Department (1987) listed
other events which have contaminated the Missoula Aquifer:

In 1982, a rupture in a high pressure gasoline pipeline
spewed an undetermined amount of gasoline into Lavalle Creek
located in the north central portion of the aquifer. This
contaminated wells adjacent to the creek. This pipeline
also leaked in the mid 1970's contaminated wells in the
Grant Creek area just east Lavalle Creek and recently had a
major leak in April 1992 at tank farm in Missoula.

The Browning-Ferris Landfill is located near the
northeastern boundary of the Missoula Aquifer in Tertiary
sediments. Since 1986, routine ground water samples have
shown elevated levels for nearly every parameter sampled,
including PCE, TCE, BTX, arsenic, and cadmium. So far, no
contaminants have showed up in monitoring wells completed in

the Missoula Aquifer just down gradient of the landfill.

METHODS

Geologic Environment

Well logs of about thirty wells located in the study
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area were analyzed to determine the presence and continuity
of hydrostratigraphic units (Appendix A). These are
monitoring and recovery wells installed by consulting firms
under contract to Burlington Northern. Geologic cross-
sections were produced based upon interpretation of these

logs.

Water Level Data

Depth to the water table measurements were recorded on
a monthly basis from January 1990 to November 1991.
Measurements were recorded more frequently during periods
of spring runoff to gain better definition of changes in the
potentiometric surface during periods of greatest
variability.

Depth to water measurements were made using different
instruments in uncontaminated wells than in contaminated
wells to avoid contaminating clean wells. In uncontaminated
wells, measurements were made with a Solonist electric water
probe. In contaminated wells, measurements were made with
an 0il Recovery Systems interface probe, which also
measured the depth to hydrocarbon. The two instruments were
calibrated to a depth of 60 feet. Measurements of depth to
water made with both instruments simultaneously varied by
less than 0.02 feet.

During a water level monitoring event, measurements for

all wells were made in the shortest length of time possible
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to avoid capturing short term water level changes within the
data set. Monitoring events required six to eight hours to
complete.

Water table elevations (above mean sea level) were
calculated for uncontaminated wells by subtracting the depth
to water measurement from the surveyed elevation of the well
head. For contaminated wells, water table elevations were
calculated by first subtracting the depth to water
measurement from the surveyed elevation of the well head, as
above. Then, to account for the isostasy of the diesel fuel
floating on water in the well, the depth to hydrocarbon
reading was subtracted from the depth to water reading
yielding the thickness of hydrocarbon in the monitoring
well. This is known as the apparent product thickness (APT).
The APT is multiplied by the specific gravity of diesel fuel
and added to the elevation of the water to produce the
calculated water table elevation.

Potentiometric surface maps were plotted for various
monitoring events within the study period. The resulting
potentiometric maps are discussed in detail in the results

section of this chapter.

Aquifer Properties
Prior to this study, values for aquifer properties at
the B. N. site were not known. Much of the Missoula Aquifer

has very high transmissivity values. Evidence implied that
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transmissivity values would be lower than those for the
central portion of the Missoula Aquifer and that the
alluvium at the west end of the site was more transmissive
than for the east end of the site. Pumping in MR-5 (near
the west end of the site) produces a very small cone of
depression when pumped at approximately 40 gpm. By
contrast, the influence of pumping in MR-1 is noticeable as
a distinct cone of depression with a radius greater than 250
feet. With the recovery unit operating in MR-1 at four to
five gpm, approximately 0.5 foot of drawdown has been
observed in M-17, which is about 140 feet down gradient.

At a pumping rate of approximately 8 gpm, drawdown of 0.2
foot was observed in M-12, which is over 200 feet to the
west.

To gain a better understanding of the flow system, two
aquifer tests were performed to produce estimates of aquifer
properties for the east and west end of the site. A
constant rate pumping test was performed in MR-5 in October
1990 by Kennedy/ Jenks/ Chilton with my assistance. During
the test, MR-5 was pumped at 40 gpm for 24 hours. Time-
drawdown and time-recovery data were collected and analyzed
to yield estimates of transmissivity, specific yield and
storativity in the immediate vicinity of the well. A
constant rate pumping test was also performed in well MR-1
in July of 1991.

The aquifer tests were analyzed using standard curve
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matching techniques presented in Lohman (1979). Detailed
description of the instrumentation and methodology used as
well as the analyses of test data for MR-5 are presented in
Kennedy/ Jenks/ Chilton (1990).

Hydraulic conductivity could not be estimate because

the saturated thickness of the aquifer is not known.

Ground Water Discharge

Ground water leaving the B. N. site recharges the
Missoula Aquifer. To estimate the amount of water
discharging from the site on an annual basis, Darcy's law
was used:

Q=K* A * I

where; Q = Discharge (L/t)
K = Hydraulic Conductivity (L/t)
A = Cross-sectional area (IL2)
I = hydraulic gradient (L/L)

The potentiometric map from December 10, 1990 (Figure 3.18)
was used to estimate hydraulic gradients. Two cross-
sections were used to calculate the flux out of the site: a
1400 foot line parallel to potentiometric lines running
roughly southeast-northwest and a 600 foot line running
roughly north-south. For the longer cross-section the
higher transmissivity estimate from MR-5 was used as
potentiometric lines along Spruce Street are relatively

widely spaced on potentiometric maps (Figures 3.14 - 3.20).
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The lower transmissivity estimate from MR-1 was used for the
cross-section running north from M-21 as potentiometric
lines are generally much closer together in the area.
an aquifer thickness of 50 ft was assigned to the longer
cross-section based on Miller's (1991) map of depth to the
aquifer base. An aquifer thickness of 25 ft. was assigned
to the shorter cross-section based on the assumption that

the aquifer thins toward Waterworks Hill.

Water Quality

To determine the presence of distinct
hydrostratigraphic units, the gross ionic chemistry was
analyzed. Ground water samples were collected from all wells
within the study site which had not ever been contaminated
with free product. Contaminated wells were not sampled due
to problems with purge water disposal and the probability
that the hydrocarbons and associated biological activity
have changed geochemical conditions in the formation waters
surrounding those wells. The inability to assess the water
quality from all wells hampered the effectiveness of this
portion of the investigation.

Two inch wells were purged by hand with a teflon bailer
until pH, temperature and conductance stabilized. Four inch
wells were purged with a submersible pump until the same
properties stabilized and samples were then collected with a

bailer.
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Samples were analyzed for metals (cations) by
Inductively Coupled Argon Plasma Emission Spectrometry
(ICAPES). Samples were analyzed for major anions by Ion
Chromatography (IC). Samples were analyzed for alkalinity
by the Gran titration method.

One uncontaminated well was not sampled. During
sampling M-22 was bailed dry and failed to recover within 24
hours. A significant product sheen was observed in purge
water from M-19 which had been assumed to be an
uncontaminated well up to that time. Since the relative
amount of hydrocarbon in M-19 was small, it was sampled and

analyzed.

RESULTS AND DISCUSSION

Geologic Environment

Due to its location at the edge of the Missoula Valley,
the B.N. fueling site is probably near the transition zone
between three hydrostratigraphic units: The Missoula
Aquifer, the Tertiary sediments, and the bedrock.

The B.N. fueling site is bounded on the north by
Interstate 90 and Waterworks hill. The southeastern end of
Waterworks Hill is mostly Precambrian Belt bedrock overlain
in places by a veneer of Tertiary sediments. At the very
southwestern tip is a fairly flat surface consisting of

poorly sorted angular to sub-angular colluvium, sand, and
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silt. McMurtrey and others (1965) date this as being
associated with Glacial Lake Missoula deposition.

Between this surface and Interstate 90 the sediments
change to well rounded cobbles and gravel. This is probably
the remains of an old Clark Fork River channel. Many Black
cottonwood trees grow out of this zone. Recently, many of
these trees began to die. Apparently, until 1988, the
reservoir on Waterworks hill was leaking at approximately
300 gallons per minute (personal communication, Robert Ward,
Mountain Water Company). This zone was acting as an
artificial contact spring. When the leak was fixed, the
source of water was cut off and after a couple of years the
trees began to die. A wooden aqueduct leading to the
reservoir is still operational. This may also be leaking
significant amounts of water into the hill.

It is possible that the water leaking from Waterworks
Hill was at one time a significant source of recharge to the
B. N. site and may still be influencing ground water flow
directions.

Figure 3.4 show the locations of geologic cross-
sections shown in Figures 3.5, 3.6, and 3.7. They were
constructed based on well logs for the various monitoring
and recovery wells installed on the study site as no
additional wells were available in this area. Special
attention was paid while reviewing the well logs to

identification of a lens of fine-grained material. This
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fine-grained layer serves as an aquitard creating a
perched aquifer in the vicinity of the Roundhouse fueling
area.

Upon examination of these cross-sections three
stratigraphic zones become apparent. The first zone is the
upper 28 to 36 feet consisting of gravels with sand and
some cobbles. The gravels are red and green, angular to
rounded pieces of argilite and quartzite; the sand is 1light
brown.

Below this is a fine-grained zone from 28 to 43 feet
that serves as an aquitard (at least under the Roundhouse
fueling area). It varies in consistency from competent lean
pinkish brown to brown clay near the Roundhouse fueling
area, to gravels with silt and some clay in the wells south
of there. Much of this variability may be due to lack of
consistency in description among different logging
personnel. The aquitard ranges in thickness up to ten feet.
In wells installed south of B. N. property the soils
overlying the aquitard were moist to wet but did not appear
to be water-bearing (Kennedy/Jenks/Chilton, 1989). The
third zone, from 35 to 82 feet varies from gravel with sand
(much like the upper zone) to clay with silt, and sand. In
wells east of M-15 the lower portion of this zone has more
fine-grained sediments. There appear to be numerous
discontinuous fine-grained lenses at various depths below

the aquitard. Some of these lenses are probably also
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smaller aquitards as they are often noted as areas of
moisture or diesel odor on well logs.

Allen (1983) noted a poorly-sorted, fine-grained lens
at the mouth of Pattee Creek. This lens serves as an
aquitard and creates a perched aquifer at a depth of
approximately 30 feet and may be similar in origin to the
B.N. aquitard. He attributes this lens as the surface of a
remnant alluvial fan.

The uppermost zone of the study site most certainly
corresponds to Woessner's (1988) Unit 1. The lower two zones
may correspond to Woessner's Unit 2 due to the presence of
many fine-grained lenses. This appears consistent with
Hinman and others' (1990) discussion of Unit 2. 1In any case
the aquitard (at least in the zone underlying the roundhouse
fueling area) is protecting the underlying regional aquifer.
Fine-grained lenses underlying the aquitard also serve to
slow the migration of pollutants toward the regional water
table.

Figure 3.8 is a block diagram with the front panel cut
out. It is a schematic three dimensional representation of
my conceptual model.

Water Level Data

Figures 3.8 through 3.13 are hydrographs of well
responses. 3.7 shows that regional wells on the west end of
the study site had similar maximum and minimum water levels

for both 1990 and 1991. Water levels peaked at a slightly
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Figure 3.8: Schematic representation of conceptual model
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later date in 1991 than 1990, June 14 and June 26
respectively. The Clark Fork River 2.3 miles east of
Missoula peaked on May 31 in 1990 and May 20 in 1991
(personnel communication, Mel White, U. S. G. S.).

Comparison of Figure 3.8 to Figure 3.9 shows the
similarity between the hydrographs of M-27 and M-28 and
those of west end regional wells. Peak high and low water
levels occur at the same times. This evidence supports the
idea that all these wells are completed in the regional
aquifer. Figure 3.8 also shows that the small amount of
data available suggests that M-9 is also completed in the
same hydrostratigraphic unit as other regional wells.

Figure 3.10 shows that regional wells surrounding MR-1
had higher maximum and minimum water levels in 1991 than in
1990, except M-12. These wells are all in the zone of
influence of MR-1. This is evident from the pumping test
perfomed on MR-1 discussed below (M-12 was the least
influenced by pumping in MR-1). Also, well responses
appeared to be more erratic in 1991 than in 1990. This is
due to the fact that the recovery system in MR-1 was not on-
line during most of late 1990 and 1991 and was deployed
intermittently for short periods during the spring of 1991.
The lack of pumping in MR-1 was most likely responsible for
higher peak levels observed in 1991, because little change
was noticed in M-12. However, above normal precipitation in

June of 1991 as well as higher Rattlesnake Creek levels may
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also be responsible.

M-29 was constructed in December of 1989. Figure 3.11
shows that M-29 had anomalously high levels for about the
first six months of its operation. When M-29 was drilled it
took hours for the well bore to fill up with water. When it
did fill up, the static water level recorded on the drill
log was approximately 3149 feet. One month later, in
January, the water level recorded was approximately 19 feet
higher. Water levels in M-29 remained high until a two week
period in late June of 1990. During this period water levels
in all other wells on site were rising, however water levels
in M-29 dropped 17 feet. From September of 1990 until June
of 1991 water levels in M-29 remained fairly static at about
3149.5 feet.

One possible explanation is the well's construction;
M-29 was drilled through the aquitard, and the portion of
the bore hole drilled through the fine-grained lens was
grouted with bentonite to seal off the overlying perched
water and product (Kennedy/Jenks/Chilton, 1989). If the
bentonite was not completely hydrated initially, a
significant amount of perched water may have been
transmitted through the bore hole annulus, serving a source
of recharge to the regional aquifer around M-29. This
ground water would have eventually fully hydrated the
bentonite, sealing off the perched water from the regional

aquifer and allowed water levels to return to normal.
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Another possible explanation is that M-29 is screened
across the interface between an upper unconfined unit and a
lower confined unit. When the well was first installed,
fines may have clogged the portion of the well screen in the
upper unit so that the well was only connected to the lower
unit and static water levels reflected the potentiometric
surface of the lower confined unit. Later, as the water
table rose in the upper unit, if the fines were washed out,
water would run out of the screen in the upper unit and the
static water level would drop to that of the water table in
the unconfined upper unit.

From July 1990 to July 1991, the hydrograph for M-29
bears some resemblance to that of M-13. It appears that the
hydrograph for M-15 is very similar to those of regional
wells on the west end of the study site except that its
lowest 1991 level is higher than most of other west end
regional wells. It may be that M-13 and M-29 are completed
in a different hydrostratigraphic unit than M-15 and the
other west end regional wells. This could also help explain
why there is up to eight feet of difference in head between
M-13 and M-15 during periods of low water. Another possible
explanation is that there is a change in aquifer thickness
between these wells. However, I attribute the difference to
increase in hydrauiic conductivity to the south and west of
M-13 and M-29. All three wells have similar screened

intervals (about 50 to 70 or 75 feet).
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An interesting phenomenon takes place in M-15 and, to a
lesser extent, in M-13 which cause data from at least M-15
to be less reliable during periods of low water; the
interface probe gives intermittent readings (i.e. the signal
sputters on and off) and wells produce a "bubbling" or
"gurgling" sound. These bubbling noises and intermittent
signals disappear during periods of peak water levels, only
to reappear during periods of falling water levels. The
cause of this is elusive. Possibly, water is pouring off a
perched layer within the screened interval of these wells
and it is this cascading that is heard. Support for this
explanation is provided by the fact that when water levels
rise high enough to cover this perched zone the noise would
quit. Another possible explanation is that there may be a
broken gas line or water pipe near by these wells and, the
leakage is causing the noise.

Figures 3.12 and 3.13 show that over the period of the
study, water levels in perched wells have remained fairly
static, except for the period around June of 1991. This
brief increase of up to a foot of head is due to
infiltration from precipitation. June 1991 in Missoula was
the wettest June in 22 years (The Missoulian, newspaper
article).

Figure 3.13 also shows anomalous behavior in M-14. It
is completed to a depth comparable to that of other regional

wells, yet it has approximately 40 ft more head than
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regional wells. The well log for M-14 shows it was drilled
to a depth of 80 feet with the interval from 50 to 70 feet
screened. It also shows that there is a clay layer from 50
to 53 feet with cemented gravels from 53 to 80 feet. It
seems most likely that this is a confined hydrostratigraphic
unit. The anomalous chemistry of M-14 and the fact that
water levels remain fairly static through time seem to
indicate that it is not connected to the regional system.

Figures 3.14 through 3.20 depict the elevation
contours for the potentiometric surface for the regional
aquifer at different times during the study. Figure 3.18
shows how the water table looks without the recovery system
pumping in MR-1. Figure 3.20 represents water table
elevation on a larger scale. Ground water flow is generally
to the southwest in the regional aquifer with a more
westerly component under the west end of the B. N. site.
This seems to indicate that recharge from either the bedrock
aquifer and/or the Tertiary aquifer on Waterworks Hill is
controlling the direction of flow in this portion of the
regional aquifer. From Figure 3.20 we can also see that to
the east of Rattlesnake Creek, flow is to the south east.
This implies that Rattlesnake Creek is a hydrologic divide.
So, Rattlesnake Creek may be an important source of recharge
to the site but the Clark Fork River is probably less
important, on the northern side of the site.

Figures 3.21 through 3.23 show that the direction of
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ground water flow on the perched layer is generally to the
south-southeast, with a recognizable trough running down the
middle. Perhaps this trough is caused by leakage through a
more permeable portion of the aquitard. There was not
enough detail from well logs to know if flow direction
follows the slope of the surface of the perched layer. 1In
March of 1990, a seismic refraction survey was conducted on
the west end of the site in an attempt to better define the
geometry of the perched lens. This survey was unsuccessful
due to excessive seismic noise from railroad yard operations

and street traffic.

Aquifer Properties
Analysis of data from a constant rate pumping test

performed on well MR-5 in October of 1990 yielded estimates
of transmissivity ranging from 168,000 to 376,000 gpd/ft.
Estimates of specific yield range from 0.04 to 0.22
(Kennedy/Jenks/Chilton, 1990). These values are comparable
to those of Woessner's (1988) Unit 1. No drawdown was
observed in M-21 which is only 50 feet away. This is
indicative of the highly transmissive nature of the alluvium
in this area.

Analysis of data from a pumping test performed on MR-1
in July of 1991 yielded estimates of transmissivity ranging
from 7020 to 7300 gpd/ft. Estimates for storativity range

from 0.070 to 0.0074 (see Appendix E). These values are



78
comparable to Woessner's unit 2. During this test,
measurable drawdown was observed in M-12 more than 200 feet
away.

If the well logs (Appendix A) and cross-sections are
examined (Figures 3.5 - 3.7), fine-grained sediments are
noted within the screened interval of the bore holes for
most wells within the cone of depression of MR-1. 1In
contrast, gravels are noted within the screened interval of
MR-5 and MP-1 (with the exception of a 2 foot thick lens of
gravels with clay in MP-1). This would account for the two
order of magnitude difference in transmissivity values for

the two pumping tests.

Groundwater Discharge

Calculation of ground water flux leaving the site based
on the the potentiometric map from December 10, 1990 (Figure
3.18) yielded estimates ranging from 2600 to 5600 acre-feet
per year. These estimates of outflow are very similar to
Miller's (1991) estimates for ground water discharge from

the Rattlesnake and Grant Creek Valleys.

Water Quality

In general ground water within both the regional and
perched aquifers is of a calcium bicarbonate type.
usually, calcium and bicarbonate concentrations are some

what higher and sulfate concentrations are slightly lower
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within the study site compared to the central Missoula
Aquifer. Calcium concentrations vary from 23 to 91 mg/l;
bicarbonate concentrations are fairly variable ranging from
about 130 to 405 mg/l; sulfate concentrations vary from 5 to
25 mg/1 (except for M-11). Silica (SiO,) concentrations
range from 3.56 to 20.26 mg/l. Higher calcium
concentrations led to higher calcium to silica ratios as
silica concentrations were comparable to those for the
regional aquifer.

Stiff diagrams (Figure 3.24) for study site wells
generally resemble those for the Missoula Aquifer. Stiff
diagrams for M-11, M-12 and M-14 are anomalous. M-1l1l has
elevated concentrations of sodium, magnesium, chloride and
sulfate. M-12 has very high calcium, silica and bicarbonate
concentrations. M-14 has elevated concentrations of sodium
and reduced concentrations of calcium.

Ground water chemistry should to some extent reflect
that of the source(s) of recharge to a system. It has been
speculated that M-11, M-13, and M-14 and M-29 may be
completed in different flow systems than wells completed in
the regional aquifer (possibly Tertiary sediments). If some
wells are completed in the Tertiary sediments, then the
gross ionic chemistry of ground water from those wells
should resemble that of other Tertiary wells rather than the
Missoula Aquifer. Also, if Rattlesnake Creek is a

significant source of recharge to the site, then the
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Table 3.4
Results of Chemical Analyses

Sample M-9 M-11 M-12 M-14 M-19 M-20 M-24
pH 7.47 6.93 6.64 8.20 7.08 7.17 7.03
ca 57.50 | 115.00 | 117.00 | 23.10 72.90 51.30 50.10
Fe 0.00 0.09 0.04 0.28 0.10 0.02 0.01
K * * %* * * * 0.19
Mg 13.40 52.80 26.30 9.14 15.70 12.50 12.50
Na 4.14 41.80 5.15 41.30 5.26 3.79 4.52
P 0.07 0.22 0.14 0.08 0.09 0.05 0.08
SiO2 12.02 12.28 22.89 7.62 12.54 11.87 9.71
Cl 5.91 26.31 6.70 2.13 7.40 4.93 6.55
NO, 4.88 0.66 2.92 0.00 1.39 4.89 3.93
SO, 21.68 251.10 5.25 30.17 14.30 15.82 16.60
HCO, 194.01 | 371.25 | 404.50 | 156.19 | 231.85 | 170.83 | 174.7
Ca/SiO2 4.46 9.37 5.11 3.03 5.82 4.32 5.16

M-25 M-26 M-27 M-28 M-29 M-30
Ph 7.17 6.89 7.27 6.75 6.87 7.12
Ca 49.00 39.90 90.50 42.20 66.30 85.50
Fe 0.01 0.04 0.40 0.15 8.17 0.04
K * 0.62 * 0.30 * *
Mg 13.30 11.40 27.80 12.70 13.80 7.10
Na 4.50 4.59 11.30 4.00 4.36 5.36
P 0.09 0.09 0.17 0.12 0.13 0.15
sio, 11.35 9.01 11.00 8.79 20.26 15.3
Cl 10.35 10.35 38.53 5.70 9.81 15.3
NO, 6.30 5.30 45.06 4.40 6.28 1.08
80, 17.17 14.80 23.51 14.67 17.61 12.31
HCO, 141.24 | 129.65 | 253.19 | 133.61 | 229.40 | 259.29
Ca/SiOz 4.31 ==_i_.43 8.23 4.80 3.27 5.59
* = Below limits of detection;
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chemistry of at least some wells must resemble Rattlesnake
Creek chemistry.

Silica (SiO,) concentrations in the Clark Fork River
and Rattlesnake Creek near the site are approximately 15 and
7 mg/l respectively (table 3.2). Rattlesnake Creek water
silica concentrations are lower because it is "younger
water", i.e. it has had less contact with siliceous rock and
sediment and therefore, less time to dissolve silica.

Ground water from wells completed in Precambrian
bedrock in the Missoula Valley has silica concentrations
averaging 15 mg/1l (table 3.3). Concentrations of silica in
regional monitoring wells are generally between these
values.

M-11 has the lowest silica concentration of regional
wells at 5.74 mg/l. This is similar to Rattlesnake Creek
silica concentrations. M-11 is the closest well to
Rattlesnake Creek. This indicates that Rattlesnake Creek
water is probably recharging the east end of the site.

M-29 has a silica concentration of 20.26 mg/l. It has
the highest silica concentration of all wells sampled. M-29
was the only well with silica concentrations near those
typical of other Tertiary ground water within the Missoula
Valley. The average silica concentration of five Missoula
Valley Tertiary wells is approximately 30 mg/l (Geldon,
1979).

M-29 is the only well with iron levels typical of



83
Tertiary sediments. M-30 is usually full of precipitated
iron oxides. While purging the well for sample collection,
purge water became very clear after five gallons was
removed. Samples were collected after removal of 50
gallons. The last five gallons of ground water removed were
allowed to sit in a bucket. After a short while, the water
turned reddish-brown and became more so as more time passed.
It was expected that this well would have high iron levels
but it did not. 1In hindsight, metals samples should have
been filtered with an in line system. Metals such as Iron
ITI may begin to precipitate as Iron III hydroxide
immediately upon contact with air due to oxidation.

Elevated chloride and sulfate concentrations in M-11
are difficult to explain. Perhaps these wells have been
contaminated by some near surface source. It is also
difficult to point to the exact cause of the anomalous stiff
diagrams of M-11 and M-14; however, it could be that these
wells are completed in the Tertiary due to their elevated

sodium concentrations.

CONCLUSIONS

The aquifer materials underlying the B. N. fueling site
are highly heterogeneous. It is difficult to determine the
exact depositional environment. Perhaps sediments were laid

down on an alluvial fan originating in the Rattlesnake
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Valley.

Ground water flow is generally to the southwest in the
regional aquifer at the B.N. site. From potentiometric
maps, it appears that outflow from Waterworks Hill is
probably a large source of recharge to the northern portion
of the regional aquifer of the study site. This outflow is
probably a combination of discharge from the bedrock and
Tertiary aquifers as well as leakage from the reservoir. It
would be difficult to estimate the quantity of this
recharge. The quantities of recharge contributed by the
fractured bedrock aquifer and by the Tertiary aquifer are
unknown. Rattlesnake Creek is a hydrologic divide to the
east of the study site. It is probably a smaller source of
recharge. Ground water originating in the Clark Fork River
probably flows through the southern portion of the B.N.
site.

The aquitard underlying the site creates a perched
aquifer under much of the west end. It is discontinuous
elsewhere. Flow is generally to the south-southeast. The
permeability of the aquitard appears to be highly variable.
The aquitard protects the regional aquifer from infiltrating
contaminants in some areas but not in others.

Ground water is generally of a calcium bicarbonate
type. Silica concentration from M-11] is similar to that of
Rattlesnake Creek. This supports the idea that Rattlesnake

Creek is recharging the east end of the site. Silica
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concentrations in most regional wells is intermediate
between those of the bedrock aquifer and the Clark Fork
River and Rattlesnake Creek indicating a possible mixing of
all three sources. Iron and silica concentrations from M-29
coupled with the well log indicate that its lower potion may
be completed in the Tertiary aquifer; the water-level
history of this well also supports this conclusion. The
cause of anomalous chemical signatures in some wells is
elusive. Monthly water sampling would give a clearer

picture of the origin of groundwater in different wells.



CHAPTER 4: PROBLEM OF DIESEL FUEL

CONTAMINATION

BACKGROUND

History of Diesel Fuel Use at the Missoula B.N. Site

Until World War II, steam locomotives passing through
Missoula, Montana burned coal for fuel. With war came a
great need for coal. Many locomotives were retro-fitted to
burn bunker o0il, which is similar to modern diesel fuel.
With the invention of the diesel engine, steam locomotives
were phased out and replaced by diesel locomotives.

The B.N. yards in Missoula at one time had three
fueling areas: two on the main line tracks east and west of
the depot, and one on the roundhouse tracks. Montana Rail
Link (MRL) currently uses only the roundhouse fueling area.
The east mainline fueling area is currently functional but
is only used about once a month. The MRL dispenses
approximately 2.6 million gallons of diesel fuel over a
twelve month period (Kennedy/Jenks/Chilton, 1990).

Three zones of contamination exist
(Kennedy/Jenks/Chilton, 1989). Each appears to be
associated with a fueling area. One is on the perched
aquifer beneath the Roundhouse fueling area, and two are on

the regional aquifer associated roughly beneath the west
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mainline fueling area and the east mainline fueling area

These fueling areas, until recently, were serviced by
two 25,000-gallon underground tanks located south of the
roundhouse fueling tracks. In 1990 these tanks were removed
and replaced by one above ground tank. During excavation of
the western tank, much diesel stained soil was observed and
the staining appeared to be of recent origin. Fiberglass
track pans were installed at both fueling areas in about
1980 (Kennedy/Jenks/Chilton, 1989) in order to catch fuel
spilled during normal locomotive fueling operations. These
track pans drain to an oil/water separator.

The west main line fueling area was used to fuel Amtrak
trains in the past but is now abandoned.

Local residents working for the railroad during the
early diesel era remember cold winter nights when fuel hoses
fell out while the crew was inside warming up. Fuel might
run on the ground for several minutes. Until the early
1970's, diesel fuel was relatively cheap and fuel was not
inventoried. It is difficult to estimate how much diesel
fuel may have been spilled at the Missoula site over the

last forty vyears.

Behavior of Diesel Fuel in Aquifer Material
The bulk of research concerning liquid hydrocarbon
spills on land has dealt with either gasoline or crude oil.

Few studies concerning the unique behavior of diesel fuel
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have been published (Burns, 1987; Dineen, 1990; Drangun,
1990; Hockensmith, 1990; Wang and others, 1990).

The behavior of LNAPLs in aquifers is a complex
subject. Chapter 2 should be referred to for a detailed
discussion of this topic. Two pertinent points from Chapter
2 should be recalled at this point:

1. Diesel cannot flow at saturations below 20 % in the
saturated zone but may flow at saturations down to as low as
3 to 4 % in the unsaturated zone (Dracos, 1987).

2. Water table fluctuations greatly influence the
spread of diesel fuel throughout an aquifer. The more water
levels fluctuate seasonally or due to pumping, the greater
the volume of diesel fuel which is held at residual
saturation.

Kia and Abdul (1990) studied the retention of diesel
fuel in aquifer material in a laboratory setting. They
found that the level of residual saturation was highly
variable in different types of soils. Retention varied with
porosity. Retention was also found to be influenced by
particle size and generally decreased with increasing
particle size. The extent of the effect of particle size on
the retention, however, was dependent on porosity, and
therefore on the packing structure. The residual saturation
of diesel fuel in aquifer material was found to be much
greater than the residual saturation of water under similar

packing conditions. The authors conclude that accurate
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estimates of residual retention under field conditions can
only be obtained when laboratory measurements are carried
out on undisturbed soil samples from the site in question.

Research on the environmental fate of fuels suggest
that fuel weathering is a complex process involving three
major processes: evaporation, dissolution and
biodegradation. Burns (1987) compared the chemical
compositions of fresh diesel fuel samples to weathered
diesel fuel samples collected from various spill sites. He
determined the relative effect of evaporation, dissolution
and biodegradation on diesel fuel. All recovered samples
showed evidence of weathering. The weathered samples showed
an average loss of 75% of their straight chain (normal or n)
alkane components. Because normal alkanes are relatively
easily degraded by microorganisms, this suggests that
considerable biodegradation took place. Burns found
biodegradation to be the most significant natural weathering

mechanism for these diesel fuel samples.

Monitoring Wells And Apparent Product Thickness

It is often assumed in estimating the volume of spilled
hydrocarbons in the subsurface that there is a linear
relationship between the apparent product thickness (APT)
measured in a monitoring well and its actual thickness in
the formation. This relationship is derived by assuming

that the well and formation are in equilibrium, i.e., net
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flow of liquids between the well and the formation is zero.
It is also assumed that the vertical component of flow is
negligible. Using these two assumptions, one can then
utilize the tension-saturation relationship for the
formation to estimate the vertical hydrocarbon saturation
distribution. This can be done for both the imbibation and
drainage conditions. However, the field data quite
frequently show hydrocarbon thickness changes that are not
related to either withdrawal or release of hydrocarbons
(Kemblowski and Chiang, 1990, and Abdul and others, 1989).

Lenhard and Parker (1990) studied fluctuating water
levels and APTs in a low permeability aquifer and static
subsurface hydrocarbon volumes. Their research showed
generally, an inverse relationship between water table
height and APT, i.e. as water levels rose APTs decreased.

As was discussed in Chapter 2, there is a different residual
saturation for hydrocarbons above and below the hydrocarbon-
water interface. This fact and the idea that the well-bore
acts as a higher permeability conduit were used to explain
the inverse relationship between APTs and water levels
(which is common at many sites).

Abdul and others (1989) performed theoretical analysis
and laboratory column experiments to investigate the
conditions required for hydrocarbons to flow into a well
installed through a sandy aquifer material. Results

indicated that hydrocarbons would only flow into a well
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after a layer of free product is formed in the adjacent
porous medium. They conclude that although monitoring wells
may be useful in delineating the extent of the free product
plume and the plume of dissolved hydrocarbon constituents,
they are not useful for delineating the extent of capillary-
held hydrocarbon. However, residual hydrocarbons are often
detected during the drilling process by smell or the
appearance of stained soils.

Lenhard and Parker (1990) derive intricate equations
for use in the estimation of hydrocarbon volume per surface
area from APTs, but they require knowledge of many
parameters that may be difficult to obtain.

Kemblowski and Chiang (1990), Abdul and others (1989),
and Lenhard and Parker (1990) all conclude that no simple
conversion scheme can be employed to relate the height of
LNAPL in a monitoring well to a LNAPL volume in a porous

media.

METHODS

During water level monitoring events, depth to water
and depth to diesel fuel measurements were made in
contaminated wells using an interface probe. Graphs of APTs
over time for contaminated wells were generated. These
graphs were analyzed to help assess any spatial and temporal

variability within the zone of contamination.
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A product recovery system was operating in well MR-1
(near the east mainline fueling area) during most of 1990.
A graph of the quantity of fuel recovered over time was made
to help assess the temporal variability of the free product

plume in the vicinity of MR-1.

RESULTS AND DISCUSSION

Figures 4.1 - 4.3 show the change in APTs with time in
contaminated regional and perched wells. In regional wells,
as would be expected from the discussion above, APTs
generally decrease during periods of rising water levels and
increase during periods of falling water levels (compare to
hydrographs in Chapter 3). Changes in APTs are most likely
due to rising and falling water tables and do not
necessarily reflect changes in the amount of hydrocarbon in
the subsurface. However, sudden increases in APT during
times of static water levels may signal new contamination
events. In perched wells (Figures 4.2 and 4.3), APTs are
fairly static except for M-23 and MR-3. Because water
levels are fairly constant (see Figures 3.12 and 3.13)
diesel fuel mobility is constant and APTs do not vary much.

In the spring of 1990, product recovery in MR-1
increased significantly as ground water levels rose in

association with spring runoff (Figure 4.4). This would
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seem to run counter to the Dracos' arguments (see Chapter 2)
concerning the behavior of LNAPLs in the presence of rising
water levels. However, according to Shepard's discussion
quoted in Chapter 2, if there was a large enough change in
hydraulic pressure as the water table rose it could force
immobile product out of pore spaces and re-mobilize it. A
change in hydraulic pressure may have been provided by a
steeper and slightly deeper cone of depression caused by a
higher pumping rate in MR-1 during this period. No product
was recovered in November and December of 1990 due to a
malfunction in the recovery system.

A similar increase in product recovery was not observed
in MR-1 during spring runoff of 1991. Very little product
was recovered during this period. This could imply that all
recoverable product had already been removed. Or, perhaps,
with less product remaining in the pore spaces, too great a
hydraulic pressure was required to displace the immobile
product. However, there were many problems with the
recovery system during this period. The system was taken
off line when no recovery took place. By late June 1991,
the water table surrounding MR-1 had recovered, and a cone
of depression no longer existed. Only 0.01 foot of product
was measured in MR-1. As the water table dropped, the APT
increased to approximately 0.4 feet by September. Most
likely product held at insular residual saturation was

probably remobilized (see Chapter 2). No more product has
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been recovered from MR-1 to date due to continuing problems
with the recovery system.

It is possible contamination events are still presently
occurring. The Roundhouse fueling area is still in use.

The tracks beneath the fueling area are equipped with
fiberglass track pans, but they have never been tested for
leakage.

Water and product level monitoring in November of 1991
revealed that M-29 contained over one foot of free product.
Free product was removed from the well with a bailer. Free
product recovered over a short period of time to about 0.5
feet of APT.

Up until that point, M-29 had been free of
contamination (M-29 was completed in late 1989). These
facts suggested possible recent spillage of fuels at or near
the surface. It is important to note that M-29 is the only
well which penetrates the perched aquifer. When it was
completed, it was grouted through the aquitard with
bentonite to prevent the advancement of contamination from
the perched zone to the regional aquitard. Never the less,
it is possible that the bore hole functions as a conduit
through which the diesel fuel flowed. It seems unlikely it
would take two years for this to occur. However, recall
that the layer of mobile diesel fuel sits above the water

table. Perhaps the water table prevented free product (due
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to immiscibility) from flowing down the borehole. If this
area of the perched zone became dewatered and there were
leaks in the grout, diesel fuel could at that time trickle
down the sides of the well pipe.

In an attempt to determine whether the appearance of
fuel in M-29 was the result of recent spillage, fuel samples
were collected from M-29, M-23 and MR-5. A sample of fresh
fuel was collected from Montana Rail Link's pump nozzle at
the Roundhouse Fueling area as well. Kennedy/Jenks/Chilton
had gas chromatogram (GC) analysis of the fuel samples
performed. GC data for the sample from M-29 were compared
to the weathered fuel samples and the fresh fuel sample
according to the method of Burns (1987). Unfortunately,
results were inconclusive. Kennedy/Jenks/Chilton had gas
chromatogram (GC) analysis of the fuel samples performed.

GC data for the sample from M-29 were compared to the
weathered fuel samples and the fresh fuel sample according
to the method of Burns (1987). Unfortunately, results were

inconclusive.

CONCLUSIONS

Eventually, free product recovery systems will no
longer be able to recover diesel fuel at the B. N. site. At
that time there will still be a large quantity of product

held in the ground by capillary forces. Only natural or
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enhanced biodegradation or flushing of the subsurface with
surfactants will further reduce the quantity of diesel fuel.
Also, with the contaminated area already containing diesel
fuel at residual saturation, any future spillage will
rapidly translate into more free product.

Past attempts to recover product in MR-5 have employed
the use of a water table depression pump with a skimming
system. The transmissivity of the regional aquifer is
fairly high in the vicinity of MR-5. Pumping in MR-5 at 40
gpm produces a very small cone of depression. Recovery of
free product in MR-5 using a single drawdown pump is
unlikely to be successful.

The gradient of the potentiometric surface above the
aquifer is to the east southeast. From well logs it appears
that the aquitard is at best discontinuous. Flow of free
product is generally in the direction of the hydraulic
gradient. If enough fuel was spilled on the perched water
table, it would continue to flow toward the eastern edge of
the aquitard, spilling off the edge of the aquitard into the
regional aquifer. There are no perched aquifer monitoring
wells east of M-18 and no regional aquifer wells between M-
13 and M-12. It is therefore quite possible there is
another concentration of free product on the regional water
table between M-13 and M-12.

Changes in APT in monitoring wells do not necessarily

reflect actual changes in the amount of free product at the
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B. N. site. Removing the free product from monitoring wells
with a bailer and then allowing the free product to recover
would more accurately reflect temporal changes in the

thickness of fuel in the formation.



CHAPTER S: CONCLUSIONS AND
RECOMMENDATIONS

A conceptual model of the physical system was

developed. The aquifer consists of sand and gravel similar

to Woessner's (1988) Unit 1. Further there is a fine

grained layer above the water table at the west end of the

site which is continuous enough to serve as an aquitard.

It was found that:

A.

The aquitard extends to the base of Waterworks Hill;
Hydrostratigraphic units other than the regional
aquifer are present;

Recharge to the regional system comes from a variety
of sources;

Aquifer characteristics change from the north and
east to the south and west;

The hydraulic gradient on the perched aquifer is
roughly to the southwest. Spilled fuel reaching the

aquitard will flow in this direction;

This study determined that without additional spillage

the shape of the contaminant plumes is fairly static but is

influenced by fluctuating water levels. The mobility of

fuel is highly variable in the area south and west of MR-5
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due to greatly fluctuating seasonal levels.

If the study site is ever to be remediated, all present
and future sources of contamination must be eliminated. A
short walk around the Roundhouse fueling area reveals
numerous centers of soil with recent diesel fuel staining,
especially immediately next to the track pans. As long as
there is active locomotive refueling, the potential for
additional contamination of the subsurface exists.

This investigation has shown that the hydrogeology of
the Burlington Northern Former Fueling site is extremely
complex. Lack of understanding of heterogeneities within
the subsurface hinders effective remediation of the site.

Monthly monitoring of water and product depths should
be continued. This will show long term trends in the flow
regime of the area. Monitoring of apparent product thickness
should be done after all free product has been bailed from
monitoring wells and wells have been allowed to recover
until APTs stop increasing.

Additional monitoring wells should be installed. One
or more wells completed in the regional aquifer between the
southeastern and northwestern well clusters and at least two
wells completed between Waterworks Hill and the B.N.
property boundary are needed. Such wells would greatly add
to the knowledge of the flow system by filling in
stratigraphic blanks in the geologic model as wells as

giving better coverage of the area on potentiometric maps.
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Before selecting a method to remediate the perched
aquifer, a series of aquifer tests should be conducted to
determine the transmissivity soils above the aquitard.

Leakage tests should be performed on all track pans and
underground pipe lines to ensure that no new spillage is
taking place.

Once all recoverable free product is removed, addition
of nutrients such as nitrogen and phosphorous should might
be added to the east end of the site to enhance natural
bioremediation. Down gradient wells would have to be
installed to capture nutrient plumes to keep them from
contaminating the Missoula Aquifer. Such a technique would
be unsuccessful due to the highly transmissive nature of the

aquifer in that area.



105

BIBLIOGRAPHY

Abdul, A.S., Kia, S.F., and Gibson, T.L. 1989. Limitations
of monitoring wells for the detection and
quantification of petroleum products in soils and
aquifers. Ground Water Monitoring Review, v.9, no.2,
pp. 90-99.

Allen, J. 1983. Pattee Creek influence on Missoula's
groundwater. Unpublished senior thesis, Dept. of
Geology, University of Montana. 25 pp.

Althari, A., Lange, J. and Whitaker, L. 1986. Immiscible
fluid flow in porous media: dielectric properties.
Journal of Contaminant Hydrology. v. 1, 107-118.

American Petroleum Institute. 1972. The Migration of
Petroleum in Soil and Ground Water. A. P. I.,
Washington, D.C.

Bear, J. 1972. Dynamics of Fluids in Porous Media. American
Elsevier, New York.

Bear, J. 1979. Hydraulics of Groundwater, McGraw-Hill, New
York.

Boettcher, A.J. and Gosling, A.W. 1977. Water resources of
the Clark Fork Basin upstream from St. Regis, Montana.
Mont. Bur. of Mines and Geol., Bull. 104. 28 pp.

Burns, M. E. 1987. Environmental fate of diesel fuel on
land. Association of American Railroads, Report No. R-
672, October 1987. 31 pp.

Charbeneau, R.J., N. Wanakule, C.Y. Chiang, J.P. Nevin and
C. L. Klein. 1989. A two-layer model to simulate
floating free product recovery: formulations and
applications. In: Proceedings of the Conference on
Petroleum Hydrocarbons and Organic Chemicals in Ground
Water: Prevention, Detection and Restoration. National
Water Well Association, Dublin, OH. pp. 333-345.

Clark, K.W., 1986, Interactions between the Clark Fork River
and the Missoula Aquifer, Missoula County, Montana.
Unpublished Master's thesis, Dept. of Geology,
University of Montana. 156 pp.

Corapciaglo, M.Y. and A. Baehr. 1986. Immiscible contaminant
transport in soils and groundwater with an emphasis on



106

petroleum hydrocarbons: system of differential
equations vs. single cell model. Water Science and
Technology. v. 17, pp. 23-37.

Corey, A. T. 1986. Mechanics of Immiscible Fluids in Porous
Media. Water Resources Publications, Littleton, CO.

Dineen, D. 1990. Remediation options for diesel-contaminated
soil. in:Hydrocarbon Contaminated Soils: Analysis,
Fate, Environmental and Public Health Effects, and
Regulation. School of Public Health, U. of Mass., pp.
65-75.

Dracos, T. 1978. Theoretical considerations and practical
implications on the infiltration of hydrocarbons in
aquifers. In: Proceedings: International Symposium on
Ground Water Pollution by 0il Hydrocarbons.
International Association of Hydrogeology, Prague. pp.
167-181.

Dracos, T. 1987. Immiscible transport of hydrocarbons
infiltrating in unconfined aquifers. In: 0il in
Freshwater: Chemistry, Biology and Countermeasure
Technology. Proceedings of Symposium of 0il Pollution
in Freshwater, Edmonton. ed.: J.H. van der Muellen. pp.
161-175.

Dragun, J. 1990. What do we really know about the fagte of
diesel fuel in soil systems? in:Hydrocarbon
Contaminated Soils: Analysis, Fate, Environmental and
Public Health Effects, and Regulation. School of Public
Health, U. of Mass., pp. 20-39.

Freeze, R.A. and J.A. Cherry. 1979. Groundwater. Prentice-
Hall, Englewood Cliffs, N.J., pp.444-447

Geldon, A.L., 1979, Hydrogeology and water resources of the
Missoula Basin, Missoula, Montana. Unpublished Master's
thesis, University of Montana, Dept of Geology, 114 pp.

Hinman, N.W., Armstrong, K. and Woessner, W.W., 1990,
Initial investigation of Perchloroethylene
contamination in the Missoula Aquifer. Unpublished
report prepared for the Water Quality Bureau,
Department of Health and Environmental Sciences,
Helena, MT. 128 pp.

Hochmuth, D. P. and D. K. Sunada. 1985. Ground-water model
of two-phase immiscible flow in coarse material, Ground
Water. v. 23, no 5. pp. 617-626.



107

Hockensmith, E.H. 1990. Handbook for Diesel Fuel Spill
Remediation: Restoration Options For Diesel Fuel
Contaminated Groundwater and Soil. Association of
American Railroads, R-763, 155 pp.

Juday, R.E. and Keller, E.J. 1978. Missoula Valley water
study, chemical section. Univ. of Mont. Dept. of
Chemistry,26 pp.

Kembloski, M.W., and Chiang, C.Y. 1990. Hydrocarbon
thickness fluctuations in monitoring wells. Ground
Water. v. 28, pp. 244-252.

Kennedy/Jenks/Chilton. 1989. 1989 Status Report, Missoula
Fueling Site. Burlington Northern Railroad.

Kennedy/Jenks/Chilton. 1990. 1990 Status Report, Missoula
Fueling Site. Burlington Northern Railroad.

Kia, S.F., Abdul, A.S. 1990. Retention of diesel fuel in
aquifer material. Journal of Hydraulic Engineering v.
116, no. 7, pp. 881-894

Kinghorn, R.F. 1983. An Introduction to the Physics and
Chemistry of Petroleum. John Wiley and Sons, New York.

Kueper, B.H. and E.O. Frind. 1990. Numerical Modelling of
multiphase/multicomponent flow and transport in porous
media: an overview. In: Proceedings: Conference on
Subsurface Contamination by Immiscible Fluids.
International Association of Hydrogeolgy.

Lenhard, R.J., and Parker, J.C. 1990. Estimation of free
hydrocarbon volume from fluid levels in monitoring
wells. Ground Water. v. 28 pp. 57-67.

Lohman, S.W. 1979. Ground-water hydraulics. U.S.G.S.
Professional paper 708, 70 pp.

Maher, T.F., and Mittal, S.R. 1991. Investigation plan for
remediation of a former railroad classification yard
and roundhouse facility. in: Hydrocarbon Contaminated
Soils: Analysis, Fate, Environmental and Public Health
Effects, and Regulation. School of Public Health, U. of
Mass., 22 pp.

Mc Murtrey, R.G., Konizeski, R.L. and Briekrietz, A. 1965.
Geology and Ground Water Resources of the Missoula
Basin, Montana. Montana Bureau of Mines and Geology,
Bull. 47. 35 pp.

Miller, R.D. 1990. A numerical flow model of the Missoula



108

Aquifer: Interpretation of aquifer properties and river
interaction. Unpublished Master's thesis, University of
Montana, Dept. of Geology, 301 pp.

Missoula County Health Department, Environmental Health
Division, 1987. Sole source aquifer petition for the
Missoula Valley Aquifer. Prepared for USEPA Region 8,
167 pp.

Morgan, W.F., 1986. Geologic interpretations of the alluvial
aquifer, Missoula basin, Missoula Montana. Unpublished
Senior Thesis, University of Montana, Dept. of
Geology, 46 pp.

Morrow, N. R.. 1970. Physics and thermodynamics of capillary
action in porous media, in: Flow Through Porous Media.
American Chemical Society, Washington, D. C. pp.112-121

Mull, R. 1978. Calculations and experimental investigations
of the migration of oil products in natural soils. in:
Proceedings: International Symposium on Ground Water
pollution by 0Oil Hydrocarbons. International
Association of Hydrogeology, Prague. pp. 167-181.

Peery, W.M., 1988, Migration and degradation of dissolved
gasoline in a highly transmissive, unconfined, gravel
and cobble aquifer. Unpublished Master's thesis,
University of Montana. 172 pp.

Pinder, G.F. and L.M. Abriola. 1986. On the simulation of
nonaqueous phase organic compounds in the subsurface.
Water Resources Research. v.22, no. 9. pp. 109s - 119s.

Pottinger, M.H. 1988. The source fate and movement of
herbicides in an unconfined, sand and gravel aquifer in
Missoula, Montana. Unpublished Master's thesis,
University of Montana. 172 pp.

Schwille, F. 1967. Petroleum contamination in the subsoil -
a hydrological problem. In: The Joint Problems of the
Water and 0il Industries. ed. P. Hepple. Elsevier,
Amsterdam. pp. 23-54.

Sendler, N. 1986. Hydrogeology and resource evaluation of
the Rattlesnake Valley, Missoula, Montana. Unpublished
senior thesis, University of Montana. 42pp.

Shepard, W.D. 1983. Practical geohydrological aspects of
ground-water contamination. Proceedings: Conference on
Aquifer Restoration. NWWA. pp. 365-372.

Stallman, R. W. 1964. Multiphase Fluids in Porous Media - A
Review of Theories Pertinent to Hydrologic Studies.



109

U.S.G.S. Professional paper 411-E.

van Dam, J. 1967. The migration of hydrocarbons in a water
bearing stratum. In: The Joint Problems of the Water
and 0Oil Industries. ed. P. Hepple. Elsevier, Amsterdam.
pp. 55-88.

van der Waarden, A. L., A. M. Bridie and W. M. Groenewound.
1971. Transport of mineral components to groundwater -
I. Water Resources Research. v. 5, pp. 213-226.

Wang, X., Yu, X. and Bartha, R. 1990. Effect of polycyclic
aromatic hydrocarbon residues in soil. Environmental
Science and Technology. v. 24, pp. 1086-1089

Woessner, W.W. 1988. Missoula Valley Aquifer Study:
Hydrogeology of the Eastern portion of the Missoula
Aquifer, Missoula County Montana. Unpublished report
for the Water Development Bureau of the Montana
department of Natural Resources, Helena, MT, 292 pp.



110

APPENDIX A: WELL LOGS



111

projsct D site Miscolen BORINGAM-2 ___sni1or2_
Date SQR“M— Compieted _IL_zLL___leM Eievation
Total Ooam.ém‘—uueen_s_‘iﬁ_l-_"&FLu”d oy LAW Tba
Casing 1.0.-2 Contactor _zdveme s Puillipe
Remarks Aiz Lotowy o/ £ Dnes=Cagipe
Soroag. w2t 2¢0 =326 <L
Sampie K jot s w1 23]
se CTwla 8| e & £ e T " Eavioment
33 831928 (3¢ | €8 |3 |52 Sample Description ,
- - -l e %= € S | | Inswailes
s .:5 23| &3 |¢ ¢ =
r '..'...’ 0-1 ¢t d k l- ~blaci 3.: IJ) i } { J
S .. et oo Gﬁug;‘ G, 3 ¢ 4
- e —oit, wydt sly sta,ms ; 1
of S \ . ! -
= R "1 Ae2g €t, Breww J--J, g oo | 10 =
. .
3 . CrAvEL, Gw vy, = e 1
i . Cviele e, ,( .n‘-- wation. ! "
ol . ° ! : -
. 1 2T -V . GRUEL, 6w, ou abwa ‘: .
L . ! , v
—2° . o wth (el .J"/ [Poer ‘ N “-:
P TSy el wet, | LiTp ]
: W.‘h' r.‘#'!l& . ‘. ‘A .l *“b“‘“  § J.. -~ M‘ﬁ . : :
=30 | ot~ 3 k{. Ctl arder’ ‘ 30—

- b oot Epe pragoct]. T

—r

!

]
Gah e oA
K] 4 -
" o, Lt
<4 - B -

10 3w

i
1o | Smenm

- YR A
- ‘.
24 .

=55 | 32.9] ~é~

- Sug= 36.27 63 ~‘
‘:.‘o ¢Vl V" I\l ¢
l/a Toe 1%& ;

ﬁ‘{ [ 4 O;/ o
w‘t‘,\ -.4&.

LA

nvACRtA AL AESIAAGR § TRO=OLOGY o€



Wirg-0n

D ml e My BORINGM-3 g1y 107
;r:t‘:‘;un“M—_CGH‘N"“_'A)J?‘ — Ground Elevpuon
Total oom_ﬁi_ﬂ_ueanenm__mzf_gg“%“g, /N. 2_,:4,\
- a' nillme
Casing 1.0 CQ_mnmr Lve s
Remarks
2" 030 STerwmv 3t €162 C+. |
Sampie 9 lﬂm m 18
;o | £ .| & et . Equipment
33 :3 “i 3  E §§ g gs Sampie Cescription m:.”“
we |l Qe :5 g ie g€ |8
E) i .o
g .".. Oe% ¢+ Dk bra Sawsdly GRAVE L ' i -
-::.‘ ‘“a sy wal §eae 'N,A.}J ' 4
M &Qtl*. | J
0 . e “-‘1 £ My 3”.!’ 3(.‘, ‘am . ),
— ".. ] ' ! ]
i S| Wb 1% Sa, dey ]
B b-: 20-2, €t wf 5'&“:1; ’ 9
> -
i : WL G i o fon Coe O =
i W b;‘j Y S S‘”’; e, _;‘,4. - § b
by B AL W ST SN S TTORFSFL I I I
: .: ..1 widl l/:’-("‘ Sfou olav £ £ <
=~ °d . ™ ’ .
—!9 . ‘. ; 33.’: "". r.. _‘.q :JHH :\” < ‘)0 7
[ P,':: s# uu+ -/ :hs"" 1 L é E -
: odter, N |
d.
r . . N
%o - o 3;‘61 mCrosIv 9 Somed v ~ &O
[ i and 3ilF ettt *: 1
i s
- S| L0 {foa! vt 'Z 4 ]
:Q - :‘ " 0 U.‘\ ""vtd . i;’—;
- P 6061w shea redbve st L )
. o0 Sme = S7 Fy GY, tlay fe v iticge, 1 A~
9 - b M
- . . TD el . ! ' : .
| (% 28S :-;_ ‘Z ;¥ l:\' 1°. i 9}1
=0 X l ‘ N
- e “ Nal——
: 273P3xsSP I T i:;
u we L fv&&*. 3Il'9{/ P":L‘—\ 1

Oy ACuataTM, ATSLARCH § TIS=ALOGY o



?-”’ An

00000000

33
Project a4 Si“‘L“‘_'S.‘.‘uT——BORING M- 3 Shiet L i
Date Started Completeg 11/ 2 6 Ground Eievation ‘
Total Depth = Locationtal TorTaald ___loggedby MW Zoo2. i
Caasing 1.0. - - CQnmg:m (XS i Wl O \lcwg .
Remarks Az _Kgtory D-illagl wie?pq £ steel tngiue. l
N e b D00 K R ;
2°y G.‘V.Oia :gpq,gg ’.‘* 53-43 P33 |
Sampie 9 T Ty .’
. & ) |
se iy e _| &£e £e Sample Description Eauipment |
28183(. § 33| 22 | ¢ (28 In i
wWe | geib e $ s~ saied |
St |23la%e) & | = |S | —_—
F — ‘
L RS- EL R - X ALY VP S, 5_;/,._-._J l T <
i . - w 'a’/ / -
- N G, dry . Coy 7
" JS& carfi fa amdd yar Ll
2 .
——w "; M*‘w"‘h- ) "\’ "f -, 1
- ‘.‘ al. S ol J
o . 4
i Sl eea® wifl asphalt. 8
b o
P -
:‘Z’ ; 7-9 & redober magica "'-j
Q.
. - . |
- M SAm swo wgist, 5 l4 -
o [
L ; -. ..J 3.#‘;1“7 . s.; 1
- < . . < > -
b 3. I ERTIS? 2 15 N I SR gy A “ 's
.. M \g -
- ‘.", . Kd- "lllu t.{‘) :‘_dl \! . .“
ol '.‘ .. h:‘ .*‘ &‘ 1‘
40 X . , .-
b " . zﬁ.w h;'—&“ - I?' qroc<t " _I‘
s ;'.'. x-«'.,,,a —waay = ta i-u’ .“ -1
: ‘: C. o t“ ,:1‘4' ,..‘a.c'-* '? j
"-'9 b,-:..'-‘ ,'-J-;’ (i~ -, [CXIA $tm
d- -:..:; 4 ..". :
t -- *3- 1% laigan et | . j
v - ) 1 ' .'
e .... STy gk"“-bs' G«A vock 5 ‘ -
" Lo - - e
- Q'“"". . .: . [ |
=l 49T et o = Dbl imsld -
- - oo Ph mel rasd-brow = 9,44, JAWD, 2 = -
.. S, meisé et
22 terl Y

CRvACEATA, ALSLACR § TEOSOLOGY S



900000-00

114

Project L4 & Site LAiriacia BORING -2 snéur 2
Date Started Campleted Groundg Elevaton
Total Depth Location Logged by
Casing I.0. Conwactor
Remarks
Sample °
sg|Eslas|e £e £ Sampie Descriptio Equipment
5 é gu:. &‘g c’n 13 E' g 5 §: amele Beaenemen instaiied
~2|8 °| ce ° |
rad -7 . ‘ |
LTIST T Md s, deyey i, My 1
2ta] Mt cmet, vey WML ]
:'r‘c " Secd q.d ’md‘ -thuf;«;*/ 1
Fo ~ -
1~ %0 mawy 1.1, ayay 1
Cn‘v{(’ GM b
-
29 )
WY
u ]
" b
ap—
23 A
il '
ecf@ 1 "’“ﬁ ]
XY ]
3 )
1230 /et |we Rajuves, :
114 Toin| ot 4 -~
3P swi~62 (/""/J =/ ]
3y Swe |S 6/
PALTTIT S L8 lb S? ‘
| A T2 &7 ~oc

A%V ACIatA TA, AESLAACH § TEOWOLOGY S



115

TIZT Sz A Pac: =
v S T el -9
wesmt Itmzs = P
. S . i ome, -
e SC3 MuMBIA ___ WOLL MuMiA
- /o -y,
f:nlNI|| cSunty /' T i~ Lgcationt 1 " see. taace
1 s ' » e ;& sk ] -~ . .. . ;o
T aticaeTion L = ELEVATION C.S. Dart e
G el KD -
mczsaocser T oaniwmerwso L £ 70 gaien L2000 3G Coupant el a LA T
! i - . -
AEREYS- 14 A4 ] QO CASING TYPE AND DESCAPTION M ers: c. 28 S
/
' % .o’ crole
ToraL 0eP TN CazEs _272 wELL COupPLETICN DESCAIPTION _Zeo2( £7-63 o chc-reler
’ « e rel g
- ) LSRN
REwanRS D2 Coo 6 bz Siao Sy L 4 -z
v 7 -
S = .
“,9 ° NOTES ON:
s H < - WATER LZVELS.
= 232 5 v ve |2 3 DRILLING FLUID, SESCAIPTION AND CLASS:FICATION
. Lol - 3 e
s $7a m 3 ia ¢S DAILLING RaTE,
° ¢ ¢ L. - " zale " WELL COMPLETION,
T
i
—_ , ,
! ..z c-2/ |Orawef sii# ~ 5
- L -  c——— 4 , .
] v Vx4 N\\\.\?.n...\«wk\ﬂnl: , o
..r oo M\....hma.ﬁr.xb_ \.n\%hll A:i\!»n
+ -1y -1 \\\.?r\ /
—_— - 20
| 3¢- 3 - = = a\..\k\ as abhere  wifi
I : 51 - HF T P s e
T iad ~dI=CJ 7. S -z ,
2c-ve Fame = i Szl odar-
©oevS - ) N
l-l vego /o
| A w\ Vie 5l Seeel orane/ v =/F -
L= tt ) g
i oL TS
- g - )
4_ £, Makeri/ s Tharostes !
—_— & rar &l T
T Taeed hlll\\ 2ol thrag |-
i E _
0. w48 ol = T mraled fa..s - ~race/ -
.
.Hl s2-% 1/, oF nﬂ\\l. Simr—a Y- o _
\o.(.u‘.. Piaseria’ es e _
& é/ Ao re i .eve ]’ !
’ 1
% [ !
{
% L 59.57 . / i
co. 1”0, lue” P Ay 4
H :.\:\2. - Za'led 4ppdos. Yo' Fee proci-
- - - ¢
+ ST N VTR sy [T e ..:n.&\
I i
-

loier 6707,

[ .
g Te

roei w\l.\luk\m.‘....\



98 ¢ vevd

i 7, <. & A“tWﬂ(
| |
|
b -
[ ~Q« R4
i S N AL
P __ -29.52.9
' ,._ﬂ .- ~NC L2 e
- Sene2y  snoRg - MBS 4o oL

D133

=1
- ~3017% M . 2 LIPS R
L Ti..—s e € ° Lo S B3 te TR2L ) Secwd OCecieay mey
: HE s %S iv/m Meceas g2 303 a«;uolm\
= 3w a=te .
t e RIS RS CRCLLYS ~3333/c93 ' asneg
T SFs2g oTciag veRA| sl U.\
- A 2O
i T TUYS YVm |..“ll f A
- Qo B
bt ~v3s |||l“ W —
— ERSa AT 3] “ - 3> ~mORReA $ITCIT e TISTIONZ AL
i Kl %)
- I B R b
“ TTRWS 3.l | < R
i --c Iced SPNO2 o i 12 3 StEceay e S2BTUT Wlvnd LTy
- ; .
. TwtD w3y TURLD :.p F \;\ e O ~ A
r 2o 3 |v w. .N serem TREO Tervs Tasnitavis-as
R e I N 2 F1-Svie YO ‘meeag w1002 g
- n!sW 2%/ ) <
T MR
= 3.
L L
i Mot -~
. <2 ~
ml u : PR R el I 1 F3 2o
- ’ .
: F N
- G e D — X §
i —m2.3 2,9 N '
! 1 =
r Ao
wl .o m-. _e M’a,ﬂ. u.Qlo\un.h 9,0
- | v cvwes Yor  “90w3y ZoS
~ezs IL. X \9 sTvg Saniely TR
- .m0 ~PE 8 Jpr "] | dv ¢
. TemOmTE fe3ea=. le swes i~ S ICe2T - 3i30S w..aOon\
- 1% 2vryng SL t~nox NFEBY/032 PSTaC
~ 3L 1
! 22 &7z e
- ad g o 2. 033 1 Semwg A s/ ip VT
» - Vi eSO 3w CBcviers ~OIQ M 0%
o
) g g -
m m m 9] “ z “ M [
_ f53%z & §| 252 E|" 8
, vy grizagl ¢ NOLLAINOS3a 2| 23|+~ 5| 3
; Q zal @ T|l_x2{ & ™ =
| m m m 3
——
—
C  ic 7 30va XSS 3 = SQOML3m ONMIEa
-$-Y&" g3137dm0% 3UvQ w1y /ereQ wdsg ~S Y9 H > :1519071039/I3NION3
- - T s
- &7co .g3imvis Uva s - sunjeeg ., @08 MO
~Z 72 31va 'SILYNIQUOOD © > y3gmNN ONIBOS

C AN S SRV

-

FmLS— NN o L

< "Z 3WVN 1O3r0ud

911

Lo A (e DA mmes =

©- S8 w3annN L23rokd

cevew an - TTrod



ECIYA

117

L Mo v ey ol ]

18355 NE 2%y
Recmonc. WA 98252

FEeEREH VISUAL CLASSIFICATION OF SOILS

PROJEC

TNUMBER &/ =~ o {PAQJECTNAME. = = ,sc-a:  ao=—_ar, o T oo

3 - -

BCRING

NUMBER —~ | COORCINATES: 'DATE .= a~

ELEVATI

SN, |GWL Depth ~ &' Date/Time  +. _.o.p—|DATESTARTED _ ~5 =~

ENGINESRGEOLOGIST T . apm

| Cepth Date/Time !CATE COMPLETED _ -...3~

DRILLIN

G METHODS 22 T<a—ag) . |PAGE < CF =

v

- OESCRIPTION REMARKS

SAMPLE
TYPE & NO
B8LOWS ON

SAMPLER PER
RECOVERY
(

USCS SYMBOL
MEASURED
CONSISTENCY
(TSF)
WELL
CONSTRUCTION

—

ICenss KD /QRBENV TRouun To A at gL~ - CLessr

[ U

1D
L

ﬂuom‘.m Se7el STeiels  wlem St
C2s wel m-cnm\ 07 b:cc g TRACES
o4 Blmcx Geossy meatelal [Coal we

dece. e Comse )

Y —avel sue. 72
M Setee ~ wetat
1Ca" &3

ay\
O
0

o, ex STasee Brca
c-tcont‘.l -

LI
1.1 11

1
1

i TT. of BeRwn 72l

[ R T |

B P |

[ B




118

——mr L, = A paz EY
TEST HCLZ LZ3 ¢
wygagng s LS = HELEHA M3hiTana
, ,
rasicsr B0l I JCO MUMOEN _____ wout muuaen - !
seare T couwry M1 <01 @ ocament Y a ______ sec. TaacT
- . i nite G R ° i los
$.TL DLISMPTION ¢ — v A ' ELEVATION C.S. oare Uiy
cans o . pri ia te . A .o
RESASED Y e ML METHOD SAILLEA . SRILLING SOMPaNY T
.
~~ /. - [
TSTaL SCPTM e casing TYeg ang sesemptior o o 25 coeo!
' .
-z - 2 (S R P
TOTAL DEPTH CASED __SA WELL COMPLETICN DESCRIPTION D o = ARt
T s e
i ‘e
REuaAKS I, e vl e s 4 ’ A
9
S =z H
“_ 0 e NOTES ON:
-
oz z o R
z: z °x WATER LEVELS.
- M 3 N - u n - m. ﬂ DAILLING FLUID, DESCAIPTION AND CLASSIFICATION
z H <
ie3 > a 3210 0 DAILLING RATE,
s & o - 1 R
H S v c s | £33y 2| weiccusrion.

=30 aW crawed oo Aid brrw— N
Zeely et 10720k 5,

2| W J.ufl\.‘\.. PRIV OTE A
ikt Fuct oo
/

!
Jo - BBed driiins Jhootia beutl r

7

,
G arawe /oo SO N Yesld
\\«c\?.{.’r\ PO A Y R Ll X ™

’ - B
- Arug - 2% PR SR/

Slreve il o0
.
. ,
L0-HT = Maitae J RS
- A L St e S @4
- " .»‘ t
Sécere vaeT &r 'é3

72 8w 23 e rasX.
TE L * e s breata
Tle i~ Jeme el

A

Tl )y’ y
.:\”.<N\,. 4 \WP&N#Q Ao “ﬂf. \»\«wn.§\~ “Z»V HTA\U\(
-~ p ATk ¥ #

LAl

foo -».v-r-lw--v—o—o—l« p—t—t—t—| - o—‘»w-;_l—._..._._4,..'_*,_,__,__._'_‘_'4 1)




119

iem——ess MEGMONG, WA YEUSZ
jpmm—-4 —.Ngg
Ctava VISUAL CLASSIFICATION OF SOILS
PR CTN o
CJECTNUMBER Q- ~.C PROJECTNAME. 2 oo =2 MaZ-ue?o -™oscny o
BORING NUMBER:  ~~ . & COORDINATES. DATE. + _-g.g~
- -
ELEVATION GWL Depth , </ Date."ime am DATE STARTED: .50 2
= - — =~
ENGINEER/GEOLOGIST & ~an~ =~ Depth Date/T:me DATE COMPLETED: i . ca. o~
DRILLING METHODS. 2R Ta—pmT P >
= K= AGE OF
— | 2
- 4 3 » z
- o lz -1 > Q o 9 =}
z g 219 m £ g |23 1]
& w DESCRIPT) Y
$ Wﬂ m " m ) 3 oNn > zo26| 3 H REMARXS
S :19% < « «an | 3r
- |Dg - & Q 4 aQ
S @ 2 C 2
> 5] 8
Soke DC BCOSIL SVE D@l BeACL Lo MasTio 0 4
- . - ) AN R S Vi i
Co8d Yiee o/ FRalels ~- . : -
L DanSEe TaO/GRER* Rauus T3 AOK uLuf - ) |
L Pooerd S37TeD €PedwLs L/mel. IPouw e B
leeq Man2ig. : ! " -
- - - — 28 Puc PP -
=~/0 = = ST T - - ! 7
- Hnrul. S€l /Grees Rouas To =04, a0 N
R l. YDDn..% “olTe. STave w8 e 22e 0es R . -
SANOS t Seme givg. ‘ » 7
—_— Q> o Cemcebc/Bronot
- - . ‘ Jene
- G P = 1
- 2 ot Toceeaz v Pec n.rvw rravgine 5C ..
L 2% ~3 £o¥ (CLay &£, N : 7
s Coag Fes NEEN o'é sTasL .
-~
- - CELRe AT DA nnv.m Ma=¢ 1 5% -20% ¥ l|| cagim® B
—- — :
NERE
- - -. ' i
\ N -
30 = N
¥l | =
- - . 'Y -
- - of e
i .w : =
- - Soft, Reooise “BRoww, Wikwed PLac- ¢ AL W c
S--Swtd coad TeccoLss wScoooa~ S ..~
ibl Ve ~b .L
AN
- 2o Pk !
sea -
= - 1
= 3 BeubOF2s FucounTiTES 3
5O~ :
- - a7 “lows Dieses demes !
L \ Slin Lettioas av A Q
u 2C deptm ot SW 2L, J
P - i
_ j e uss Tac/6fac- Wousc ~o A<l G- S0 Pact -
8eag dmlﬂ-d $ec a8l GRave.S wirRAates L m..v, -
zhobamm L2 samcs v SN2y DecRess oo |
) o> of Vg -8veus SRouvs el _
) el =
Compod on [ \ Pve Ced |
1
L' S _
Che .06 — 2% P PP
> 3/e i , |
=~ o somcee S/ MTIN S
; r, | em—— e —
i r. 'Y
T ~T Ne ' _ * “

242a 3-8C



120

= T T e
- — -0 & . =
v.“to.llllo 18555 NE 33d
(meee Reamond, WA 98C52
R e 1-206-882 4364
ECHTA VISUAL CLASSIFICATION OF SOILS
PRCIECTNUMBER 2/ ' ~. O PROJECT NAME. "X =~ o=~ AT i, s £ aca
BORING NUMBER: ~~ . A COORDINATES: CATE .- Q. 2~
ELEVATION. GWL Depth Date/Time DATE STARTED: .-5. a2~
ENGINEER/GEOLOGIST ¢ . o | £ Depth Date/Time DATE COMPLETED . -c. 2~
DRILLING METHQDS: L CaTe) - PAGE 2 COF =z
N z
c 3 > c
s |2 w=] » <] c 2 S
z-le g 8ETIE A i (EE 48
s s|8w |32 DESCAIPTION 5 |258|c2 REMARKS
ells¥cs |¢ 2 227 %%
" [ ” -] & m s m W
Qo
[ MQcﬂ.: el /€PeE~ Touus -o b @ = .;W. ¥ SO Li. 23 .
T .)doﬂ...m Soeves 2zavas —jvacex o4 Jn CiZn -
- - -lr SaOns, hadng L. .mw... g ~cTeL - - -
b I.. ﬁ.jnl R7.D K5’ -
el 27g savres Frs
L S 270 <
b o (L gm, m&D PaOCis 4 BRoases, mE>. PinsTic, 5. Siit AE! T seeer~ -
4 —{5-. 5290 Y , micacaou s cengd - ..u.n.....l.lll Lzaree Baces __
TT. of Derinds 75! :
= -
] :
P - -
- -
e PO -
R -
L4 -
L 4 J
= - -
- -
- -
- -
b - -
b - -
o - -




121

—-——m= i A = o~ Pae 2
LZIST molz 23
ARE*RASL St B e rLl€ 2
rroucer . e JGI NUMIEN o WOl wewaga (-2
—
stave '~ counrry 1 [} stc. TRa=+ 2
Y
sitg 3gscmeTion 2 o) e bir s T oF = ELEVATION &.3. oave o2 Ie,
mczsmoca oY o omnLwerees M el 7 sniien BAILLING Soupany o Aol ¢
\J ~ .
TOrAL BLPIN —_—r CASING TTPE ANC DESCRIPTION 2 2¢ cieed
7 r
TOTAL DEPTH CaZED o weLl cowsLeTion ogscmipTion 2iied L0700
'
REMARKS L. L e Srac e b S et e e Arrrmid e f L
TS o e TS &
] H
o 2z < :
“ 0 o NMOTES ON: i
J0: z ) :
<z 3 « - WATER LEVELS, i
= M 3 m - -u.l s OAILLING FLUIT, DESCRIPTION AND CLASSIFICATION M
- Cal > a 3 {o o
U M ° k4 m mw i ORILLING ARATE, u
e o < s |za|s 2 WELL CCMPLETION, i
T 01 | lwi v by T T oTT
| : .1 S “\\\uk&h\(}i{ﬁl\. ...,\.u(.\,\~ !
3o/t ane e €T L i
soer ! Vs las mramt m
. - /
—~—— 7 ,, ) Lo vz
\i&\ . I9-29 |SP Snd cwedl 1 iede ) PV
- ol Ll i
a ; ’ !
D281 Gl w1 ot am ood i
+ NQ.bM 5 w\l.., Qonew e, I\b(nnl
28-35, A vk = rrzel .&.\.\\!uh\’..
c°3 ;
._. Sawew sir 1arr . St
h R PR YIIRE ;
ro €07 w
o, .
JO =50 M falfimadt s mem e s
] Tod L0 aied e Mok )
P w ewsr 7 !
Stes 34y dca kA seliredid, .w.mu‘ ~
., —~d 2rramn ot malws .
re Qder it
T , _
- -7 b 2]~ ‘s ” .
mwu M\.}u;\ OWI o Ul.\\a\‘o V. Pady Aol bt i oo™ ream e
PN A S I A
Cor tel e Fie m.\ﬁf 1’3 od e~
. NN
Sois] e B A N Ahr ) :
- PP TRIVE S ¢ 2 :
Pl . .
S DRSSy ST SR
]
Ge-22| |
e = ‘
# S g A
-
i 1
; ] |
\ T
| = | - |




—lle ine MITIoW ESS0CY ComRy

- 122

VISUAL CLASSIFICATION OF SOILS

ECEYA
PROJECT NUMBER. < PROJECTNAME "R\ . " <cen A )
SCRING NUMBER:  ~ _ o COORDINATES: DATE ./ = ' T
ELEVATION. GWL. Depth Date/Time DATE STARTED: ;
ENGINEER/GEOLOGIST ~ _~. 2.~ ¢ Oepth Date/Time OATE COMPLETED ]
CRILLING METHCDS. P e =S A - PAGE oF = i
- b4
« - » 4 i
- ] Q =
-] w m m " “ o m r4 et *
z & < w -3 T W~ o
E L g =leS |3 - DESCRIPTION > ISe&] 33 REMARXS |
InClZ o (28 (8 - o |[poag|@c !
0 « <« o |O6& Q 0 «<hT! 3= |
[ I~ - 3 W Q ww 2z (2] H
-~ |8 & -~ &€ " 20 Z :
] > Q ]
Q
oAl Lo s xe®? [T B
I “ R
- . NI =
N R SueOuUrbEs ~Rouuoeo Geavs u ¢ i
L . - “‘ . \‘
N A MED BRowe Samoy MaTeiz PN b b i
= -1 . < . nx..tn
N .
e 15 G~ . N -
L4 ~
T o | e ComcTEe - 7
- - . .m VEasvomn "y P
- - * ‘ Seman —
o }*
- ~ - —
Savo - e a5 v : e
TWM..OI. - ~ep Nﬂbrlvl.lutﬂ D v L1 —cusd HINI . \. N
N B SRAJGL 1w ﬂ)lom Mma=2ix, me¢d i i
T Roww! B 1
| L O 1
o - i o -
~ - 2 PuC
e GRaoEl 1m Reo wcoll-n.ﬂtm. AN Qe_anx -
I Ot 0..p0.nm Sim™ maT@ig Ser6uTed € L az.a6 B
Q mMoisT [ Ve apoR oo
- - . i -
¢ s
- - . -
e Ul |
- - A -
| 1k i
— ' ? -
I : d
d 41 - !
. . -
o - s - c@NTo~ ~ ¢ A
R N 3
L 7Rz B
=S5O | AT T ToToTr e Savs Zio%, e N =
L = M\ GRAVEL , Meisy ~o D08 R PR -
SRavEL, S40CImuDE> TOW = o™, mge BB ) R |
o - Py m.\,((. RN -
w? MATR. L. 0 OCRE. ™OIST. Jd= !
- .2 Fict, V. diue, mER DO, Wt essamiwd 2. =
2.o6 Bawey (iclmm “rek! V&, uo c0cR Glaa’ .. “H,v 2
2 e N AN = 8.
NOTES. ccomoe o Diagam oF M-, |
ﬂ - - N ———— !
c2fome i RN ;
i
H k. IR 1
<Ll .Wry HitemzTRiCS - 4/ M =.c 2ad ._
C ~ P - !
_ ¢e sresL 27y Puz S5
_ casing ! ~ ™
0% ~ . . : . ..
X2k | | ME— CecesC
.~.. . PEwT e
RN o
B7ovnn 5.5 \4 il Bl




123

—eeee 02 Mz 00 nﬂ.\.mﬂ. Lomg=y
==  1S555'NE 33g
I———ess  Redmond, WA 98CS2
jpemumeseed 1-206-882 4364
11 VISUAL CLASSIFICATION OF SOILS
3
PRC.ECT NUMBER: = PROJECTNAME  Rn/- M <cm., A :
BOAINGNUMBER: . = COORDINATES: DATE - . ~/& :
ELEVATION: GWL Depth Date/Time DATE STARTED: i
ENGINEER/GEOLOGIST. 2 g < 3% .~c Depth Date/Time DATE COMPLETED:
DRILLING METHODS. A £ r—cTuJ - PAGE 2 oF = !
= 2 ,
£ 3 5 8 j
P c !
z 2le2|887) ¢ $ [E5. .8 |
nﬂfunu es (2 - DESCAIPTION S snElE2 REMARKS ;
gti2w|de |8 - o |28%BZ |
SR N 3 S m -2 1 ]
Flas-| ¢t 4 0 2 !
& 3 s} 8 :
T— =g )
_lG(l nrb& ~meT. BRowmnc lnru ~o Clot o M P! Saup Da:z l
- - <& -
S B y-yo=) NEE |
w ;=5
L < CLrd t CRAVE L, 3Rowmizu- GXa- = 2'F PuC SoTTel o
Q - . _H
- < -2 BEOw N, L0’ Cawd € 8-gU% S L Cezewv -
d\l. age 3 s
L < Seeaven S l
- w et
- B CL . _—TFa RQeare. -
- - 0 ”\'u N’"ﬂfu..\( =
L - m “w .
e .
- t
i
d - l.._
L i
J
L o .
]
|
i
- 1_
T ~
- - B
- - .‘—
- - .|...w




124

Figure KennedyJenks Engineers
[Fro%C BuALiaiG Torw womTHéRAn RAu2eAb NE . 23jay
missoulL A =iz Bl BORING M-13
8% 866108 06 & Ot -
Details of Boring and Well Construction | susace eLevanon:

Well Construction

DMRLLING METHOOS: AIR R QTARY

i
<
118§ :
< ; w | SAMPUNG METHOOS: COA/ /A Vo u s
b ¥ CONCLETE z MOIN 7o 0iwe OF CUTTINGS, COLLECT o N
g ‘ ; - £ 8 OF CuTINGS AT SBLGETED BEPINS
2 o’ ¥ S DRILLER: L/ /iL({ MAAI DRI ub/NG
- » I én | on-4' Dar= s7awED sawov
- b4 g S GAUCLY
- \l { . . N
i ] em | &la' clifaN SRAVELS ~iFNg Senz
g 4 { p- 1O wEBeal soarac, GrAVELS ¢ 1"
r 4 cowncreEYE 1 RavaiDCd € Aus L AR PRt3Cu~
- v , .
1 Iy !:\':‘;Omrl I [ ‘4‘.“7 GRAVILY SAND, FivE SanD
9 ¢ ’ i s‘- LIeNT Bloww COLBR
.
L L
sn] @17 cradmL TE SANDY GRAVEL,
i ¢ i'u ew CRAVELS < (4" musT aweunf
[ AwD LASY THNAN I/b'
s . 3
s ! 6¢ @ 24 GravDINL 70 CLATIV-SAc
L * L s¢ GAAVEL | MO T, N0 #qa0v T
L ) L 13 oo, [avem 2 ' THICX
13 \ ]
- BENTowITE 20 4 38" sAmOY GRAVEL
S Plue 3 .
1] .
X «}.m. "' SCl @ 3543 5:: ozn:—:‘*:ﬁv LAYER
-
A i i i STA/NED  TA PReOu¢T
@ 40.5 b SAND FuTif 40 MOIAT PRaducT - AT IR
cumucp L Si'rels | sl @ 3g' CLAEY SAnD o 1y FinE
/ SRAVEL
! sP © 40 coARIE A~GuLAR SA WD
i SATURATED w: e 243DV LT
H .BoTTom oF VO ¢ tAVE
b B Aatwadanil ¥ I Ge | Pa% %S Lusuiar caavns
49,66 SAAVEL ‘!/‘ul CeAVEY ma~Qit
1 N Y of Scasin PASOUCT pPacsEanT
2 .18 g .
Q s SP | @5+ CRADIVG BAcr T3 AMGULCAR
P L)
— 279 pve [ savos
i ©.02 0T em] ® e GAADING T3> E.ME SAND
L e
(0=-2W i TeER i L™ SAND  Somlwia™
! SAND 5 sp]eien ;"ﬂ
i 2 STAm LSS [ x o ,
3 3::-’3;;:(:; softom oF BoRive Te PR 37
! o A>T EnD OF Cas/ve
1
-~ 2¢.¢c L - - goTvem 5 L
& ooy 3.1 2"0 ve En0 °
) CAPD § ¢ Jawe
MNas @
[E’) .
nas) seer L ofF



Figure

125

KennedyJenks Engineers

PROECT BUARLIMG TON NORTHER Aw
MISSOUL A

c8n0 RLG708. 06

RALRQ 4D

3/23/8:2

BORING .3
& CL

Il
1
'
i

Details of Boring and Well Construction

-

Well Construction

SURFACE ELEVATION'

ORILLING METHOOS. &~ R R QTARY

g g
£ &
; E| g
- < ] z o | SAMPUNG METWODS: Z oA/ TIA Vo U S
CONCALTE z |, i MON Takiue =7 CUTIINGS, COLLECTION
2 £ F OF CoTTINGS AT :Z.3C€TED 2LPTINS
=1° ,AJ g > b |DRUER: 4L AAA DRicing
- b s .
6m | Ot-4 DARA™ SIAINED SanDY
S . |
Y Wia N
H s
- N .
[ 1 i o l#' CLiin GRAVELS w/Fng San
4 ~
[ R -0 wBEol SORTED GRAvVELS ¢ 1"
I 4 Comcrers f Rova 2 ¢ AmNbuL AR PLitsCuU™
- : BENTONITR L '
. L33 ! 6: 14417 GRAvTLY SAND , FiNE SAND
i i $ (16KsT Baowwmw CSlonr
[ amn| @17' crazine 1O SANDY GrAVEL
" b- L0 P o b]
GRAVELS < |/ ,masT PLTINYY
[ AnD (ASH THAN 3.0
- L s‘c @ 24 Gravive 70 CLATEY -Sawte
i L 18¢ GARAVE N Mou?, NQ PRapv ¢
} L 30 oPoRL  LavemR = U THICR
I BENTONITE 26'% 1S samOY GaavEL
g Plue S
L 48.5 e 51’ SC ] ® 3813, SANOY CLAYGY CAVYER
- TH GRAVEL
s [ I STA/NED o Th PleDucT
O 22 i saMO FuTi 4o MOIST PRapucl - ATEL
- /Sl'n'w s gl € 3¢ CLRYRY SARD o 1u FiNE
L / SRAVEL
H / L SsPl @ ap coansg aneulam SAWD
CAT,RATED @ 'e PRODV LT
i ‘@oTMom. oF | VO g aave
i ’:r";'"‘("““ - S0 Ge | 4% wS? sicuiar caavne
b e SAAVEL 4!,.", CLAYEY MATQix
s ?I'.,;f sease ! PRISUCT pacsenT
. ! SP | @54 GRADIVG BACR TO AMGULLAN
[ L 2"¢ Pve cAamDs
T C.02 siOT [ o] @ ¢t SAADIwG T3> E/WE SAND
L 60
[ L ;g;,:-g fre | ‘r ol Sie =Y SAMD , fomiWAT
L sc <~ AYEY.
2 $TAm LSS f ,
i e | pofom oF B8cRive Te 2R 37
g L R T &nd B3R Cas/we
!
A gee L BorTem CF
& tuliues 2" Pve EnD e
AP § § Blave
.05 @
FY
nas SHMEET __I__OF __L___



Figure

126

KennedyJenks Engineers

PROVCT BURLINGTTON NORTHERN RAILAcAD

" 2j2c/ay |

MISSOULA BOR'NG -
v 86¢709 24 r OL M-14
Details of Boring and Well Construction SURFACE ELEVATION

-
« : Well Construction ORLUNG METHODS: 4 1R ROTARY
R g
| £ z ; @ | SAMPUNG METHOOS: CONTINUOUS MoN: TORING
w w z - i OF ColTINGS COLLECTION or C. ™/ MGs
g ; £l 3 AT SELECTED DE&ITHS
3| 8 |« 81 5| & |omusn /i om LI
\‘
| O-2 SANOY gRrAvEL
] | 2-12 SANDY GRAVEL ,LRAVELS <1 Dia
SVBANGULAR 4o ROUWVDED
L 3 SOME CanpiLRS' ¢ JounDBRs'
L L SAMD L+ BRQwWN
L L 10 oM | €15’ 3ANDY caavEL |, w/cspsias
! s S5 etavhL 1Sy, sanp
mes 7 Ganvis & 1" Dia
I CONCAGTE i f
s Sewray iTe L C18' stlewT PROour ao0n
@ReuT pix COMINGS STAMCD
i i 6RADING TO CoARSE SAND
- + 20 w/GAaavaL g aavnls RouNDED
21'% BouviLb®R P, HARD CIMWNTED
L L
GARAVELS LAYEA X Q" THice
- " chRaveELS & W' Dia
g b CAMVELS mousT DiFs&L o soR
3 30
on | &2 sANDY eaavEL musr
g " 6SYe CRALEL L5 SAnD
L L PRIOUCT apon .
! s € 2% Nanp cavse ,fLicu™ posvucr
b S edue
s l':.m.,,,.,g b 40 i 30 7040 SANDY GRAvE, o coAv
ve
I 40.254¢ | Bsomve sinpe )
s 4L1s - Co J4omalV.  Cinmver Laren -!Sande caavey
[ BaNen oF 1 Mo T
2 sreeL . -
A I 8 i | i eSS ST SAND w/canvEL
b 3 & scnges b 5O GaAVELS SVOANLaAR
N E =N s’ | $AND Bases, Oy, sansd
= -4 QITAINLESS L 18Ye canvt
3 N " LR CPy
] arese L] &s0o SICTY Cia .
| : S ez | 4 Y, Tienriy sacvey
= ! €53 Boveoer
= e cE -
s i 2"¢ Pve L <o $34s%0 CENTED CRAVEL ~aid
> . ¢ “ GRAY camen  mois+
o i 5 . ®.o02'ster | >
T v "
i M B 10-20 fiLrer [
L o N Sanp b
i 3oTom o€ NoLEe go Fr
s A . s
4-80TTom of
- 29 €ud cas__ = 19
t4'glanx @
65 75’
\ozs gance.

(24
oA

SMEET i OF =



127

Figure KennedyJenks Engineers
PROECT BURLINGTON NORTHERN RAILROAD OaTE_
MISSOUL A 3j2g/87 BORING M-IS
o8N 266709.0¢ LANOLY
Details of Boring and Well Construction SURFACE ELEVATION:

SAMPLE NUMBER

|

SAMPLER TYPE
BLOWS/FEINTERVAL

g .
L °
i ~
I 3

Weill Construction

DRAILLING METHODS: A: X RcT4RYy

2'¢ Pve END
CAP RS diAMK

J10.¢'

&
w
i n | SAMPUNG METHODS: CONT/NUOUS ™MON/Telive
z » OF cuTtlWGS | COLLECTION OF SuN/uGs AT
§ 9 SELEcTED DEOYNS
bl DAMLER: W/LLMAN DRILINS
\
- Oto iz, DARR STaA/NED SANDY GRAavEL
L 1% 1’023' SANDY Gllvu_' LY 8Rewwn tanD
| MOST GRAVELS & 1Y%, rev-ded
T - "
i::f‘::lrti o] FRu co@B4C3 vF 3 3
hox ! THIN LAYERS 0 SANO In‘aasd)
¢ 9 sTeeL -
CASIne b 20 !1:4‘,;“_ SAMmDYC GAAVEL
L 70 te 80 s GRAVEL
20 4030 Ye SAND
i SUPANGALAR To ReuND
BENTONITR i DAAREA coLor Sanpy MATRX
UG L STicKING TO GraveLs
P ) ¥O pAGDVET oDuA
&' 1o 4¢ a/, L 30 '
/ s @ 32" ciay Lavem
/ 3 e0DeA OF PABOVECT
s € 36' CLAY w/oeamsL, Blaww cLAY
GRADING TO GAAVEL
i FRADING Fa SA~D
- 40 COeR oF PasducT
- @43 coanss savp wloraveL
BQ"G'\ o8 =~ 85 Y G RAVEL 15X 5A~D
F3: 1INV A S PRoDucT ODOR
H @ 45’ “AUDY GAmUSL 35w SavD
\ GAAVELS ROUNDIED SRevELS 'Y
- F $° MOIST  mg PRODVCT UDOR
. TOP O0F scarey | -
)} so0 & 49 gGaavtLY SALD, cAAVELS K Yy
i GRAVELS SUBAMELLAR  AMuisr
Vgrme @ 53' WARD LavER  Busioen
0.01'StoT Re0 cnios)
10-20 tiLra’ + 60 S4'4e60 SAmeE AS AT &' —wa sz
SAND [ I1-5 G ARAVILY tAND
2 STAINLESS - snepucT obon WET
sreRL
CcEnvaARLIRERS P ,
E78  SicTY SAMD wiGlave.
BoTom oF L 70 BoTe~ OF K3eE 72 "

L4
[

SHEET | OF _____



Figure

128

KennedyJenks Engineers

PROJEC! BURL N GTON NORTHERN RAILROAD ONE s
MISSOULA 2/24i87 BORING
-
JOBNO Q(£705.06 & OL M-/o
Details of Boring and Well Construction | suarace ecevarion.
-t
« 3 Well Construction DAILLING METHODS. A/R RC ~a3«
I w &
2 z z w
3 = :=# ; o | SAMPUNG METHOOS. ZOA ™. A UDuS moni Taring
w w = OF CUIT 'Ne8' zou_Ecr.oa: oF
z —— z L0C-ECToa: OF CoTinés
$ § § —_ — IS § g AT S&ELECTED Derrms
B
3 & e lf.\ & > DANLLER o .l Mau x;."_,yg
L ° b ,
Gm O 7ol Saacr GRAVE,  sta/nED
s . + DAr«
CoNcamTs
1 SENTenrTg [
L . | SReuT M L ¢m | 24014 SANDY GRAVEL L* BRawa seap
L L o GS? RAVEL 35 SAAS SRARVELS
| . &2"BiA mas T 4 0ia,
BENTON I 7E SUBANGULAR B 200A2ED
r TN i SAND TuTEXagEs
L ° s’ roiqur'}
SoTToMm os . - -
L STRRL casme b 440 j¢  (RAVEL , wf saNnc , el Sl gy
3 3 n.s’ | 0 90% case. 0% s4anD
s 3 L RounDED Guaavg.s , ZaAve s
! VP ™ 3'"p/a
By i d g
“ i A" P
: \ O-:z"xl.ar F e"‘ PAADLG ALt O Sanov sanv
10-20 FLLTER B SLREL LAY Mz
anp L 10 UP rs 4"pm agx
Beom o519 | sl @n SAND -mEIivM = Nk
e, EnD cA® ¢ LAVER X 4" The
1° Buawn i
13.0' o
] IB1o 24  saNdY CaAvSE. oicsgs.ss
I ~t sTainEss I
L sreeu L 40 24 42206 CoAagss San: /G AAEL
CEnTEALMER Mot T
H 3 SLIN NCRES C.AY _avIe :
L S
L L es. HrRAVE . - SA8C
r +5° @3‘ Ln” - Slewmw -
b 3 s .§¢ Lomvw
2T om s 338 ~L 4
L s
| s
r P
> [Xe]
| [
r 3
- >
} |
- -
X3
aas) SHEET oFf




129

Figure KennedyJenks Engineers
R—
PROJECT BURLINGTON AORTHERN RAILRSAD s iielgy |
MissSQuLA } Bon'NG M 13
oeN0  Hggo0a o v OL ! -
Details of Boring and Well Construction SURFACE ELEVATION
-l
z 3 Well Construction DAILING METHODS. A1R 2oTARY
§ie| e &
3 z z [
< z o | SAMPUNG METHOOS: Z3~T NVEUS MOINITeR a6
w w T OF CulM /NGS © CowlFCrionN OF CullIvGS
g ; £ 3 AT SELECrED pErmMS
AT R 8| 5 | & [omuen Hiymgy DRisive
- b GM ] O+4,/0 SANO¥ SasveL o) 3AmD  Jei Gadvn.
- £
i F €10’ Samo (AYER T G''TMir FiaE $A~D
g * s ot Barows
.
[ . ’ ] 10V +e I3 SANMDY GRAVSL wico@sLs
- . . b o en COORLES 4Tra nfDim.
L L GRAVALS RevwOKD MO <2V
s . s @5 % caavoL ISH SanxD
LoosE ; LATERS OF B/N& 3AVD
. ° i TATEL1EYED , meis T
] 1 N5 18 CoBNES w|sanD
3 L 20 CodPLES Louno&D, FinE J4aND
Blewmy 4o TAW 840D
] N g CodOLES atseb”
g b Q40 LS SAMOY GAAVEL , VP TO 3" D/a
CONCARETE C™ e )
s . SENTONITE N MO\IT | RewmdED ChAWlL
BROUT Mg LS ey 2.ve SAMD it BROm N MEIST
[ [ 26 *0 30 SaDY eRAVEL wlcospiLs S
2 2L HALD LAYBAR AT Tes, SomBueaT
! | SAND CEMBNTED
L4 - Le 3w v rTAM
! | Sw | 830 Sandv GaavtL | geavels <Wpi
- 50%. SAND 50% GRAVE.
i . F e 6eADN G TO GaavEL w i i0ME SanD
9 R . . L 40 sieg “ctgag e 19 " D/4
I g';uvunr‘ | [ B E] CDARSE sAwp LAYER  ghow~ dscn AN
e
. '
s . . 4C. %4 | ‘52 341040 GRAVELY SawD, CRAVELS <2 Dia
i - 0% 34uD ,10 GRAVEL , MO'sT
| /:..:":;.:: | (R 40 SALDY GRAUEL G LAVELS YR 32D,
CASING MmOV < D4, Roum gD
T & pY-ws  5©
. . @ 44 AR 45 AT 40! R2caPY FaAumis
: 1 & 3 700 oF scased SUBANGWAL 8 =3 3"Dia.
[ ed  FPEE -
] ’ [ @ 471 GRAYEL ,u¢ 10 3D, 10 7. CRawy
3 3 3 S 109 4D
B '. _2“ ’VC
i g 4 o-’oz'sxor CL | 484049 SanD v ClAY o+ BRewnN . AOICT
! ;,E“v L :» NC PRedueT 2388
b 9 GW 4q¢, 51 Gas.e;
i .. %] 10-20 mreq | v =
£5.0 ! TEJ5] sawo i el ] s2 -0 5c savrv coavex oravel
wihew - R4S Sea2u¢T posa
[ 1 t::l.\"“‘“ ] CLISGeveld QILSY SANDY CLAY  © T
- L ctoraauieag 2 SomT GaAaveEL | SomA 1 miwme
L ' L 10 OF €2 AY CAWIEY BY Digsg,
e se , 3w 3TN
FY -
s SHEET oF_32




130

Figure KennedyJenks Engineers
PR0ULCT BURLINGTON AORTHERN RA/.204D DaTE 4)14]87
Mnissovie A L di) BOR'NG
080 846709 &4 & _CL M-17
Details of Boring and Well Construction SURFACE ELEWATION
z 3 Well Construction DAILLING METHOOS
w
c E 3 o | SAMPLING METHOOS
w w
i : ilgld
! ;| &
3 8 & | 35| & |omuen
9 —- 0 Qo Nem o0F 3
b= t] 26 € can gy L] ©cq GraveLr ciaY  caavime 7O
r d ‘'l svan~w T2 g GRAVEL
ofl®
goTom o i € 70 GRAD/MC TO gRAVEL W/SArD
L tornine o' | gg G2AVELS SupAvewan, < 1" Dia
MOST K Yy P'A., 34MD L+ BROWW
s GO Y GaavEL 409 savd
. L cw] @5 SANDY GRAVEL , GlaveLs ur

TS 24 oA 707, GAAvEL 307
340D /8T
@IS, waap (AvEs’
BoTmom 0 Rt @27,

BHEET S OF _&




Figure KannedyJanks Engineers
PR 3 s T IN leTE e s RAIL 24 R P

M5S0 — . BORING ./ -/~
cano Th-TL D T~ ks = " - -

Details of Boring and Well Construction

SURFACE ELEVATICN:

SAMPLE NUMBEA

v

-

v
-
Q

> S

L - 3
RevrmwrTE

L yr 1% rel? |

L L4 0

- o
- CRERALS s
! c.catiwr |

f Kad
i I€-al SraTéS P
L Sam~.. L
3 S
3 b ,UO
L s
> b

3 .éo

-
Ll 3 Well Canstruction _ sAuunaMETMees: S 4 AOT A
1 - |
z _‘_ < ™ /o~ Pl S Sl
: 3 o | saweunGugmwces. CoyT LS YT -
1 : g e
i ; E 2113 ) e L3I A
2 ! a 3 b |maniza AILLAISY LI -
Py
l.\‘\ :'L/ | : :,:4 gj:”:’(’ ,4‘5‘:_}:'_ e
4 ~ <
1 ‘ - .‘L::dcl.‘./’f i c " (- . S AN T
| . ¢ S th | Ml e s /A Gi‘."éié/‘”’-"h/ e e =
I , /sac;’?",ﬂx | C'(‘".],é.{l SKCW.
i '

oM

i3 te L& GRAVEL A2 (CIELES

(Fe0 2] SANDY CRAVEL

SN AE MCIST

\
~ /
L SANSY LRNEL xSy
B . -~
, :

131



132

Figure KennedyJenks Engineers
PONET QURLINETC N ATl iro S RAIL DA ME, 119 /5T

Strsibuis . BORING /- /¢
CaIng Bha T O = ~» OL ‘

Details of Boring and Well Construction SURFACE ELEVATICN:

-
< 3 Well Construction criLunG me™vCos: 4, & {OTAS Y
a b w |
3 (Y - \z i
3 ‘3 § : o | SAMPUNG METHCES: Lo vt SL S VS i T I
w E] = B | 25 CeTTINGS
3051 % .33
a 3 a 8 2 5 |omwgn: rziar” Sl 0
SRy 2 ~ (ot AVE - Ve 3TA S
- | ol E,;Ii’:'/(‘-_—/ 5S4 < -
N X
CancleTs ] e - L -—
.:’-7;;7);',,}& i GM|Z2721C GR1véL A\"’:"//f;/f’-/' 7
Glsul 41X SAnD, Bicw-
/ o
+/C [O0to Y SANOY GEAVEL, UP
+ TO &
-
&smeirs b
PLyC 1270240 -
Loty o rdJ
STREL €480 gy o
ac”’ "~ waq Clﬂy [4//£.< X~ ¢
o - B - : s St gl
274 dve | GM|a¥ 7033 GRAVEL WITH 5AY:,
c.cavsier ve 1o 2
o
1Q-23 FILTER -
54V PSo
- . 3 @3,{ L1222 t?-:f"
i r | @22 CLay LivES
b >
S b T
s L
- o
-
3 4
b o
L %)
3 -
L L
3 b
s L !
t




133

Figure KennedyJenks Engineers
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some ocamoe BN MISSOULA, MONTANA Soring/Well Name M— 2
ORI SHPAT £5D, INC. o E Project Mame  SN—MISSCULA
ORRLNG METHOD T [0 I .
AR _ROTARY LT TR S—7/8" | project Mumber 895004.09
ISALANON CASING N/A mon ™ . e
wux came ) _|NCH SCH. 40 PVC mugy PS5 uuszv?naf/i/” ,.Zsm
8 8
POVOMT B8 5_INCH 0.020 SLOT PVC ™55 "0 " Immwmamiee =
e TR ™™™ 10-20C SIICA SAND  "s18 P70 T [wEsw
=4 3ENTONITE CHIPS MM 49.3 ®51.8 ™ [Terie wwoos WL CoPLENON
= CONCRETE ma g ™ 493 m JOOGED FROM CUTTNGS o TN
T e e
= | oun
4 '- q M r. SILTY SAND WITH GRAVEL:
- g P, . < - Brown to lignt pbrown,
5 | J S N . gravels up to 1.5°.
L - :-: « . « ° -
- 54 4 11 - i L. POORLY GRADED GRAVEL WITH SAND:
- 4 SR d L Reddish brown, medium grained,
s J S A | sub-roundeq, red and green
* B LI quartzite, damp, slight diesel
g . AN - 1 F  odor.
L e A ] B o L
P ] . b
- 10 11 - -
L d M 1] - . L
. <
s -. 1 1] ] L
o - L] " - 4 ¢ b
- - .‘j [} - 3 A4 -
- 15 SR GP P Less sand
1 SE NN . ™ Gravels and Cobbles
[ i ‘LR - 015 to 17
- L b"J : b p T -
- 4 : ‘ . & . -
- 20- :‘ . e b
s 4 o I i . L
o - b.q - - . I
- . SRS b L Increasing sand with silt
[ A 3 1 * l'_
- 251 SN . [ Moist @ 25
T ] A0 r  Boulder 25'to 26’
- 4 P. B b
3 J 1l A | WELL GRADED SAND:
i ¥ 4 Rec<ish brown, medium to very
[ | ] LA 3 : SW - [ ccurse, little fine sub—rounded
~ ; 301 - q gravel, moist tc saturaied, strong
- i 4 . ‘ e o \-0 or.
- % . |l 4er . L \Less moisture @ 30’
- | J ] - . POORLY GRADED GRAVELS :
i 1 ] M {w m - SLT AND SAND:
i ’ 35- * = —  Brown, ccarse grained, wet.
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Project Name BN-=MISSCULA

Project Number 896CC4.C9

Boring/Well Name \{—_"

{ i
g ] =
i .
L ; P
N
- 545.
3 -
= S0«
r- -
- <
- 554
I i oA
F i |1
- | |60
- N
| | i
b : ‘ -
i L
~ i 65
b 1
|
b 1 i
-
L ; -
i
i a
4
]
I
1

1
w0
O

[§

<

Slumped
formation

GP

ML
GP

-

~ POORLY GRADED GRAVEL WITH SAND:

T

° " o ‘r“"""r"'""“'!_-‘_“r'—r'“”‘ T -'"_" v

T ""]“T‘T""I‘" |‘"r" L B S S l"_‘T" Tt reow

m%: L. conTTRUCTION ; ey /oo PUE DEIPION W0 DULLING RDLARXS
Lram emAn

| | 1l . SLT WTH CLAY:

5 j] M : 3rown.

Brown, Medium gravel,
sub—-rounded, moist.
Increasing siit.

Gravels and Cobbles
© 45" to 47

Gravel with sana
and silt, moist.

Little or no fines
0 51' to 54’

Gravel with sond,
Hydrocarbon product
noted on grains.

More silt, diesei product.

Moist to saturated @ 63’

Some cicy 65 to 67
Gravels and Cob>ies

SILT:
Brown

GRAVELS:

As abcve, little or no fines.
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somc ocanaw 3N MISSOULA, MONTANA Boring/Well Name \{—22
DRLNG SAMPAY £ D, INC. | i g . Project Neme  BN—MISSOULA
DRLLING WETHED ~T : TECIG
AIR ROTARY | T S=7/8 | Project Mamber 896CC4.09
(SOLATION CASING N/A mod ™ A ey Ry
"
wum ame 4 NCH SCH. 4C PVC mup  mo5 . m,?.?.&g-;*‘;m ;ufzmma/a/gg
FOVOLTD AR 4—INCH 0.02C SLOT PVC ™25 35 " e arene ‘
eI AMM™10/20 Siica SAND ™3 P35 T fmmsw T
=u. BENTCNITE CHIPS M1 ®23 ™ e woes TN COWPLETON
@t CONCRETE mu g gy [PUT-SPOON sawpier (% MR e
i X e ——
o | (T amAn
; J 1 1] 4 . . POORLY GRADED GRAVEL:
A d 1 A GP . Brownish Grey, Subrounded
i i L * . Red and Green Quartzite
; 11 7 . up to 27, with Sand
i -y ’ - * -
i b
] JH1 1] ¢
‘ - ., gy p d -
| < p 4 . o L
- L 110+ a4 1 _ As Above—Reddish
i 4 . i . | Brown, Finer Gravel
i | d 4 ] . with Sand and Silt
| B ‘ J b * . L
| ‘ ’
i - P - o b
L 154 q | J6P T L
| » .
5 ) il ]
P 1 4 11 1 . r
; - . 2 -
‘ j o ® 'L.
| -! 7 b i
— ! 20+ - -
b T T Incressing Silt, Moist
. ] .| b From20%28
- -4 p -
; j . ’o L4 -
- 25 - -
! N
wf 11
B d 3 -
1 1 §* ] Cobbles 29" to 3C
- 301 ) 4 - — Readisn Brown Sandy
]_ 4 . | Fine Graveis, No Cdor, Wet
! AL
1 f / Brown, Moderately
- 7 / r Stiff, Low plastisity, seme Silt,
{ 4 < CL / - Grave!
35- ' / | POORLY GRADED GRAVEL WITH CLAY:
# .~ - -‘1 Redadisn Brown, some 3Sanc
: BiEeiol MER C
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bommc cocamom JN; - MISSCLLA, MONTANA Boring/We8 Neme '/— 2
prume SPMT £SC. INC. o T Project Name  SN-MISSCLLA
ORLLING METHOD T ETH I~ /"
AIR_ROTARY : bl Project Nummber 856004.09
soumen ame 5 NCH STEEL MO T2 T PR v'mgw?vr
07 : .
noe e 4_INCH SCH. 40 PVC g ™20 7 |emele =
POFORATED CASNG . mou ™ =3 8/8/88 . 8/9/89
4—iNCH 0.020 SLCT PVC 25 " 30 T
V.
TEMOTMY MM MT10/20 SitiCA SAND ™87 "30.2 " fmmw o
= BENTONITE CHIPS MM 148 ®18.7 ™ [Terow wmos T WL COMPLETON
2 KAFACT HOUSING
ouT CONCRE_‘E oM c ™ "4-8 . JSPUT-SPOON SAMPLER ‘9 - 3 .
< ran essA ! !
L ’ . . . POORLY GRADED GRAVEL WITH SAND:
- A ’ 4 | T Brownisn Grey to Recgisn 3rown,
s ! P4 ¥ i L * . | Subrounged Red and Sreen Quartzite
; Lo ) up to 27, Fine to Medium Grained
i T § . s ° - some Siit, Demp.
= '8 - —
=7 ‘ ; e I
- | 46 Inch—m i X
)
- [ 4Steel . L
I N 4 .
. ] {Casing § .J b L
L L ) 4 L' . L
- 104 A1 |- o e
i b ) ] N i Soils Stained, Diese! Odor 9'-'1
: | " As Above —Reddish 3rown.
i - T "
- - {1 Pl O+
- 154 { —
! ! : . :
o : H -l -
_ ! - - Ciesei Ocor
L d ¢ . .
SR I |
L i 204 f [ Coboies from '9'-Z"’
S ] i
i J L * . i Moist @ 223, Ciesei Zder
I ! Cod L
3 | E .-' o o L
= ! | 254 ( —  Increcsing Silt, Moist
N | ' ! ‘
o - * -
- ! J -
p ———— - 4 L Strong Cder, Stainez Sciis
F#1S5 - . -
L ! cod L Srown, Medium Sti¢ness, Lcw
j : j Plasticity, Seme Gravels up ¢ *
- i - r end¢ Sand
- . i o= - More Gravel
" - WELL GRADED SAND WITH GRAVEL:
-4 S -z —  Recaisn Srown, Fine ¢ Cozrse
- - - Grsireg, Fine Suzrou-cec Grove,
s - . _ Maolst.
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SORING LOCATION aN'

MISSOU_A, MCONTANA

Boring/Well Name M —24

oSG CMPAT 25D, INC.

| ORUR £

Project Name BN-—-M!SICULA

omusc w0 AR ROTARY

. ML eM(S) WL 5_‘,'/."8"

Project Number 8936C04.C9

ISOLATION CASING N//A moy ™ FT. 7y "
— 3206.07 . 8¢
e came 4 INCH SCH. 40 PVC o 0 ® 55 T [uwomm 10/16/89 T BeES,
T M a-iNcH 0.020 SLOT RVE . ™5 Ptz T Ioca aoeme '
MO TR T AMM™10-20 SILICA SANC  "™s514 P75 " [wew
= 3ENTONITE CHIPS o ® 3514 ™ et wvos )
=% CONCRETE mup ™y n |OCCED FROM CUTINGS C o e
B e s vl et
o - j
L J - : -
| ) 1 A | POORLY GRADED GRAVELS WITH SAND:
[ ﬂ é‘ L * . Brown to Reddish Brown, Subrounded
F N 1 A 7 " Red ond Green Quertzite up to 2°,
- - ﬂ ; - SO - Very fine to medium grainec, Demp
- S - 5 ﬂ - -
- - R :
- 1 AU 1¢|- -
L | . ; ﬁ - b L
! ; A0+ |1 +
A U b
' 4 1 A - . -
A v
- 1 AU - |- -
: ] A0 t | ¢+
= ¢ ﬁ - . . i
o ! 4 4 L
: s 10 - :
d 1 A - . -
" i 2 Vi i
‘ | oo 1 1 | |
" . ! y 7 2 1 - IS
: i i 1 Vi1 .
- i : Poo- % 2 - p b
: i : 9‘ 4 ; . . b
i Lo T 1 U 7 b
- I l204 4 g - -
SR 107 -] ¢
SRR 101 -
i i 2 2 b S .
] 10 -
| ‘
5 : ! - 2 ﬁ o o -
l 25-4 2 % [ ot
5 B% . ]
i 3 ] 2 2 1 | Moist tc wet 827
' B A1 U —+7 ¢
o - 1 U o SILT AND SAND:
[ | i ] ﬂ % i } [ Brown, Fine to Medium Graineg
= ' 304 4 4 ’J | —  with Fine Gravel, Moist ‘o Wet.
L 4 Bz -
| ] 10 |l
[ ST A 1 1 | | POORLY GRADED GRAVELS:
i D 7B 3 | U " Recgist 3rowr, Scnd oresent
B .35+ -
i s <
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Project Neme  SN-MISSCOULA Project Number 8350C4.09 Boring/Well Name M —2<
SanePLES ; t
T el LSION G restfein S IR0 e s
r R 1 0 - - L POORLY GRADED GRAVEL WITH SAND:
5 i P4 ’ ﬁ d L Browr tc Recdish brown, fine
‘ P ’ ’ ! . | ‘o Medium Grained, interpeddec
- P 1 A p i Cley sresent, Moist.
b 1 |
- *< 10 || :
- 404 1 1 — -
L ; ! E " ’ ’ - - L
. ’, ! ‘ ’ 2 H
SR A Y ] 1
L - 1 - F -
IR 10 .|
N | s A Y-
[ N 10 |-
| | } d ’ ; 4 4 !
- I "I ? 4 4 >.
i -1‘ ? ? . . Increasing Cicy.
- 50] ’ ’ -
s ‘ 1 g - .
L ! - 1 Bl - P L As cbeve: little Clay, Camp.
- | - - ’.
i 7 T .
- 55+ -
- 1 - s *
I 7 7 p
[ L 7 . - ,
- ' 6C= — - More Scnd.
o Ter ) r
- 5 i - - "
- i ; { .: - .. b
- ! [ - -
. ! i ' *
p— ‘AR - - p—
- i EG- ! - . | As above—litlle or no fines,
; | i p L Coarse Sand and Graveis.
i i ! E .
| | ! - 3 +
R 1 S0
- e - r
s N r
L : (- - -
! " ' ’ - |
N 1 T
._________.,-75.:1, i : As above.
SRR |
N (
- ! Yo lt
i
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somms Locanow 3N MISSOULA, MCNTANA

Kennedy/Jenks/Chilton

Boring/Well Name \M—2°3

ORLNG CAPMY 23D, INC.

i
o g,

Projeet Name  3N—-MISSCULA

omune w™® AR ROTARY

i ml‘ﬂnms_';/a'

Projest Nember 896004.09

oA AN N /A [~ ™ . -
4.7 !
B came 4—INCH SCH. 40 PVC Q™60 "™ Iuw 331% 10318/89 “33““““1»\/20/89
FOVORATID 4B 4—INCH 0.020 SLCT PVC ™60 "75 " Immumamane '
| e T T MR M 40—-20 SILICA SAND Mss "5 T W
=& BENTONITE CHIPS mou 1 mEE M oo S—
morn CONCRETE mug  m n J00GED M aurnes o GLT R
ﬁm 'v=§-‘_~l:%%g el T y SAMPUE DESCRPTION MO SRBLIKG RDUARKS
L , | 4 g L . L Asphait
r ] B .1 |
[ ! ] ? g ) [ POORLY GRADED GRAVELS WITH SAND:
! J ’ ’ . Greyish Brown, Fine Grained
1 1A o with some Silt, Subrounded Red
= S 1 ’ f ~ aond Green Quartzite, 1"-2" Damp.
- 4 1 U * L
101 |1
[ ] ‘B’ o
S o 04 b
| A0 1.1.] |
[ | ) A A 1| -+
‘ 104 1 U -
C R .
| ' 101 |1 |
i b 1 * r
S 101 || |
. ? - ? ? O B
- | 154 ’ ’ ~ As cbove—Reddish 3rown.
SRR 107 | |
| ‘B’ * .
F ] ‘B2 -
o E : - ’ ’ . b
- | l 4 1 L -
‘ ; ’ ’ -
= i 04 1 U -
| ‘R o
[ 1 | ) B .
i { o ’ ’ * o
} l . ? 2 . - As gbove—Sand Cocrsening, Greyish
L } ! - 27 . °J L Brown.
IR 11 g
S 10 |
: i - ? g * 04 Y -
L 4 ? ? | A
o ' - , ’ . e - . .
i ’ ; * . Moist to Wet, Increcsing Fine
- Y 1 U . ™ Send and Silt, No Ocer
[ ) ‘B’ -1 |
I | ’ ’ . Scéter Orilling, Mcist tc wel.
g | 1 %
[ 1 1] 10 |1
- i:s_{' 4 4 _ b L
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Project Neme 3\ —M!SSCL_A Project Number 29620439 Boring/Well Name '/— "=
B o e n et
| - 2 S ¥ - SILT AND CLAY:
f : K 4 . g - Brown, with some Megcium to Zcerse
; oo 4 J i . Senc, Scft Drilling, Moist to We:.
] ; ' 2 ML, |! :
- s - / ‘ -
| ~ H
e | | 40= 4 - e H
! 7 | B
: = p‘ - -
! - 2 :
i :I 7 . -
: | y 9‘ 4 - ~ POORLY GRADED GRAVELS WITH SAND:
} , - 2 1 . -  Brown, Cobbles present @ 4§,
- | 45a /2 - . = Camp.
! ! |
L . 4 ,
! 5 | 7 ] y 0
f ? Z Tep o] ©
i = < -
! H aa
| o4 4 4 L
- ! "C-l d * . ]
= j - = As above—with Silts possibly
I 3 4 T . -  interbedded, Moist.
i J] é - . e
[ 4 J *
i ! d P * i
. A1 | -
co 1 . -
i '\ 1 e . o
oA 1 L
- :’60‘; . ® e L
| ,
! T
oo - v ] . L
! 1 o P o
i H - - R -
~ | ok - * —
I J . i
l ' 4 - . ’ -
- ] i 7’:" — GP . e
- 4 . -
H - e . |
: " il b . T
- - . - POORLY GRADED GRAVELS:
= i 78+ - ¢ | Brown, Subroundea Rec anc Green
! - . J Guartzite, with some coarse to
| . J j S L very coarse Sand, Scturatec.
| - Siumped ‘1 . ¢ {  As cbcove—poor returns.
. ‘crmation R I . L
= ar- * _j ® _
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Project Name  SN-MISSOULA Projeot Number 896CC4.09

Boring/Well Name /-7

——

SAMPLE OCSCRPTION MO DARLLING RDuaAKS

- SANDY LEAN CLAY:

Pinkish brown, soft ‘c very sc¢

1=5% gravel. Wet..~" ¢ ‘mick’

GRADED GRAVEL:

2 i 3
i : i
H -
[ P [ ond
SRR i
- : - r
| ; :
_ ; 404 - WELL
e I
s : ! - -
| ; |
L 1 i 4 - flat
L ‘; B L
' i i b
- 45« -
o S

1 ANNNNNANANANNARRRRARAAAARRRAR R RRRARANANNY 3
2 A A A AIAA AT ARATAARTTTARTAAAARATAATTATTR R RS

Pinkish brown,<5% fine scng,fres
trace to absentMoist,Succngu.cr
to Subrounded gravei c "7, scme

- Smaller gravel (</27,

L 50 - . -
I . ','..-_.": | Drier; still moist.
- < ¢ et o
L 4 ;‘:;:k';" L
<[] [ MELL GRADED GRAVEL WITH SAND:

to elongate, Moist.

Ll
n
(9]
[P WA VAN Y VS WY SN WY UON VRN YUy WU VHINY W G SO

T Medium brown, 25-5C% :zcrse ‘o
- fine sond, <5% fines, srcve: s

L subangquler to subrourcec grey
quartzite, Moist.

Loas
[

- 60 = o
i ! ‘ T ~ WELL GRADED GRAVEL:
i : 7 N o Sinkish brown,S-"C% “~e scnz <EX
L l - - - fines; gravel subcnguicr
i ? | J L subrounded, mostly <!, 47, z2r<
! ! grey quartzite. Mcist.
- ' les—.’ - o
K ; z 1 GW L Gravel to 17; includes ~-.
' . | green & pale pink qucrilie
‘ e Saturated.
o ; - - ) -
i R -
'-::?"'u 'L
- ) ‘[70- —1’ .':ﬁ'ﬂ :—-
- i |- - g -
s ‘. | ] 4 -
1 '
o ! ! i - -% -
A R ) 1
L e 2 ‘
! I t r
- i — . -
_ b 4 s
i 5 i !
- - -
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Project Name BN-MISSOULA Project Number B8960C4 09 Boring/Well Name \—25
——w : el T /rom SPLL DESRITION MO JALLNG ADIARKS
W = |
S T FEY L L A0 RAVEL
i i ] J PEE . As agbove and in wasned samole
i o J chips of porphynitic apncnitic
- : P ! - igneous rock gravei {minor) as
- ; : Do - - well as quartzite graveis.
- | y T A ~  Water/silt/fine send sturry and
b i N - \’w - N e
i i ; '1‘ | rounded gravel of green crgiliite
- : P 3 - ond red quatzite.
5 . - : R
5 o 4 L
- 1904 - -
i i ? | '1 : -
. ! | |
|
o ! | - ] -
po 95- —
s 4 -
L < 3
L l 4 ! L
I % 1 1 -
s | 4 4 L
- ' 4 _l -
L ' b - -
- i boa - o
L ‘ D4 d L
i ! !
L - - L
| o - -
s ! i .i 4 L
o { l - - -
! !
L ! | j - -
i : b R i
[ ] j u
i b ] i
I I - -
- o i -
- | y -
- s i
- ! |
' | |
N | {
i
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vompa Locanon BN MISSOULA, MONTANA Boring/Well Name M—27
NG TEST 25D, INC. o E H, Projest Name  BN—MISSCL_=
dubewme AR ROTARY e o W 6 Projest Number 836004.09
SaAnon cam N /A oy ™ n 0 a '
9.8¢C 183
R came 4 INCH SCH. 40 PVC m ®59 T‘F%C/zs/ag | oATE m}c /30,89
POVORATID A€ 4_INCH 0.020 SLOT PVC ™59 79 " I ww aoare
T BENTONITE CHIPS e q T 56 " iasw wwas [;L::n‘énu
@t CONCRETE mug  my n JOCGED FROM CUTTINGS o ro e
: | "] |
mm(%} oy mmm./—n‘ AP DESTNPTION AND DRILING ADMARKS
| | | (1 ] . k"' gy | Aspnait
e 10 7 ] o
[ ] A1 U ] A WELL GRADED GRAVELLY SAND:
o - ’ ’ - . .“ - - -
i i 1 A Iswk Light Brown, Fine to coarse
1 L o Grained, Subrounded Cuartzite,
= S- g g - = Gravels up to 17, Damp
- . 1 1 =5 F
’ ’ < SIS L
- - ’ ’ . .
| ~ 101 [0
s 4 1 A - Ay L
T ERR
- 10- ’ ’ -’ < 1
- . 1 -1 e -
! ] A0 —b1 |
I ] 2 g i | L PooRLY cRADED GRAVEL WTH sanc:
| J 1 1 - . L Reddisn Brown, Subrounded, up
"1 . .
- 15, ’ ’ RN ¢ - gp to 1", Fine to Coarse Grained
: ' 1 A J R i anc, Scmp.
SRR 10 || :
L g 77 B 2
E '! ’ ’ i * o
- : A0 V| ¢ |
- 20- 1 1 - - As cdcve-Brownish Grey.
| : ? g ] . . Moist @ 21", with Some Silt
IR7 b L
| ] A0 1 [ ]!
[ ! 1 Aa = |} -
_— 25+ ’ ’ - — Increcsirg Silt cna Scne.
- - 1 1 - ¢ -
i ] 1 U0 - b 1 +
: 10 "t 5
i : - . o - Moist s well
i | ] ’ ’ GP 3
| L
— | 30 | ’ ’ =
I P ‘ ’ - . L Graveily Scnd, Wet.
I - g é - .. L No cazer
i - A0 | " SILTY SAND AND GRAVEL
: 15 ] U - /s¢ } : Srcwr, (ery fine tc ‘ine jriinec

wit~ sc~e Clay.
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ARenneay’/JvenKks, Lnuton

Project Name  3N—M!SSCLLA Project Number 2352C4.C2 Boring/Well Name /-7
mm‘ WL COMSTRUCTION ;"S‘;‘ mmmmn: AP JESCPTION A0 ORILLING REMAAKS
< (D emA R ) i i '
; T B2
- ; ’ ’ '}SM Increasing Clay, Low Plasticity.
- - g g 21 7/sC -
o = A0 —T4
o - A 1 4SWTE .1 - WELL GRADED SAND WITH GRAVEL:
- i 4C ’ ’ - AR ™ Reddish 3rown, Fine to Coarse
5 ; P 1 1 - R ~  Grained, Grave! up to 1/2°, Damp.
[ | d ’ ’ J . -] L
| : i ’ ’ ! . ..‘
R 10 1 o
3 ‘ - ’ ’ .: o -
- 45 A U1 -
o L0 ’ ? - . " As above with Silt and little Clay,
- s _1 b ’ 70 . =  Possibly Interbedded.
- ! ; -4 ’ ’ - o -
L i 1 1 - i
- 5C ? ? -Sy . -
L d ’ ’ 4 7S™f . L
1 U .
- - ’ ‘ - . -
o -y - 3 -
o
S - o, -
- 55"; ’ ’ - ' = Moist to Wet.
] Q7 s I
: _ 4 B . | POORLY GRADED GRAVELS WITH SAND:
i i TeP | i
— . 60+ - * L ~
o : 1k " POORLY GRADED GRAVELS
e j i [ WTH CLAY AND SAND:
[ ; GSJ (elo] B A . Brown, Saturated, No Odor.
SR . 1 || ! pooRLy cRADED GRAVEL:
- ; - e b L Subroundec Red and Green,
- ' - 4 - .. L Quartzite up to *,
‘ i | v I Very Coarse Sand,
- ; } = . Little or No Fines.
- L o 1T
- ‘ : ; 4' - R ?-
[ 0 1 F. ]
= 75= - U I
X = < L As cbove.
I P 4 ’
: - - - -
B 80- i M
L 3. - * . -
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Boring & Well Construction Log Kennedy/Jenks/Chilton
vommc cocanon BN, MISSCLLA, MCNTANA Boring/Well Neme '\ — %
NG SEMT £S0 INC. : Project Name  SMN—-MISSCLLA
i AR RCTARY Project Namber 395C0¢ 59
o came 4 INCH SCH. 40 °P\VC R ey ..:/2/59_ ‘oiiwm,_ 28 /89
TOVOMTD SB@ 4—INCH C.22C SLOT PVC 5" e o are -
| e T T M ™ 10—2C SILICA SAND S ey
= 3ENTONITE CHIPS . Voo mmees T
@ ~ANCRETT r JCo3ED FROM cuTTNGs & ZiE e
‘ e gﬂmwui(%f L SoSTRUCTION i /opere SAMPLE DESCRIPTION MO DALLING RDMARKS
; ! 3} Top few ft. moist, casing crives
; B 7 I easily without drilling.
I 2 " WELL GRADED GRAVEL
] ’ T Reddish brown, subanguicr to
K Z =  sutrounded gravels of recd—gurple
-~ S« ’ = and green quartzite; trace scnd.
L _‘ ’ {_ dry.
! - 4 L
- - f L Increasing sand, smaller grave:s.
- 10 ? !.
4 ? [
4 2 _
’ :
bl -
| ] 2 i
- "'5* ? — Lighter color {pale pink ——1trzce
- Z - c:cy.
i 4 :
P ’
i , -
- % - WELL GRADED GRAVEL WITH SAND:
- 204 ’ ~ (Scme ‘ne to coarse scnc);
: i by ’ L red-orown, trace cicy, =y
! . . ’ .
I / a
i 2 7 - Moist
1 % -
se.] 2 ,
— jeo 4 -
. 7 -
L] % " WELL GRADED GRAVEL:
- ’ _ Recz-prown, mostly srier groves
P f ‘t0 *.5") that are sucimgu It S
LT ﬂ = sucrourcecd dk gray InC rec-Iurt.e
- 3 I.‘Eo{ 4 —  qucrizite, dry.
i - ’ - lircreasing sand.
i K ’ -
e g -
- 13- ad -

-~ o~ ~= an
mAr A e pemmn ~a -~ ~ -~ T3 rac_ ~a= Q3
2l 3 2I°2°CCoorate™s) Cu S Iz 2s.T e - 22
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Boring & Well Construction Log Kennedy/Jenks/Chiiton
Project Name  SN—MISSCULA Project Number 296CC4.09 Boring/Well Name '/— 28
‘ saPLES :
< FET AL y N ‘
| i Vo ’ ﬁ ] Top of pooriy ceveicped terzmeg
I 1 A . _ aquifier, Moist.
L - 1 A . GRAVELLY LEAN CLAY WITH SAND:
i | : ’ ’ J Pinkish brown, some fine grave:
F | - ’ ’ ; and sand; difficult to estimcte
- | 145= ’ ’ - thickness. Moist
. ‘ [ - 1 N1 -
i i 1 1 - WELL GRADED GRAVEL
[ i ©oT ’ ’ 7 Medium brown, trace sand, trzce
! ; Po- ? ? - fines. Gravel up to 1/4° Moist.
- * - 1 1 - \
- | 48« ? ? - = Gravel decreasing in size; increasing
- i Lo T 4 - L amounts of coarse sand.
» 11 |
I P 1 A r
i b= 4 ’ 1 r  Dry to moist depending uocn cicy
- |- ’ ’ 4 F content; probaply interoedcec iayers
- 1504 z ? - ’[_ of gravel ond send cnd cicy. ciay
5 P 1 A L holds water.
H | ’ , {
- - 10 r
1 | CoT 7 T Moist; gravels increasing in size
1 i L1 4 Ff F to 17 (mostly green and rec cucrizite;
i I 1 -
b - e -
- : - 4 -
- . - .
- 60 - -
- -; P - - !ncrecsing ciay content [stU<EN,
L P - - - ‘race orange-—drown gucriz—ee
s » ; Do J - ¥ rhyciite gravei.
- : |l [ 4 -
g . :
— ' - —
[ & ] T GRAVELLY LEAN CLAY WITH SAND:
. ; P Medium brown, fine grave:
F | PoT 7 No returns until ~70 ft.[cicy
o | P < - plugging casing)
1 i
L g - -
i C- ; WELL GRADED GRAVEL:
I ! - 1 " Medium brown, crguicr C "Iu-zec
i ! - o s fine to cocrse grover 0 SuU™Y
- - - - cf brown clay, sit fne serc 2ms
i 1 d | . groundwater.rave: ¢ 1T in engin
- Pl % -
Z ) | )
) )
L - . -

T
1)

>

[}
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Boring & Well Construction Log Kennedy/Jenks/Chliiton

Project Name BN-MISSTULA Project Naamber B8367C4.C9 Boring/Well Neme '/'—_S
SAPLES uscs
T_‘WMZ “EL, SONSTRUCTION o [HMOOCTR /e SAMPLE DESCRIPTION AND DRILING REDMARKS
= ron aman T i
A R _ WELL GRADED GRAVELS:
: . i
L 5 - {As above)
i i
i ! i
s ' ! ! - - =
- ; BS= - -
L @ P . L
i i :
L ; — - -
b - - -
= j 190 - e
: i
L ! - - [
i i ;
L | ] < - -
s :‘ 4 - L
| i
1 ' :
. | - - -
| | !
[ ] I I
| | !
F 1 - r
{ i
! - ! "
[ ] )
‘ } |
- . = -
o : : :
o P ] r
|
- 4 L
F | , i
b 1 ‘ - - L
= ! [ - -
! i : ! ) !
s i i L= 1 =
' o - -
L ; - - -
- | - - o
- : - -
| ! N
- - -
L i i ; {
! | | ’.
- 1 - r
o ' -q = ."
P ! ‘
- i - -— —
|
L ! ' - - -

v
1
)

- <..‘ — - -

o -
b -
o -
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Boring & Well Construction Log Kennedy/Jenks/Chilton
bomme Lt QN MISSCULA, MCNTANA Boring/Well Name M-—29
O RPAT ESDINC. oM O /E M, Project Mame  BN—MISSOLLA
omure w0 AR ROTARY | omL sms) 2 8" /5"
iR RO ' 8 /6 | project Mamber 396004.09
sasnon e 3 INCH STEEL CASING o o ®3I5 T ORI N
: - 3208.95
maus came 4 INCH SCH. 40 PVC MM _3.3™49.5 ™ uw mam 11,29,/89 m??nn:m‘z e/89
4 1 '
OV B8 4 _INCH 0.020 SLOT PVC "™ 49.5 " 74.5 " |mrum o :
| oA 10-20 SILICA SAND  "4s T7s T (W oo
= BENTONITE CHIPS oy 1 ® 45 . o wheos T S
FAK
Zon CEMENT mug  wq o JoocE Mo arrnas g LIRS
. ) i
7 .
- i . . - Gravels are being ground to sand-—sized
L : - 4 v - particles by B-inch carbide—button
L J 1 GW 3 rock bit.
- 1 r oo, & - WELL GRADED GRAVEL WITH SAND:
- 5 = sorevoLE - — Tan to medium brown (dry coler)
s 4 To 35 sET 4 L coarse grovels ground by bit
| | STER. casie i | (according to EH) fine gravels are
N QL AT 35 subrounded green and red siltite to
- - REMOVE - I quartzite; fine to coarse sand, dry.
s 4 m"*’"“ 4 L
- 10 COMPLETION - -
L . j L
L 4 4 L
- 18« — W -
L - .; L
L | IR 5 I
- 20+ 4 s F
! i o)
- < ‘j - :.-..'; r
- | - - ;‘.. 7 b
i 700
i ; ; B 4 ;’::.;'; -
F 5 B 5 B
— :25- -! 253 — Dark grey—brown, strcng deise! occer
T | R ll- grey=
: i I s
o | :
- PoA 1
H 1 |
i A )
B éSOj = Dark grey, dry, less odor.
- : a
- - 4 Wet, more odor.
- > - SANDY LEAN CLAY:
- f - - Medium pinkisn brown, some very
- 3s- // fine to fine sang, faint odor,
L i - g ‘Net, derk grey st too.
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Boring & Well Construction Log Kennedy/Jenks/Chilton
Projest Neme  SN-MISSCLLA Projest Mumber 3595CC4.09 Boring/Well Name \— 73
™ o = ML SNSTRUCTION : ":,? | maocvpen sem NP SETRPTION AMD DRRLING REMARIS
FET, AMmA L.
| T L i
L - A - /] - sworiewaar
i 2’ - 1 1 - - As gbove.
, 10
| - 1 A ;
i i - 1 1 - cL L
i i ’ ’ i i
- | oe 1 Y - / .
L ) { H | ’ ’ : L
i I 1 U 9 ’
| \ 1 A ! /] ,
P o- 1 U 1 7 -
I A0 U]
: | N ’ ’ i R . No returNs, clay attachiNg tc iNsige
1 i Do 1 A - s _ of casing. Bit chatt
; : : 1 1 e} of casing. it chatter,
- i z45-: 1 [ }‘3"'{"}' = drilling graveis.
- I 25
P ":?:'f. -
L ',':&"," -
P 25%:
- ;::;.5‘! -
- S0~ = GWEd ™~ WELL GRADED GRAVEL WITH SAND:
) A :.}2 " Dark gray-brown, fine gravel up to
’ 7 [ r 3/4" is angular to subrounded,
P . o“.‘i + mostly dk grey quacrtzite; minor
4 e :\’ F  green phyllite, pink quartzite; little
- 55« - ‘;q L. very fine to coarse sand; trace sil,
J j '/.7,'~ | trace clay, dry.
.-:'.;-.-1
E " I
- 4 e * 7, -
- 4 <l L WELL GRADED GRAVEL WITH SAND:
- 60+ v — -.':-_' ~ Ok grey—brown, very fine tc medium
; Lo - i c . . subcnguiar to angular quertzite
: i o 1 sw "] | ond quartz grains; trace silt, mcdercte
5 i ; ....] to strong ciesel ocor, moist.
i i - - O -
I I R
- 1657 . o =
I N i F1 b
o
N 1T [Tl [ sawoy easne sur:
! ! ? 1 1 MH | ! | Medium brown, some very fine ¢
‘ | ! 1 Vi fine sand, trace gravel, mogersie
~ i 70+ | — M to strong diese! oder, moist.
T 1 F No returns 70'-84'
i = 7 cleys/siits plugging casing;
| . 4 L soft easy drilling; probably o mix
- 754 - IT' of silt, cicy, send + fine grave.
I ' = Siumped y ,"
{4 soreation . - -
= Ll q! L
- o .l - -
= 2z- = -
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Boring & Well Construction Log Kennedy/Jenks/Chlilton

Project Neme  SN—-MISSCUL Project Number S5960C4.09 Boring/Well Name '.'— 2
oo L SoNsTRUCTION Duses g /oo MNP DESRITION AN DRLLING RDLARKS
L NOVOXY oan; | e '
o (FOn amAll |
' | v i . .
; ; io- ., ‘l =~ 81'—--bit chatter, larger grave:s.
' i i . H
i b N = 82'-84’, soft again.
| I . .{ -
. | Tom [ 7] - SILTY GRAVEL WITH SAND:
- | 85+ — L] = Medium brown, some very fine to
' J J . medium coarse scnd, fine cnguicr
; | ; to subroundec groveis, wet,
3 T " ‘aint odor.
P~ ’ iQO-X - -
i i 4 F
; I b F
i Id - o
| |
: L 7 "
! bo- 4 L
i :
A I "
| ] . ]
_ ‘ § — —
! - J L
; . 4 L
E P '
i o 4 kL
f ; o i
| c g 9 "
| | .
| | z ;
| R 1 r
| - J -
L |
i b . r
P - L
; i o L
L . |
b . -
i b |
. ) r
! fom b r
' Pog 4 L
3 o , |
= i - —1 -
. B i ;-
i Co ] T
i o i i r
B ! - - -
: |
|
3 i
' i
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Kennedy/Jenks/Chliton

v ocana BN MISSCUL_A. MCNTANA

Boring/Well Name M~— =T

1

| omum G /EH,

Project Name  SN—-MISSCTL_A

wm w0 AR RCTARY

oL M) ;X g

Project Nuamber 896C04.79

s e o~ b L o LD
. 3206.4° | 77
Bow w2 _4-INCH SCH. 4C P/C =0 P54 T 12/5/89 |°AT I, 8 gg
FOVOUTD U@ 4—INCH 0.020 SLOT PVC ™54 " 74 " Iomwmaree '
| e ™ 10-20 SILiCA SaND ™50 P74 T rwmwoo
= 3 /B—inch BENTCNITE CHIPS Frou ® S50 T [ wneos TR CowRL o
mar CCNCRETE g min jocoed oM curneg B SRS R
™E RO 4( { ": o /oo SMPUL DESCAPTION AMD ORELING ABMARKS
M T s i .
| . ) [ ¥ I L  (0°-6"-red paving bricks)
] 1 U WELL GRADED GRAVEL:
4 ‘ ’ 4 | Medium brown, mostly subrsunced to
’ ’ | rounded, fine to coarse grove! of green
T ‘ ’ 1 ond red quartzite; trace send, moist,
B S - 1 1 - ™ gravels to 1.5".
. . 1Y .
1 U
] 11 - P
1 1 - " L
; 707 2
- ’ ’ - ;0:.#.':/ -
= i | 10+ A ry - .f.';':-.ﬂ -
p ’ ’ - "l":.i L
1 U
i A e
- 1 1 - el L
1 1 28
- ’ ’ S e -
1 : L
s A0 1ol
N A r
' i
T 07 "
] Lo ’ ’ = Reddish—brown, dry.
IR ‘R’ -
bl N )
Nl | -
: i "! ﬂ ’ I Moist, faint odor, trace clcy.
b 1 U L
] 11 r
B ,25", ? ? — Slight increase in sanc; wet
T 4 4 - strong fuel odor.
B R’ i .
g - ’ ? L Gravels siightly lcrger {to 2
|4 ’ ’ l" slight increase in pink cigy
- ‘3 J ’ ‘ }_ (as coating on gravels’. Graveis
i Oi ’ ’ . flattened to elongcte. wet,
P -
b3 4 1 T fuel odor.
P 1 U L
: 11 :
- 1 U -
27
- 1 U -
R
B =3" 1 -
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Boring & Well Construction Log Kennedy/Jenks/Chiiton
Project Neme  SN—MISSOLLA Project Number 396CC4.C9 Bortng/Well Name \{— 237
(T RmA L !
I ‘ o ? ? - SILTY GRAVEL WITH SAND:
s ! ! b4 ’ ’ - Mecium orewr, mostly anguicr to
| | . Lo 1 b . sucrouncec “ne grovels, little to
T 1 " some very qine c cocarse send,
- S ’ ’ = litde to sore sit. trace clay.
- i 14o.i ’ ’ = wet, diesei ocor
S ‘ L
| L] ? g " WELL GRADED GRAVEL:
[ P 5 ’ [ Medium prowr, maostly angulcr ‘o
- E 4 ’ ’ r  rounced, scme fcttened anc
s bog 707 L elongcte, fine o coarse gravei,
N 45 ’ ’ | ‘roce, scng,/fines.moist,no odor.
I A ’ ’ T 40'-crier, stili moist.
7 ’ ’ [ 45'-mostly fine gravels.
! ] A 1 i
i ) 787 r
L J 1 U . POORLY GRADED SAND:
1 1 * . '
- 50 d K Dark brownisn—grey, mostly medium
Z I angular to rounded scnd of
i 7 r uartzite,quartz, grains,moist.
| [ gua
- |- - fuei odor.
- . L
» 554 Darx brownisn—grey, mostly fine,
subrounded to rounded gravel, few
i [ sand, moist, streng fuer oder.
- -f :- Si'=graveis coersening, iess
- ] - sanc, moist, strcng odor.
]
- 60+ -
I ; @ - r Fine iz cccrse gravess, troce fires,
i ! | 4 - wet, ‘e ocer.
SR :
- ‘I i 4‘ -
~ | 651 4 =
- ’ L4 k
! ! ]
i , | o
L ! ! -
L :l -
— : 70 — Most, sscrse jrave s ST
- ! ! 4 - sc—e fine grove., (r3ce fines
5 i - - we:, ‘uel ccer.
s , b - mssty fre 3r3ve. scme ccorse
s ! i 4 L grave, rsce “res, wet, ‘uei ccor
T L
" ! [ 1
| i
i , < -
- and -
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Figure Kennedy Jenks Engineers
P8C.ET T Qi Vs T VCITRLEY AAIL=TAL ::A:a RE AV AN
MISSOL LA —— | BORING 110/
canc 2L 709 DA lgy = | i
Details of Boring and Well Construction SURFACZ ELEVATICN:
z } § Well Construction CRILUNG METHCES. /8 £07 44/
3 w w -
3 . b
z ‘; i z E » | SAMPLING METHOCS. Lo w T 4/ /"800 Mev: T e M
TR TR s 3 |OF CUTTINGS, Lo ic Tie .o &S
:cf g $18 ) 2 |Cormwes AT CELECTIO VEPTS
3 3] 8 < _ 22| & |omuza Witismdy b1 4
d —
: _\. = | Ml D re b SAVS 4VE Pl
o .| - Sraive) LS IG5
- i - $5% LedsLl
: i : ‘1 3 oo Foll Samoy GeAvE L ,TAwx TO
’ F + L16KHT BROW.Y
i L Lo @ 3 Co8ALES
i i GP | te30 CR4VELS _l_«_/u—’"i"/’
- L SAND, VP TC Z"¢
i 3 X HARD D2iiLi e
i ' CovetsTE r
L v L a0
FecuT L
r X
L / L
- >
r F20 GM|Z0 te YS SANLy GRAVEL YA TS
I b 3 ?, f’_' PR
" r
b o
- -
L Vo)
[ [ 6Mlus 1956 Sawoy $o4vEL AwscoZiLss
i HALG DRILLING
- Bu/rvmrz -
Lue
1 wg 2 SIT5 £I°)
L
Borrom 27
1 SresccAsiae P
L s3° I slse GoAVELS AN LT32 22
3G 22 4 8 L S = .- -
! ! GP wWITH STne S4¥D .
AVGvimis  HAFD Dl E
- —60
S 3
- 3
- -
, - —3"9 Ave @ 58 ScFr diikiive
i L 2.2372837 Ly Ne 284
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Figure KennedyJenks Engineers
28C gt T , - e T P4 Y N carg S A
SURLINGTC Y H LA T=22V AL ACAL ) "His s |
AIS500LA . BORING p72_/
. -~ - P ! 9 / 1 LR
cane £herl? 2 Al :
Details of Boring and Well Construction SURFACE ELEVATICN:
< | 5 Weil Construction ORILLING METHOCS:
3 l ¥ w [l
Iz &
oz N z @ | SAMPLUNG METHCCS.
z z = -]
SEER flg|s
b 3 a 8| 3| & lomn.za:
-EFl ... SCIT DAici /i
- = XA VO CUTTivE-S
! - N 2.0x°s5Ler
b BT 0a0 fued |
L SAXD -
L - 50
- -
3 -
L b
r o
r o
L L
L L
- -
L s
> o4
L L
: L
- -
- 3
L L
N .
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Figure KennedyJenks Engineers
PRCET B F, L RTIY T T e RAILATAL [PME 2T
.- ;-.', - ° L—._" ‘V,__.' 4 -
ML A ~ BOR]NG /;‘/: z. ,
Lavo T TC% T & | o 2L | A
Details of Boring and Well Construction SURFACE ELEVATION:
i g ! , —_—
3 i o é Weil Construction _ omiLLNG MeTHoos: 42, R RoTiiR
2! 3z w
tlz I T z @ | SAMPLING METHCDS. Z =V T/ VL LS “ovITo e/t
PR . 3 |07 LurTiVES CoLLECTIIN S5
3 3 g T ; 2 |CurTwwe 4T téee s L DE2T Y
a3 3 _— & ' 2| & |omwuwen ML s Sy JO JLiAS-
| 3 = =
’ - . A
BREEE I D te 5 SAwLT GIAVEL, STAINES
" ™ I G DARK
r * LoveldLT + . - cANE
[ GG I | 6 io 10 S1LT/ sanD, STRIN
N4 jzacuT A DigseéL COCK
i N JL/ /0O
N
B i - SANG
- 1 6P| 10 1o 15 GRAVEL W/ €D
- > BewTINITS } Up ro 37D 1a.. KSUV
L '_ PLUG , L .
I LE 1S’ 2 dO0.e o G 15 tO a3 SAVLY @,2,4'/5-i57//,VL
hond “ SIeTY, A1GIS T
L = L. . 41$033% SILTS GRAVEL (BT
= b A BrROwW A
i =N C.Ca"sLaT ¢ =
S 2 ICECTRTeR T
- = SANL jc
i a i ci|@i3h cid s LATER
: I
L L
o X9
- 3
" 50
L hé.o
r F
- =
= -
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Kennedy/ Jor_trks/ Chilton

Somma ocanan BN MISSCLLA, MONTANA

Boring/Well Name MR —

oSG SN £SD, INC.

Project Meme BN—-MISSCULA

e ™o AIR RCTARY

T LMo w57 /8"

Projest Number 8960C4.09

sanow came 6" INCH STEZL " e .
wus ume  4—INCH SCH. 40 PVC " uuﬁ;?':)s . %uﬂya]unm
FOVOLTD A 4 INCH 0.020 SLOT PVC " eeew mff 1 S
O T T % 10-20 SILICA SAND I vy

| = BENTONITE CHIPS e Ly T
=1 CONCRETE = foccen rou curmucd rve rox 3

. imemA )|

POORLY GRADED GRAVELS WITH SAND:

""Trl

. 6"=INCH .
i 41 STEEL :
- S =
- 10«
-1
J
- 154
- 20
|
I 4
i v
v
= 25
i .
1
i ! i -‘!
i 30]
! ; |
e
i i ezd

Greyish Srown, Subroundec Red and
Green Quartzite up to 1.5", Fine

to Medium Grgined, Stcinec with
Diesel @ 0'-7', Moist.

Less odor.

As above—Reddish Brown.
Increasing Sand with scme Siit.

Moist to Saturated @ 23',
Smaller Gravel.

Diese! odor.

POORLY GRADED SAND:

Reddish Srown, ~ine to Mecium
Grainec, with Little Ccecrse Scnd
and Fine Gravel, Streng cczr,
Strained.

LEAN CLAY:

Browr with Sine (o Mez'u— S2nd
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Kennedy/Jenks/Chilton

soase ocanan BN MISSCULA, MCNTANA Boring/Well Name \{R—4
PRLNG SEST 25D, INC. e 322 Project Name  SN-MISSCL_A
e wn® AR _ROTARY mma—s Project Number 896C04.09
soumon came §—NCH STEEL "0 "5 7 [wwrsme——
e wme 4 [NCH SCH.4C PVC g ™21 7 few ,,..,,9'82/6/89 ;""”"""‘a/s —
FOVOLTD UAB® 4—NCH 0.020 SLOT PVC ™21 " 36 " Imwm o ‘
TEMOTRTAMM™:0-20 SILICA SAND  "178 "3 " [mmw o
= BENTONITE CHIPS U148 ™78 ™ Foar e e
. LBFACE HOUING
= CONCRETE mvQ  ™i14.5 m [FUT SPOON SAPLR (o o ppe 2
o sumawi N .
L M| - POORLY GRADED SAND:
. 4 1 |'H - Reddisn Srown, Fine to
! ' 67 STEEL 11 |* Medium Grained, with Some
b S I Fine Gravel, Damp.
L 8 P‘ " -
= S« * Qn -
L - bb ; > -
i Lo olR o .| [ _POORLY GRADED GRAVEL:
- i P 1 |-l f Subrounded, up to 2°.
- - . < - o ° -
p . 4
- 10+ : q - = Increasing Sand and Silt.
! ) 4l 1 i
; .- < ¢ .
- 1 JE i r :
- P SN S - Diesei Ocoer @ 14
- 115< 1 1 - —
! 3
[ o A f S . suosae
i , i P % % J - Reddisn 3rown, Moist.
S 1 A | }° | . POORLY GRADED GRAVEL:
| i Co J . o _ Subrounded Red and Green
i o q ‘ Quartzite, with Fine Scne,
— i fZO-' o Dry to Damp.
i P = T With Increasing Sand cnd
- ‘ } - = - Siit, Damp.
[ ‘ 1 v = r Moist @ 23"
- Z L= v = T Strong Diesel Cdor.
- s = -
- - = -
; Lo = .
- Los = -
— 1zc- = —  As cbcve—more Fine Scrd
- - = - and Siit, Strained.
i - = - Diesei oder
= " LEAN CLAY:
B 3z = ~  Brow~, with Serd.
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Kennedy/Jenks/Chilton

BORING LOCA TION

3N, MISSCULA, MCNTANA

Boring/Well Neme MR —3

ORI TP 25D, INC. Rl s Projest Neme  BN—MISSCULA
unewne AIR ROTARY o oo T 0 Project Number 896CC4.09
souncn camie 24— INCH CMP e X0} ®3 N '
wus came 5 INCH SCH.40 PVC mup ™S R v
POFORATED ZASNG o L] 8/24/89 ; 8/28,23
6—INCH C.C2C SLOT PVC s7 77 STATIC RATER D.EVATION
TS TRONmM¥10-20 SIUCA SAND ™49 " 70 BTN
= BENTINITE CHIPS R ™ 49 TAPLNG METHC0S L COMPETON
P p— g ™ . foceED FRoM cuTINGS o :“"’""""_c,'_"'én
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APPENDIX B: WATER LEVEL DATA



WATER LEVEL MESUREMENTS

Surveyed

Well Well

Number Elevation 1/25/90 2/25/90 3/25/90 4/17/90 4/25/90
M-7 3208.01 3177.94 3178.00 3178.00 3178.00 3177.98
M-8 3214.19 3150.59 3150.66
M-9 3214.59 DRY DRY DRY DRY DRY
M-10 3216.62 3149.04 3148.27 3148.06 3149.22 3150.01
M-11 3217.54 3150.21 3149.46 3149.27 3150.68 3151.61
M-12 3213.06 3149.57 3148.80 3148.75 3150.22 3151.04
M-13 3211.08 3149.83 3151.36 3151.54 315152 3151.44
M-14 321792 3190.28 3189.00 3189.96 3189.02 3190.08
M-15 3210.78 314296 3143.69 314285 314441 314490
M-16 3210.60 3178.20 3178.27 317827 317825 3178.23
M-17 3211.19 3149.03 3148.19 3147.99 3149.49 3150.63
M-18 3211.09 317471 3174.74 317474 317472 317470
M-19 3207.31 3177.35 3178.41 3178.41 3178.42 3178.42
M-20 3210.83 3176.16 317591 3175.95 317595 3175.95
M-21 3208.83 3148.09 3138.99 3143.89 3141.78 3143.43
M-22 3209.35 DRY DRY DRY DRY DRY
M-23 3209.07 3177.33 3177.26 3178.04 3178.29 3178.31
M-24 3206.07 3139.97 3138.95 3138.80 3140.65 3143.30
M-25 3204.79 3140.11 3139.09 3138.92 3141.86 3143.57
M-26 3205.54 314022 3139.21 3139.04 314199 3142.70
M-27 3209.80 3143.72 314271 314249 3146.28 3148.26
M-28 3208.20 3142.09 3141.87 3145.68 3147.76
M-29 320895 316564 3168.38 3168.63 3168.85 3168.82
M-30 3206.41 3140.15 314225 3138.94 3141.81 3143.49
M-R1 3213.32 314454 3145.23
M-R2 3208.27 3178.17 3178.23 3174.05 3178.20 3178.61
M-R3 3210.41 317521 3178.78 3176.13 3176.11 3176.09
M-R4 3209.27 3177.95 3178.01 3178.02 3178.00 3177.99
M-R5 3207.20 3140.93 3140.19 3140.09 314246 3142.85

MP-1 3209.60
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Surveyed

Well Well

Number Elevation 5/1/90 5/8/90 5/15/90 5/22/90  5/31/90
M-7 3208.01 317796 3177.94 3177.94 3178.08 3178.11
M-8 3214.19 3150.59 3151.33 3151.33 3151.45 3151.86
M-9 3214.59 DRY DRY DRY DRY 3154.42
M-10 3216.62 315091 3151.72 3151.93 3152.30
M-11 3217.54 3152.48 3152.98 3152.14 3153.31 3153.66
M-12 3213.06 3151.86 3152.03 315224 315259 3153.23
M-13 3211.08 3151.75 3151.67 3151.68 3152.03 315222
M-14 3217.92 3190.05 3189.94 3190.02 3190.08 3190.20
M-15 3210.78 3146.04 3146.02 3146.63 3147.33 3148.67
M-16 3210.60 3178.20 3178.19 3178.19 3178.34 3178.38
M-17 3211.19 3151.48 3151.97 3152.12 3152.32 3152.79
M-18 3211.09 317471 3174.68 317467 317476 3174.81
M-19 3207.31 3177.39 317837 317837 317752 3178.56
M-20 3210.83 3175.90 3176.21 317491 317498 3176.01
M-21 3208.83 3145.26 3145.16 314589 3146.65 3148.19
M-22 3209.35 DRY DRY DRY DRY 3175.66
M-23 3209.07 317822 3178.18 3178.33 3178.62 3178.47
M-24 3206.07 3144.13 314503 314571 3146.49 3148.02
M-25 3204.79 314534 314521 314492 3146.70 3148.27
M-26 3205.54 314546 314533 3146.05 3146.84 3148.41
M-27 3209.80 3149.48 3148.79 3150.03 3149.97 3152.69
M-28 3208.20 3149.03 3150.61 3152.28
M-29 3208.95 3169.08 3168.54 3168.55 3168.67 3168.56
M-30 3206.41 314531 314520 314591 3146.70 3148.23
M-R1 3213.32 3144.61 3143.70 3143.77 3143.92 3143.91
M-R2 3208.27 3178.62 3178.17 3178.17 3178.32 3178.35
M-R3 3210.41 3176.06 317599 317599 3176.13 3176.12
M-R4 3209.27 3177.98 317794 317794 3178.07 3178.12
M-R5 3207.20 3145.67 314563 3146.32 3147.06 3148.40
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Surveyed
Well Well
Number Elevation 9/3/90 10/20/90 12/10/90 1/11/91  2/13/91
M-7 3208.01 3178.12 3178.01 3177.98 3178.11 3178.20
M-8 3214.19 3151.62 3150.94 315256 3151.32 3151.97
M-9 3214.59 DRY DRY
M-10 3216.62 3151.94 3146.99 315272 315245 3152.12
M-11 3217.54 3153.36 3152.36 3153.01 3152.71 3151.36
M-12 3213.06 3152.37 315150 3150.54 3150.20 3149.59
M-13 3211.08 3151.43 3151.72 3151.40 315126 3151.34
M-14 3217.92 3190.54 3190.32 3190.45 3189.41 3190.17
M-15 3210.78 3146.67 3145.91 314528 314548 3145.48
M-16 3210.60 3178.37 3178.26 317827 3178.37 3178.45
M-17 3211.19 3152.24 3151.04 3152.07 3151.74 3151.39
M-18 3211.09 3174.86 317476 3174.67 317478 3174.92
M-19 3207.31 3178.56 3178.41 3178.44 3178.61
M-20 3210.83 3176.78 3176.01 317595 3176.05 3176.16
M-21 3208.83 3145.52 314296 3140.57 3139.95 3139.27
M-22 3209.35 DRY 3175.24 3175.20 3174.44
M-23 3209.07 3178.61 3178.36 3178.42 317829 3179.05
M-24 3206.07 3145.36 314276 3140.43 3139.78 3139.20
M-25 3204.79 314295 314059 3139.99 3139.37
M-26 3205.54 3145.65 3143.06 3140.72 3140.11 3139.48
M-27 3209.80 3149.48 3146.86 3144.53 3143.17
M-28 3208.20 3148.99 3146.40 3143.92 3143.27
M-29 3208.95 3149.69 3149.48 3149.43 3149.51 3149.53
M-30 3206.41 3144.03 314403 3140.59 3140.01 3139.35
M-R1 3213.32 3143.50 3143.40 315192 3152.34 3152.00
M-R2 3208.27 3179.23 317826 3178.27 3178.44
M-R3 3210.41 3176.17 3176.13 3176.02 3176.22 3176.30
M-R4 3209.27 3178.09 3178.02 3178.02 3178.10 3178.19
M-R5 3207.20 3143.61 3140.58 3140.01

MP-1 3209.60
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APPENDIX C: APPARENT PRODUCT THICKNESS DATA



APPARENT PRODUCT THICKNESSES 172

Well 25 56 78 107 115 121 128 135 142 151
No. 1/25/90 2/25/90 3/25/90 4/17/90 4/25/90 5/1/90 5/8/90 5/15/90 5/22/90 5/31/90
M-7 0.61 056 0.56 0.60 0.55 058  0.04 0.56 0.56 0.57
M-8 NA 0.00 0.00 0.1 0.00 0.00 0.00 0.00
M-9 0.00 0.00 0.00 000 0.00 0.00 0.00

M-10 0.01 027 0.52 0.02 0.00 0.00 0.00 0.00 0.00

M-11 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00
M-12 000 0.00 000 0.00 000 000 000 0.00 0.00 0.00
M-13 000 0.01 0.01 0.00 000 000 000 0.00 0.00 0.00
M-14 000 0.00 000 0.00 0.00 000 0.00 0.00 0.00 0.00
M-15 0.00 0.04 0.05 0.00 0.00
M-16 0.34 0.32 0.32 0.35 036 040 0.40 0.40 0.40 0.40
M-17 1.65 1.20 1.01 0.99 0.47 041 0.63 0.50 0.39 0.44
M-18 0.20 000 0.8 0.20 020 019 020 0.22 0.17 0.27
M-19 0.00 0.00 0.00 0.00 000 000 0.00 0.00 0.00 0.00
M-20 0.00 0.00 0.00 0.00 000 000 0.00 0.00 0.00 0.00
M-21 000 0.01 0.01 0.00 000 000 0.00 0.00 0.00 0.00
M-22 0.00 000 0.00 000 000 0.00 0.00 0.00 0.00
M-23 0.00 000 088 1.17 0.06 1.10 1.11 1.22 0.98 1.40
M-24 0.00 0.00 000 0.00 000 000 0.00 0.00 0.00 0.00
M-25 0.00 000 000 0.00 000 000 0.00 0.00 0.00 0.00
M-26 0.00 000 000 0.00 000 000 0.00 0.00 0.00 0.00
M-27 0.00 0.00 0.00 0.00 000 000 0.00 0.00 0.00 0.00
M-28 0.00 0.00 0.00 000 0.00 0.00 0.00
M-29 0.00 000 0.00 0.00 000 000 0.00 0.00 0.00 0.00
M-30 000 000 000 0.00 000 000 000 0.00 0.00 0.00
M-R1 0.00 0.00
M-R2 070 080 0.1 0.83 1.24 125 0380 0.77 0.90 0.93
M-R3 0.25 080 0.73 0.76 077 091 1.29 1.11 1.35 2.06
M-R4 068  0.65 0.75 0.74 072 072 0.69 0.63 0.79 0.88
M-R5 020 002 022 0.99 1.36 1.43 1.53 1.46 1.05 1.20
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Well 160 166 174 192 221 247 294 345 377 410
No. 6/8/90  6/14/90  6/22/90 7/10/90 8/8/90  9/3/90  10/20/90  12/10/90 1/11/91 2/13/91
M-7 0.52 0.61 0.63 0.57 0.73 0.70 0.68 0.54 0.60 0.71
M-8 0.01 0.00 0.00 0.03 0.00 0.00 0.03 0.04 0.02 (.04
M-9 0.00 0.00 0.00 0.00 0.00 0.00

M-10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
M-11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
M-12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
M-13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
M-14 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
M-15 0.02 0.02 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
M-16 0.39 0.39 0.42 0.45 0.40 0.47 0.46 0.48 0.52 0.63
M-17 0.29 0.29 0.46 0.43 0.53 0.42 1.01 0.10 0.00 0.00
M-18 0.31 0.31 0.32 031 0.31 0.34 0.36 0.20 0.31 0.25
M-19 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 (.00
M-20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
M-21 0.00 0.02 4.60 2.37 0.59 0.05 0.04 0.05 0.04 0.01
M-22 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
M-23 1.42 1.42 1.00 0.38 0.70 0.79 0.96 1.38 1.36 0.55
M-24 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
M-25 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
M-26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
M-27 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
M-28 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
M-29 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
M-30 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
M-R1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.59 0.06
M-R2 0.99 0.99 0.98 0.97 0.92 1.95 0.85 0.81 7.00 0.97
M-R3 1.73 1.73 1.74 0.98 0.93 1.00 0.86 1.30 1.09 1.20
M-R4 0.88 0.88 0.80 0.69 0.92 0.88 0.80 0.79 1.06 0.97
M-R5 0.80 0.80 0.14 0.32 1.18 0.00 0.19 0.19

MP-1 2.88 0.00 0.07 0.25



Well
No.
M-7
M-8
M-9
M-10
M-11
M-12
M-13
M-14
M-15
M-16
M-17
M-18
M-19
M-20
M-21
M-22
M-23
M-24
M-25
M-26
M-27
M-28
M-29
M-30
M-R1
M-R2
M-R3
M-R4
M-RS
MP-1

442
3/17/91
0.83
0.47

0.00
0.00
0.00
0.00
0.00
0.00
0.52
0.00
0.30
0.00
0.00
0.06
0.00
1.07
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.63
0.98
0.74
1.06
0.24
0.02

459
4/3/91
0.77
0.58

0.00
0.00
0.00
0.00
0.00
0.00
0.62
0.04
0.41
0.00
0.00
0.01
0.00
1.16
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.68
1.09
0.47
1.02
0.44
0.01

474
4/18/91
0.80
0.31

0.00
0.00
0.00
0.00
0.00
0.00
0.52
0.00
0.36
0.00
0.00
0.05
0.00
1.38
0.00
0.00
0.00
0.00
0.00
0.00
0.00

1.04
0.28
0.96
0.61
0.04

489
5/3/91
0.81
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.58
0.00
0.50
0.00
0.00
0.01
0.00
1.28
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.02
0.21
117
1.16
0.02

495
5/9/91
0.81
0.01

0.00
0.00
0.00
0.00
0.00
0.00
0.60
0.00
0.42
0.00
0.00
0.01
0.00
1.27
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.99
0.24
1.65
1.44
0.16

506
5/20/91
0.82
0.11

0.00
0.00
0.00
0.00
0.00
0.00
0.62
0.00
0.38
0.00
0.00
0.00
0.00
1.13
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.97
0.11
0.02
1.82
0.00

514
5/28/91
0.80
0.08

0.00
0.00
0.00
0.00
0.00
0.45
0.69
0.00
0.37
0.00
0.00
0.00
0.00
0.76
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.04
0.84
1.01
137
0.40

526
6/9/91
0.66

0.00
0.00
0.00
0.00
0.00
0.00
0.56
0.00
0.39
0.00
0.00
0.00
0.00
0.83
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.06
0.64
0.94
0.07
0.01

543 563
6/26/91 7/16/91
0.00 0.82
0.00 0.01
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.02 0.01
0.61 0.73
0.00 0.00
0.23 0.11
0.00 0.00
0.00 0.00
0.00 0.64
0.00 0.00
0.85 0.86
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.01 0.03
1.54 1.17
0.56 0.89
0.00 0.81
0.00 0.00
0.00 0.36

174
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APPENDIX D: WATER QUALITY DATA
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Sample

m-11

m-11 duplicate
m-12

m-14

m-14 duplicate
m-19

m-20

m-24

m-25

m-26

m-27

m-28

m-29

m-30

std 1 blank
std 2

std 2

std 2
std1-blank
water blank
water blank
wiater blank

water blank

AI2373

As1936

0.001
0.058
-0.001
0.01
-0.02
-0.004
-0.015
0.002
-0.002
-0.008
0.004
0.004

Ca3l79

42.2
66.3
85.5
0.21
100
101
100
0.199
-0.005
0.021
0.019
1.52

Cu3247

Fe2599

K 7665

-0.27
093
-1.1

-0.78
0.19
-17
0.62

-0.08

0.3
-1.4

033

-0.78
-1.7
2.3

20

0.38

7.2

-0.36

-0.66
0.31

Averages

Mn2576

0.017

1.45
-0.025
-0.015
-0.011

Thu 08-15
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[V RV I )

L =Ie S -

m-11 duplicate
m-12

m-14

m-14 duplicate
m-19

m-20

m-24

m-25

m-26

m-27

m-28

m-29

m-30

std 1 blank
std 2

std 2

std 2
std1-blank
water blank
water blank
water blank

water blank

9

NaS890

0.666
0.703
0.666
-0.027
0.078
-0.041
-0.051
-0.01
10:40:

Ni2316

0.002
24 AM

P 2149

page

Pb2204

-0.005
0.001
-0.013
0.003

0.006
-0.006
-0.017

0.007
-0.007
-0.007

10
10.2
10.1

-0.017
-0.006

0.004
-0.004

0.163

Sb2068 Si2881 Ti3349 Zn2138
0.027 6.03 -0.0065 0.3929
0.202 5.74 -0.0094 0.0339
0.158 552  -0.0093 0.0326
0.081 10.7 -0.0103 0.0396
0.024 356 -0.0002 0.013
0.002 343 -0.0014 0.0133
0.031 586  -0.0072 0.0171
0.031 5.55 -0.005 0.052
0.031 4.54 -0.0054 0.1724
0.011 532  -0.0052 0.0783

0.03 4.21 -0.0033 0.0929
0.104 5.14 -0.0081 0.0427
0.012 411 -0.0051 0.0397
0.035 9.47 0.0018 0.187
0.106 715 -0.0081 0.0489
-0.019 0.026 -0.0002 0.0107
0.3 -0.055 -0.0085 10.01
0.328 -0.055 -0.0089 10.15
0.319 -0.051 -0.0082 10.05
-0.025 -0.041 -0.0016 0.0105
-0.031 -0.034 -0.0014 -0.0004
-0.015 40.035 -0.001 0.0049
-0.03 -0.032 -0.0016 0.0035
-0.031 -0.028 0.0008 0.1516



Burlington Northern Site 178

Missoula, Montana

Results of Chemical Analyses of Groundwater Samples

Well M-9 7/17/9 Well M-12 7/16/91

RUN #1 RUN #2 RUN #1 RUN #2
F 0.149 ND F 0.457 0.451
Cl 5.785 6.04 Cl 6.745 6.644
NO3 4.919 4.836 NO3 2.936 2.905
HPO ND ND HPO ND ND
SO4 21.167 22.185 SO4 5.325 5.156
Well M-26 7/17/91 Well M-27 7/17/91

RUN #1 RUN #2 RUN #1
F ND ND F 0.344
Cl 10.424 10.288 Cl 38.531
NO3 5.321 5.255 NO3 45.058
HPO ND ND HPO ND
SO4 14.887 14.683 SO4 23.505
Well M-11 7/17/91 Well M-20 7/17/91

RUN #1 RUN #2 RUN #3 (dillution) RUN #1
F 0.969 1.083 F 0.15
Cl 25.927 26.684 Cl 4.925
NO3 0.842 0.484 NO3 4.894
HPO ND ND HPO ND

SO4 146.89  153.062 2511 SO4 15.819



Well M-24 7/17/91 Well M-25 6/4/91 179

RUN #1 RUN #2 RUN #3 F 0.931
F ND ND ND Cl 10.346
Cl 6.245 6.846 6.682 NO3 6.297
NO3 3.68 4.181 4.194 HPO 0.956
HPO ND ND ND SO4 17.17
SO4 17.406 15.8 15.785

Well M-29 6/4/91
Well M-19 7/16/91

F 0.537

RUN #1 Cl 9.809

F 0.15 NO3 6.278
Cl 7.4 HPO 0.3

NO3 1.387 SO4 17.61



Alkalinity Titrations
Aqueous Geochem Lab
Thursday 8/8/91

Sample M-11(a) BN Missoula Second run

V added
0.00
0.10
0.15
0.18
0.20
0.21
0.23
0.25
0.28
0.32
0.36
0.42
0.50
0.60
0.76

Sample M-12

V added
0.18
0.21
0.24
0.26
0.28
0.30
0.32
0.35
0.39
0.44
0.50
0.58
0.68
0.80

EMF
-20.50
-3.30
21.50
49.50
76.30
90.30
106.30
116.50
126.50
135.50
142.30
149.70
157.00
163.70
171.70

F
1.32E+00
2. 73E+00
7.43E+00
2.27E+01
6.57E+01
1.15E+02
2.17E+02
3.27E+02
4.91E+02
712E+02
9.47E+02
1.30E+03
1.79E+03
2.42E+03
3.52E+03

BN Missoula

EMF
63.00
105.50
123.50
129.70
135.50
140.30
144.50
149.50
154.70
160.30
165.50
171.00
176.70
182.00

F
3.86E+01
2.08E+02
4.29E+02
5.52E+02
7.00E+02
8.53E+02
1.02E+03
1.25E+03
1.56E+03
1.99E+03
2.50E+03
3.20E+03
4.16E+03
5.36E+03

Sample M-24 BN Missoula

V added
0.00
0.03
0.06
0.08
0.09
0.11
0.14
0.17
0.21
0.30
0.40
0.55
1.70

EMF
-18.70
-9.70
24.30
69.00
85.70
105.50
120.50
128.70
138.00
150.30
159.70
169.30
176.00

F
1.42E+00
2.05SE+00
7.95E+00
4.66E+01
9.04E+01
1.99E+02
3.64E+02
S.10E+02
7.49E+02
1.26E+03
1.91E+03
2.96E+03
5.59E+03

Sample M-30 BN Missoula

V added
0.00
0.03
0.07
0.10
0.12
0.13
0.14
0.16
0.19
0.22
0.26
0.31
0.37
0.45
0.55
0.70
0.85

EMF

-24.00
-1.00
24.30
60.70
71.50
90.50

105.70

119.00

128.00

136.50

143.70

151.00

158.00

164.00

171.70

177.50

F

1.17E+00
2.95E+00
8.10E+00
3.43E+01
6.67E+01
1.12E+02
2.0SE+02
3.51E+02
5.07E+02
7.22E+02
9.79E+02
1.34E+03
1.82E+03
2.40E+03
3.45E+03
4.57E+03

180



Sample M-12b BN Missoula

V added
0.00
0.10
0.15
0.18
0.19
0.20
0.22
0.24
0.27
0.32
0.38
0.44
0.54
0.65
0.75

EMF
-58.30
-9.50
24.70
63.00
82.50
96.50
112.30
122.00
131.00
143.00
151.70
158.00
166.30
172.70
177.50

F
2.99E-01
2.14E+00
8.43E+00
3.86E+01
8.35E+01
1.46E+02
2.73E+02
4.04E+02
5.84E+02
9.57E+02
1.38E+03
1.82E+03
2.62E+03
3.52E+03
441E+03

Sample M-11(b) BN Missoula

V added
0.00
0.17
0.19
0.22
0.25
0.28
0.31
0.35
0.40
0.47
0.57

EMF
-30.30
75.00
110.60
128.30
139.30
146.50
152.70
158.70
164.70
171.30
178.30

F
9.00E-01
6.16E+01
2.52E+02
S.13E+02
8.02E+02
1.08E+03
1.40E+03
1.80E+03
2.33E+03
3.10E+03
4.25E+03

Sample M-19 BN Missoula

V added
0.00

0.10

EMF
-24.50
41.50

F
1.13E+00
1.59E+01

Sample M-14 BN Missoula

V added
0.00
0.03
0.05
0.06
0.07
0.08
0.09
0.11
0.13
0.18
0.22
0.30
0.45
0.60

Sample M-29

V added
0.00
0.03
0.08
0.10
0.11
0.12
0.13
0.15
0.17
0.21
0.30
0.45
0.60

EMF
-26.00
-9.70
19.70
43.70
71.50
88.00
97.30
111.50
120.50
133.70
141.30
152.00
164.00
172.00

F
1.07E+00
2.05E+00
6.60E+00
1.71E+01
5.12E+01
9.85E+01
1.43E+02
2.52E+02
3.62E+02
6.24E+02
8.56E+02
1.35E+03
2.31E+03
3.36E+03

BN Missoula

EMF
-30.00
-23.70

23.30
63.50
79.70
95.00

104.30
116.00
123.50
134.00
148.30
163.50
171.50

F
9.10E-01
1.18E+00
7.71E+00
3.79E+01
7.20E+01
1.32E+02
1.92E+02
3.06E+02
4.15E+02
6.40E+02
1.17E+03
2.26E+03
3.29E+03

Sample M-9 BN Missoula

V added

EMF

F

181



012  80.30 7.41E+01 0.00 -27.30 1.01E+00 182

0.14  102.00 1.76E+02 0.05 2.00 3.29E+00
0.17  117.00 3.22E+02 0.09 75.00 5.93E+01
0.22 13230 6.01E+02 0.10 90.30 1.09E+02
0.25 13830 7.71E+02 0.11 98.30 1.50E+02
030  145.30 1.04E+03 0.13  111.50 2.54E+02
0.40  155.30 1.61E+03 0.15 119.70 3.54E+02
0.55 165.70 2.57E+03 0.19 130.70 5.57E+02
1.70 17270 4.91E+03 022  136.70 7.15E+02
1.85 17830 6.37E+03 030 14850 1.18E+03

045 161.70 2.11E+03
0.60 170.50 3.17E+03
Sample M-26 BN Missoula

Vadded EMF F Sample M-25 BN Missoula
0.00  -10.00
0.07 86.30 9.16E+01 Vadded EMF F
0.08 97.50 1.43E+02 0.00 -18.70 1.42E+00
0.09  105.00 1.93E+02 0.05 24.00 7.82E+00
0.11 11730 3.16E+02 0.07 74.00 5.65E+01
0.13 12530 4.38E+02 0.08 89.30 1.04E+02
0.15  131.30 5.60E+02 0.09 99.50 1.56E+02
0.18 138.00 7.39E+02 0.11  113.30 2.70E+02
0.22 14470 9.79E+02 0.14  123.50 4.10E+02
0.27  151.30 1.30E+03 0.18 133.70 6.24E+02
033  157.30 1.69E+03 028 14870 1.18E+03
040 162.70 2.15E+03 042  161.00 2.03E+03
0.48 167.70 2.70E+03 0.57 169.70 3.03E+03

0.58 17270 3.43E+03
0.70  177.70 4.36E+03
Sample M-28 BN Missoula
Sample M-20 BN Missoula
Vadded EMF F

V added EMF F 0.00 -23.30 1.18E+00
0.00 -11.70 1.87E+00 0.05 29.70 9.78E+00
0.10 101.70 1.70E+02 0.07 76.30 6.18E+01
0.12  115.30 2.94E+02 0.08 9230 1.17E+02
0.14  124.00 4.18E+02 0.09 102.50 1.75E+02
0.16  130.50 5.45E+02 0.10  109.00 2.27E+02
0.18  135.00 6.56E+02 0.12 11870 3.36E+02
021  141.50 8.59E+02 0.14 126.50 4.61E+02

0.24  146.30 1.05E+03 0.17 13430 6.36E+02



028 151.50 1.31E+03 0.25 14750 1.11E+03 183
033  156.70 1.65E+03 040  161.50 2.05E+03
039  161.50 2.04E+03 0.55 170.50 3.10E+03

047 167.00 2.62E+03

0.57 172.50 3.39E+03

070  178.30 4.47E+03

Sample M-27 BN Missoula

V added EMF F
0.00 -23.00 1.20E+00
0.03 -17.30 1.52E+00
0.10 37.00 1.34E+01
0.12 75.30 6.09E+01
0.13 89.30 1.06E+02
0.14 99.30 1.58E+02
0.16 111.70 2.60E+02
0.18 119.30 3.54E+02
0.22 130.70 5.64E+02
0.29 142.00 9.08E+02
0.37 151.50 1.37E+03
0.50 161.30 2.12E+03
0.65 169.00 3.04E+03
0.85 176.50 4.39E+03
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APPENDIX E: MR-1 PUMPING TEST DATA
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