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Payne, M. Scott, M.S. spring 1989 Geology

MODELING OF HYDROGEOLOGIC CONDITIONS AND GROUNDWATER QUALITY
AT AN OIL WELL RESERVE PIT IN RICHLAND COUNTY, MONTANA

Director: Dr. William W. Woessner L‘Vl/t/ﬂf‘g‘-" &7

This study examined groundwater contamination in a shallow
aquifer of the Yellowstone River Valley resulting from storage
of oil-field brine and drilling fluid additives in a reserve
pit. Results show brine seepage from the pit enters the
shallow aquifer due to inadequate pit reclamation. Reserve
pit mud is contaminated with ions and metals at concentrations
one to three orders of magnitude greater than federal drinking
water standards. Only certain ions and metals present in the
pit mud reach the underlying shallow aquifer system at
concentrations much less then in the pit mud.

Chloride concentrations up to 2800 mg/l are present in the
shallow aquifer during spring and summer months as a result
of the high water table intersecting the base of the reserve
pit. In addition, precipitation generates wetting fronts
which 1leach pit contaminants into the shallow aquifer.
Chloride seepage declines in the fall through winter months
as a result of a lowering water table and less recharge.

After entering the shallow aquifer, chloride migrates
downgradient and enters a nearby return flow irrigation ditch.
Maximum chloride concentrations measured in the ground water
decrease from 2800 mng/l to approximately 600 mg/l at a
distance of 350 feet (115 m) from the pit. High chloride
concentrations are vertically limited to the upper five to six
feet (2 m) of the 15 to 20 foot (6 m) thick sand and gravel
aquifer. Lack of vertical mixing in the aquifer is probably
a result of a high hydraulic conductivity or layering of
strata in the horizontal direction.

Other constituents in the shallow aquifer detected at above
background concentrations and attributed to brine seepage from
the reserve pit are boron, 1lithium, barium, strontium,
titanium, 2inc, beryllium, calcium, magnesium, sodium,
potassium, manganese, bicarbonate, sulfate, and nitrates.

Surface electromagnetic induction conductivity (EM) and
resistivity were used to delineate the extent of brine
contamination. Both methods produced similar results and
delineated the brine contaminated area. EM was less
cumbersome and time consuming to use compared to resistivity.

Transient groundwater flow modeling for one year of
hydraulic head data using the PLASM 2-D numerical model
successfully simulated the actual hydraulic heads. Solute
transport modeling with Random-Walk successfully simulated
chloride concentrations at some monitoring well locations but
not at others. The simplicity of the groundwater flow model
in conjunction with Random-Walk limitations yielded inaccurate
simulated chloride concentrations.

ii
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Chapter I
INTRODUCTION

Groundwater contamination from an oil well reserve pit
was studied in a shallow aquifer of the Yellowstone River
Valley, eastern Montana. Significant contamination by
chloride and other ions and metals was documented. The source
of contamination is a buried reserve pit containing extremely
elevated concentrations of the ions and metals. Computer
modeling was used to simulating groundwater flow and solute
transport of chloride contamination through the shallow
aquifer. The following discussion will familiarize the reader
with a reserve pit. That discussion is followed by a
description of o0il production in the Williston basin, goals
and objectives of this study, location and description of the
study site, and a discussion of previous work done at the
study site.

Drilling fluids and brine water are contained in a
reserve pit during drilling of oil and gas wells in the oil
producing areas of the United States. Pit dimensions vary,
but average 150 to 200 feet long (46 to 61 m), 60 to 70 feet
wide (18 to 21 m), and 8 to 12 feet deep (2 to 4 m). Most
reserve pits are lined with a synthetic or clay liner to
protect underlying groundwater from brine seepage, however,
in some instances pit liners are not used depending on the
geologic setting and 1location. Contamination of shallow

aquifers by reserve pits has been documented in Montana,
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2
Oklahoma, Alabama, North Dakota, Texas, Arkansas, Wyonming,

Ohio, and Kansas (Beal, 1986; Beal and others, 1987; Collins,
1971; Dewey, 1984; Fryberger, 1975; Hicks, 1983a and 1983b;
Knowels, 1965; Leonard, 1965; McMillion 1965; Murphy and
Kehew, 1984; Murphy et. al., 1985, Novak and Yoram, 1988).

Techniques used to reclaim reserve pits usually involve
removal of the brine water from the pit (disposed via
injection well) and on site disposal of the more viscous
drilling fluid or pit mud. On site mud disposal consists of
digging trenches radially away form the reserve pit and
pushing the pit mud into the trenches. Backhoes used to dig
the trenches destroy the integrity of the existing pit liner.
After the mud is pushed into the trenches, the site is
resurfaced to ground level.

Surface recharge at a reclaimed reserve pit site may
generate leachate and contaminate the underlying groundwater.
In addition, high groundwater may come in contact with the
bottom of the buried reserve pit or trenches and contaminate
the groundwater.

Presently, drilling fluid wastes are designated as
nonhazardous under the RCRA (Resource Conservation and
Recovery Act). According to Kemblowski and Deeley (1987),
this exemption is primarily based on the "...low toxicity of
drilling fluid wastes". However, reserve pit studies in the
last five to six years have shown that oil-field brine (Table

1) and drilling fluid additives (Appendix A) contain products
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3
that are a threat to water, soil and vegetation (Hicks 1983a).
0il production in the Williston Basin

As of 1982, there were over 4000 o0il wells in the
Williston Basin (Dewey, 1984). Chloride concentrations in
brine and drilling fluids (Murphy and Kehew, 1984) are
typically 300,000 * 20,000 mg/1l in north central North Dakota
and 100,000 to 200,000 mg/l in eastern Montana (Dewey, 1984).
Pit reclamation }n the Williston Basin most often includes
removal of brine water and on site mud disposal in excavated
trenches (Dewey, 1984). Contamination of groundwater by brine
seepage is reported at all reserve pit sites studied in the
Williston Basin (Dewey, 1984; Murphy and Kehew, 1984; Hicks,
1983a and 1983b; and Beal, 1986). Dead or stunted vegetation
has been documented at a number of these brine contaminated
sites (Hicks, 1983a; Dewey, 1984). Many sites outside of
Montana and North Dakota have also experienced dead or stunted
vegetation in addition to contaminated drinking water and
surface water in streams and rivers (Leonard, 1965; McMillion,
1965; Knowles, 1965).

The processes that leach reserve pit wastes into the
shallow groundwater are poorly understood and regional impacts
to eastern Montana groundwater are relatively unknown.

Goals and objectives

Goals of this study are: 1) to characterize the

mechanism(s) controlling reserve pit waste migration into

the shallow aquifer, and if the process(es) is continuous or
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TABLE 1. Comparison of dissolved solids in seawater and oil
field brine (USEPA, 1972).

Element ‘ Scowater, mg/l. Oil-field brine, mg/l.
Sodium 10,600 12,0090 1o 150,000
Potassium : 380 3010 4,000
Lithium 0.2 1to S0
Rubidium 0.12 0.1 10 7
Cesium 0.0005 0.01 10 3
Calcivm 400 1,000 10 120,000
Mognesium 1,300 500 10 25,000
Strontium 8 51 5,000
Barium 0.03 Oto 1,000
Chlorine 19,000 20,000 to 250,000
Bromine é3 501 5,000
ledine 0.05 110 300
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5
episodic; 2) to determine if EM (electromagnetic induction
conductivity) can be used to identify groundwater contaminated
from brine seepage; 3) to estimate the aquifer parameters
necessary to conduct a hydrogeologic model for the reserve pit
area and predict contaminant dispersion behavior; 4) to
characterize the chemistry of brine contaminated water and
soil and 5) to suggest possible remediation measures.
Objectives related to meeting the above goals consisted of
measuring/determining the following parameters:

1) The soil and groundwater conductance/resistivity
using EM and resistivity surface geophysics;

2) Groundwater and surface water quality:

3) The extent of brine contamination including related
metal contamination;

4) The hydraulic properties of the unconfined
aquifer;

5) The rate and direction of groundwater flow at the
site;

6) The dispersion and dilution of contaminants in the
unconfined aquifer:

7) Amount of chloride loaded into the groundwater:;

8) Regional 1loading of chloride into the Yellowstone
River:;

9) The reclamation technique best suited to reverse
soil contamination on site;

Location and description of study site .
The Iverson site is located approximately 3 miles north
of Sidney, Montana in Section 15 of Township 23 north, Range

59 east in Richland County (Figures 1 and 2). The site is
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8
situated on a terrace deposit on the western side of the
Yellowstone River ("Crane Creek Gravel"), one mile (1.7 km)
east of the western valley edge. The valley edge is composed
of the Tongue River member of the Fort Union Formation which
is 300 to 500 feet (120 m) higher in elevation than the valley
bottom. The Yellowstone River Valley bottom is fairly level,
except for a series of low terrace deposits.

At the study site an operating oil pumper and buried
reserve pit are present (Figure 3). The reserve pit contained
brine water and drilling mud, and was reclaimed in the summer
of 1982 using the trenching method (Dewey, 1984). Brine water
was removed from the pit and the drilling mud was disposed in
both the reserve pit and trenches. According to Dewey (1984),
initial groundwater contamination from brine seepage occurred
within approximately 20 days after the pit was reclaimed.
Wheat, corn, sugar beets, and alfalfa are grown on surrounding
land and a return flow irrigation ditch abuts the west side
of the 0il pumper area. A number of small irrigation channels
supply water for flood irrigation near the site.

Climate

The climate is semiarid, characterized by c¢old, dry
winters, moderately hot and dry summers, and cool, dry falls
(Slagle, 1984a). Winters are often interrupted by warming
trends, with summers dominated by hot days and cool nights.
January is generally the coldest month and July the warmest.

Glendive, Montana has a 14.9° F average January temperature
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10
and a 74.0° F average temperature for July, -10°C and 23.3°C
respectively (Slagle, 1984). Average annual precipitation at
Sidney is approximately 14 inches/year (35.6 cm) with about
65 percent of the precipitation falling from May through
August, and June being the wettest month (Slagle, 1984a).

Regional hydrogeoloqy of Richland County, Montana

Groundwater is present in eight major aquifer systems in
Richland cCounty from the Paleozoic Madison Group to the
Quaternary alluvium. Aquifers present within 200 to 300 feet
(61-91 m) of ground surface in Richland County are the Tongue
River Member of the Tertiary Fort Union Formation and the
Quaternary glacial, terrace and alluvial deposits. The water
table in these aquifers usually reflects the land surface
topography (Slagle, 1984a). Deeper aquifers, below 300 feet
(91 m), have a regional flow direction towards the Yellowstone
and Missouri Rivers.

Groundwvater recharge generally occurs in the
topographically high areas with discharge areas in the valley
bottoms. Snow melt and precipitation are <the major
contributors of recharge in eastern Montana (Torry and Kohout,
1956), however, irrigation in Yellowstone River Valley
contributes large dquantities of water to the shallow
aquifer(s). Groundwater recharge is greatest in the spring
when snow melt and precipitation are at their peak and
irrigation begins (Torry and Kohout, 1956).

Prior to this study, no aquifer property data were
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available for the Quaternary aquifer systems in Richland
County, and only laboratory estimates of hydraulic
conductivity were available for the Tongue River Member.
Croft (1985) estimated hydraulic conductivities of the Tongue
River claystone to be 0.15 to 0.099 ft/day (8.45 x 10™® to 5.64
x 10°% cm/sec).

A detailed discussion on the regional hydrogeology is in
Appendix B.

Previous work

The Iverson site was previously studied by Michelle Dewey
of the University of Montana from August 1982 through June
1983. Dewey determined that a shallow sand and gravel aquifer
underlies the site, average depth to the groundwater is nine
feet and groundwater flows towards the north.

Dewey's chemical analyses and surface resistivity surveys
led her to conclude that: 1) brine is seeping into the shallow
groundwater from the reserve pit which produces increased
levels of sodium and chloride; 2) the reclamation techniques
used to reclaim reserve pits are inadequate to inhibit brine
migration; 3) surface electrical resistivity is a good
indicator of possible brine contamination at oil well sites;
and 4) contaminants may be moving as fast as 22 feet per day
through the shallow aquifer.

Numerous other authors have studied reserve pit brine
migration in the o0il producing areas of the United States.

These studies demonstrate that chloride and other ions often

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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contaminate shallow aquifers and surface water systems
comparable to the reserve pit contamination in the shallow
aquifer of the Williston Basin (Powell and others, 1963;
Knowles, 1965; Fryberger, 1972 and 1975; Todd and McNulty,
1976; Vander Leeden and others, 1975; Latta, 1963; Leonard,
1964; Bryson and others, 1966; Kreiger and Henderickson, 1960;
Miller and others, 1977; McMillion, 1965; Scalf and others,
1975; Shaw, 1966; Pettyjohn, 1971, 1973, and 1975; McMillion,

1965; Payne, 1966; Miller; 1980; Baker and Brendecke, 1983).
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Chapter II
METHODS

Analytical methods were selected to determine the
movement and chemical composition of groundwater and surface
water. Monthly soil moisture and groundwater quality sampling
methods were selected to determine how and when contaminants
enter the groundwater. Computer modeling methods were
selected to simulate groundwater flow and solute transport in
two dimensions.

Field methods - Geophysical techniques

Resistivity measurement

A Soiltest R~-60 resistivity meter and Wenner electrode
configuration with electrode a-spacings of 10, 20 and 30 feet
(3.48 m, 6.1 m, and 9.57 m, respectively) were used to
determine soil and groundwater resistivity. Figure 4 shows
the location of resistivity stations. Standard operating
procedures as described by Dejong and others (1979) and
Soiltest (1976a and 1976b) were used to determine soil and
groundwater resistivity.

EM measurement

A Geonics EM34-3 conductivity meter with 10, 20 and 40
metre coil spacings- (32.8 ft, 65.6 ft, and 131.23 ft
respectively) was used to determine soil and groundwater
conductivity in both the horizontal and vertical EM modes.
Location of EM stations are shown in Figure 5.

Use of two coil configurations (or modes) with the EM
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equipment measures different depths of soil conductivity.
Thehorizontal EM mode (vertical dipoles) measures soil
conductivity to approximately 1.5 times the length of the coil
spacing and is relatively insensitive to surface soil
conductivity (McNeil, 1980c¢). The vertical EM mode
(horizontal dipoles) measures so0il conductivity from the
surface to approximately .75 times the length of the coil
spacing (McNeil, 1980c¢).

EM data were interpreted using standard procedures
described by McNeil (1980a, 1980b, 1980c, 1985 and 1986).

Monitoring wells and lysimeters:

Figure 3 shows the 1location of monitoring wells and
lysimeters. Appendix C details well and 1lysimeter
construction. The monitoring wells were located on the basis
of EM and resistivity results. Readings of large conductivity
values and small resistivity values at geophysical survey
points were interpreted to represent areas of reserve pit
contamination. Monitoring wells were installed using the
MBMG (Montana Bureau of Mines and Geology) Mobile-Drill 50
drill rig equipped with 6.5 inch OD (outer-diameter)/3.25 inch
ID (inner-diameter) HSA (hollow-stem-auger) flights. One
well, MW 15p, was installed using 10 inch OD/6.25 inch ID HSA
flights.

The depth of bore holes varied from 10 to 37 feet (3 to
11 m), however, no monitoring wells were installed below 23

feet (7 m). All monitoring wells, except MW 15p, are 2-inch
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ID diameter schedule 20 PVC with either a 20 or 30 slot (0.020
or 0.030 inch) well screen. Well MW 15p is a 4.5 inch ID
schedule 40 PVC well with a 20 slot (0.020 inch) well screen.
The wells are completed with a natural sand and gravel (hole
collapse) and a surface bentonite plug. Both single and
nested well sites were installed. Nested well sites consisted
of two to three monitoring wells completed at different depths
a few feet apart. Each well was developed with a hand bailer
or pumped with a small surface pump until clear water was
obtained. Soil samples and logs were collected from auger
cuttings and a geologic log was prepared for each hole
(Appendix D).

Monitoring wells installed in the pit area were completed
with two bentonite seals. A second bentonite seal (below the
surface bentonite) was installed below the bottom of the
reserve pit mud to inhibit vertical brine migration along the
well casing.

Lysimeters were installed from 3.5 to 6 feet (1 to 2 m)
below ground surface. Lysimeters are 1.5 inch diameter
schedule 26 PVC with a ceramic cup at the lower end of the
casing. The lysimeters are completed with a saturated silica
flour surrounding the ceramic cup, natural fill above the
silica flour, and a surface bentonite seal.

Water levels were measured with either a steel tape or
electric M-scope from a top-of-casing datum surveyed by the

United States Soil Conservation Service in Sidney, Montana.
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Water levels were measured monthly from July, 1987 to August
1988. Water level data were used to determine head at each
well site and areal groundwater flow direction.

A stilling well was installed with a 30 day Stevens
continuous water level recorder on the return flow irrigation
ditch at site Ditch 1 (Figure 3). Two additional 30 day
Stevens continuous recorders were installed on monitoring
wells MW 1 and Mw 3.

Aquifer testing:

The hydraulic copductivity of the shallow, unconfined
sand and gravel aquifer was estimated from an aquifer test
conducted at well MW 15p. The shallow aquifer was stressed
using a 3 HP surface pump which sustained a constant discharge
rate of 30 gpm (gallons/minute) for 4.5 hours. Discharge
water was pumped through a pipe approximately 150 feet away
to the southwest of the pumping well onto an alfalfa field.
Drawdown and recovery were measured in the pumping well (MW
15p) and three monitor wells, 53 feet, 82 feet and 118 feet
(16 m, 25 m and 36 m) from the pumping well (wells MW 6, MW
19s, and MW 20s, respectivley). Drawdown verses time data
were first analyzed by assuming steady-state conditions
(Driscoll, 1986). The data were also evaluated assuming
transient conditions with delayed yield and partial well
penetration (Boulton 1954a, 1954b, 1964, and Stallman, 1965).

Water quality sampling:

Measured field parameters include corrected SC (specific
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conductance), temperature, pH, and chloride. Chloride
concentrations were measured using Quantabs (Appendix E), a
small capillary tube that function as a chloride titrator.
A single Quantab is lowered into a cup of water, after which
water moves up the capillary passage on the Quantab to
discolor the top. A value corresponding to the distance the
sample water moved up the capillary passage is read off the
side of the Quantab and converted into mg/l or percent
chloride in solution (Appendix E). Field data were collected
monthly and input into a computer data base.

Water samples for chemical analyses were collected on a
quarterly basis. Sampling procedure included bailing water
from monitoring wells until pH stabilized and rinsing sample
bottles three times with sample water. Four samples were
collected from each monitoring well site including one
untreated, one filtered, and two filtered and acidified
samples. Acidified samples were preserved with 2.5
milliliters of nitric acid per 500 ml of sample water. The
filtered samples were pumped through a 0.45-micron filter.
Decontamination of sampling equipment was accomplished with
three rinses of deionized water.

Analyses for major ions and metals were done at the MBMG
laboratory. Metals were also analyzed at the University of
Montana Geology Department. Field quality control was checked
with one deionized water sample filtered and preserved in the

field, and analyzed at the MBMG laboratory. Sample water was
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stored in a cooler over ice for delivery to the MBMG
laboratory in Butte and the University of Montana Geology
Department in Missoula.

Lysimeters were also sampled quarterly. Vacuum was drawn
on lysimeters five to 30 days prior to sampling, after which,
the soil moisture was sucked out using a vacuum pump. Sample
bottles were rinsed with deionized water. The sample water
was filtered in the field and sometimes acidified in the field
if sufficient sample water was available. Sample bottles were
stored in coolers over ice and delivered to the MBMG
laboratory and the University of Montana Geology Department.

Laborato methods - emjcal analyses:

Groundwater and soil moisture samples were analyzed at
the MBMG laboratory for following ions and constituents
including: calcium, magnesium, sodium, potassium, iron,
manganese, silica, bicarbonate, carbonate, chloride, sulfate,
nitrate, fluoride, phosphate, bromide, dissolved solids, sum
of constituents, specific conductance, pPH, hardness,
alkalinity, Ryznar stability, Langlier saturation, and sodium
absorption ratio. All MBMG laboratory procedures were EPA and
USGS certified procedures (Reiten, 1988). Metals analyzed at
the MBMG laboratory on an ICPS (inductively coupled plasma
spectrometer) were: silver, aluminum, arsenic, Dboron,
beryllium, cadmium, chromium, copper, lithium, molybdenum,
barium, lead, nickel, strontium, titanium, vanadium, zinc,

zirconium, and selenium.
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Metal analyses at the University of Montana were also
done on a ICPS. Groundwater, soil moisture, and soil samples
were tested for: aluminum, arsenic, calcium, cadmium, copper,
iron, potassium, magnesium, manganese, nickel, sodium, lead,
phosphate, antimony, and titanium. Soil samples were acid
extracted for total digestible metal content (Moore, 1988).
Metal scans and sample preparation were accomplished using
standard laboratory techniques done in accordance with USGS
water analysis standards which included a 10 percent rerun of
samples as duplicates (Moore, 1988).

Sieve analysis:

Sieve analyses were performed on three different samples
collected from monitoring well cuttings. The samples were
sieved at the United States Forest Service Materials Testing
Lab in Missoula, Montana. Standard laboratory techniques were
used to determine the grain size distribution.

Aquifer porosity was determined by saturating a volume
of oven dried aquifer material and measufing the volume of
water needed to fill the empty void spaces.

X-ray diffraction:

X-ray diffraction was used to identify the <2-micron size
fraction clay mineralogy of mud samples taken from auger
cuttings while drilling through the reserve pit. The samples
were mixed with deionized water and centrifuged to separate
the <2-micron size fraction. The <2-micron size fraction was

put on glass slides as random, oriented, and glycol saturated
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clay particles for x-ray diffraction (Jennings and Thompson,
1986) . Standard X-ray diffration techniques were used to
identify the clay mineralogy of the pit mud.

Computer modeling:

The 2-dimensional PLASM groundwater flow model developed
by Prickette and Lonnquist (1971) was used to model
groundwater flow. Random-Walk, developed by Prickette,
Naymik, and Lonnquist (1981), was used to model solute
transport. PLASM is a finite difference model which can be
used to simulate non-steady flow in a heterogeneous aquifer
under unconfined and non-leaky, and leaky-confined conditions.
PLASM estimates head using the alternating direction implicit
numerical method to solve a set of finite difference
equations. Input data will be discussed in detail in Chapter
II1I.

Random-Walk is a 2-dimensional model that can simulate
contaminant transport in an unconfined or confined aguifer
(Prickette and others, 1981). The model takes into account
groundwater velocity, convection, dispersion, and chemical
reactions. The model simulates movement of a solute using a
particles in a cell method, transported for a given time
schedule. Particles are randomly dispersed according to model
inputs by a statistical technique. The model has the ability
to install sinks or sources, and can map solute as
concentration or the number of particles for a given cell.

The version of Random-Walk used in this study is linked with
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the PLASM groundwater flow model. Head data generated with

PLASM is converted into a velocity vector field with a
preprocessor for each simulated month. The velocity vector
field is then linked to the Random-Walk model to move solute

in accordance with the modeled potentiometric surface and

dispersion coefficients.
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Chapter III
RESULTS8 AND DISCUSSION

This chapter presents all data collected in this study.
A short discussion will follow the data in each section.
Site hydrogeology

Soil and £fill (material used to cover the pumper area and
roads) cover the top three feet (1 m) of land surface of the
study area. From three to 26 feet (1 to 8 m) Quaternary sand
and gravel of the oldest terrace deposit ("Crane Creek
Gravel") of the Yellowstone River Valley is present. Included
in the sand and gravel are local zones of well sorted sand,
gravel, thin lenses of clay, layered silt and sand, layered
clay and sand, and pit mud in the reserve pit area (see
geologic cross sections in Appendix D). The depositional
environment of the terrace deposit was apparently a fairly
high energy system since coarse gravel was deposited with
sand. Terrace deposition apparently took place during an
interglacial time since till deposifs are present
stratigraphically above and below the terrace deposits about
three miles (5 km) south of the study site (Prichard and
Landis, 1975).

A sieve analysis on the sand and gravel material
(Appendix D) shows an even distribution of particles, from
fine sand to coarse gravel. This material is the dominant
aquifer material encountered in the monitoring well bore

holes. A sieve analyses on a sample collected from eight to
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20 feet (2.5 to 6 m) at monitoring well MW 12 showed that 85%
of the sample retained was sand size. A sieve analyses on a
sample collected from 14 to 33 feet (4.5 to 10.5 m) at
monitoring well MW 13 showed 75% of the sample retained was
gravel size. Results of the sieve analyses indicate that the
agquifer is relatively coarse grained and little silt and clay
are present.

The Tongue River Member of the Fort Union Formation
underlies the terrace deposits at approximately 26 to 28 feet
(8 m) below ground surface. At the study site the Tongue
River Member consists of a dense, low permeability grayish
clay with sandy intervals.

The shallow agquifer is restricted to the sand and gravel
terrace deposits. The shallow aquifer has a seven to 10 foot
(3 m) unsaturated zone and a saturated thickness of about 17
feet (5 m). Below the shallow aquifer, clay of the Tongue
River Member separates the shallow unconfined aquifer and the
deeper confined aquifer. The upper clay of the Tongue River
Member has a relatively low hydraulic conductivity, estimated
to be 0.15 to 0.099 ft/day (8.45 X 10™® to 5.64 X 10 cm/sec)
(Croft, 1985), which probably inhibits groundwater movement
between the shallow and deep aquifers. Domestic wells in the
study are completed in water bearing coal and sandy intervals
of the Tongue River Member 35 to 45 feet (13 m) below land
surface (as determined from domestic well logs).

In general, groundwater flow direction (Figure 6 and
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Appendix F) is towards the northeast with some variations in
flow direction along the return flow irrigation ditch. The
ditch is recharged by groundwater in the spring, summer and
fall and the water table is in contact with the ditch since
it is above the ditch water level and a visible seepage face
is present in the ditch channel. Estimated ditch flow in the
summer months is approximately three to four cfs.

In the winter, groundwater flow (Appendix F) is parallel
to the ditch, and water in the ditch apparently leaks into the
underlying shallow aquifer since the measured ditch water
levels are above the water table. The ditch bottom is
comprised of mud and silt, and permeability of these sediments
is estimated to be relatively low. The low permeability and
small winter ditch flow (approximately .5 cfs) indicate that
the ditch is most likely leaking water to the shallow aquifer
and forming a small groundwater mound.

The Yellowstone Irrigation District shuts down the
irrigation canals in the winter months, yét flow is present
in the return flow ditch. The source of winter ditch water
is probably from upgradient reaches where the water table

intersects the ditch causing groundwater to discharge into

the ditch.
Precipitation and recharge

Precipitation and free water evaporation data collected
at the Montana State University Agricultural Experiment

Station in Sidney about two miles from the study area are in
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Figure 7 and Appendix G. Precipitation is lower in the spring
and summer of 1988 compared to the spring and summer of 1987.
In addition, evaporation is greater in 1988 compared to 1987.
The higher evaporation and 1lower precipitation in 1988
indicate there was less surface recharge available to move pit
contaminants compared to 1987. Since the reserve pit area is
not flood irrigated, precipitation is the only surface
recharge factor for leaching brine to the water table.

Annual water level fluctuation at well MW 3 is about four
feet in the 1987-1988 year (Figure 8). The water table rise
and fall is coincident with the start of spring flood
irrigation in May and irrigation shutdown in November
surrounding the site. The crops grown on the surrounding
farmland (alfalfa, corn and sugar beets) require 18 to 24
inches (46 to 61 c¢cm) of water during the growing season (SCS,
1987), which is significantly greater than the average annual
precipitation of 14 inches/year (36 cm). The irrigation water
used to supplement the crops is an important source of
recharge to the shallow aquifer.

The peak 1988 water table position (Figure 8) matches the
peak 1987 water table position, yet precipitation is less and
free water evaporation is greater in 1988 compared to 1987.
This suggests that more flood irrigation water was applied in
1988 compared to 1987 to counter drought conditions.

All monitoring wells and ditch locations have a similar

annual water level fluctuation (Appendix H), indicating water
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level response to recharge is similar across the entire site.

Hydraulic conductivity and specific vield

One constant discharge aquifer test was used to estimate
K (hydraulic conductivity) wusing both Boulton's partial
penetration and delayed yield equations (Lohman, 1978).
Delayed yield was evident in the pumping well (MW 15p) and one
monitoring well (MW 6). The delayed yield method was employed
to estimate K at these locations. Delayed yield was not
evident in the other monitoring wells (MW 19s and MW 20s) and
the partial penetration method was used to estimate K at these
locations.

One foot of drawdown was measured at the end of the 4.5
hour aquifer test at the pumping well MW 15p (pumping 30 gpm),
and only a few tenths of a foot drawdown were measured at the
monitoring wells (Appendix I). Limited drawdown made K
interpretation difficult. Hydraulic conductivity estimates
ranged from 1,500 gal/day/ft2 (7 x 1072 cm/sec) to 25,000
gal/day/ft2 (1.0 cm/sec) depending on the well location and
whether the delayed yield Qr the partial penetration method
was employed. K is probably close to 4200 gal/day/ft2 (.2
cm/sec) since the most accurate simulated drawdown in an
aquifer test was modeled using this value (to be discussed
later). Assuming a 17.5 feet thick aquifer, transmissivity
is 73,500 gallons/day/ft.

Hydraulic conductivity was also estimated by using the

Theim steady-state equations (Driscoll, 1986) since drawdown
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at the end of the aquifer test was small. Theim K estimates
averaged one order of magnitude below K estimates calculated
with the delayed yield and partial penetration methods.
Transient K calculations probably represent a better estimate
of K since steady-state conditions were not present at the end
of the stress period.

A representative Sy (specific yield) for an unconfined
sand and gravel aquifer was not calculated with the above
methods. All calculated estimates were a number of orders of
magnitude too 1low. Specific yield was estimated from 13
documented Sy values for sand and gravel aquifers (Turcan,
1963). Specific yield values ranged from 0.2 to 0.35, and .2
was chosen since it is a conservative estimate. Porosity of
a repacked aquifer sample was determined to be .25 in the
laboratory. To calculate groundwater velocity at the pit area
(wells sites MW 3 and MW 7s) I used the following
relationship: 7
velocity (ft/day)
hydraulic conductivity
(4200 gal/day/ft® )
= gradient (.0026 to .00l
depending on which month)
porosity (.25)

= conversion factor for
gallons to cubic feet

vV = KT where
7.48 n

- <
([

A =]
*
> |
;.

and calculated the following monthly groundwater velocities:

87' July: 5.6 ft/day (1.70 m/day)
August: 5.3 ft/day (1.62 m/day)
September: 4.7 ft/day (1.43 m/day)
October: 4.5 ft/day (1.37 m/day)
November: 3.2 ft/day (.97 m/day)
December: 2.9 ft/day (.88 m/day)
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88' January: 2.9 ft/day (.88 m/day)
February: 2.8 ft/day (.85 m/day)
March: 2.6 ft/day (.79 m/day)
April: 2.4 ft/day (.73 m/day)
May: 5.6 ft/day (1.70 m/day)
June: 5.9 ft/day (1.79 m/day)

Soil chemistry

Vadose 2zone soil analyses results are in Table 2 and
Appendix K. Table 2 data represents the total acid digestible
metal content for sodium, calcium and lead concentrations in
samples collected from three reserve pit locations and three
samples collected downgradient of the pit. Only sodium,
calcium and lead are presented in the Table 2 since the other
ions tested are at background concentrations. Chloride was

not analyzed.

Table 2. Soil analyses (* less than detection)
Sample site Depth $Na % Ca panFb
PITMUD 1 6-8 ft. 1.9 6.4 30.0
PITMUD 2 6-8 ft. 2.1 7.7 44.0
MW 3 5-7 ft. 1.6 3.8 21.9
MW 4 6-12 ft. 2.3 4.6 16.8
MW 7 2-7 ft. 0.8 2.6 *

MW 7 (DUPLICATE) 2-7 ft. 0.9 2.9 +*

FT. UNION 28 ft. 0.7 7.8 *

Sodium, calcium, and lead results are elevated in pit
samples PITMUD 1, PITMUD 2, and MW 3, and downgradient of the
site at MW 4. Analyses indicate the pit mud results are
approximately 50 to 75% greater than background analyses
results (MW 7 and FT.UNION), with the exception of calcium in
the Fort Union sample. MW 4 sample site is approximately 100

feet north of the pit area. The apparent soil contamination
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at monitoring site MW 4 is probably from pit mud being pushed
into a reclamation trenches extending from the reserve pit.

Groundwater and vadose water chemistry

Field measurements

Specific conductance (SC) and Quantab data (chloride
concentrations) are in Figures 9 and 10, and Appendix J.
Figure 9 shows Quantab and SC results for nested well site MW
4. The highest chloride and SC levels are present in upper
four feet of the aquifer (MW 4s). Intermediate chloride and
SC levels are present from four to eight feet below the water
table (MW 4m). Background or near background chloride and SC
levels are present in the lower half of the aquifer from eight
feet below the water table to the top of the Fort Union
Formation (MW 44). Figure 9 also shows MW 4s chloride and
SC levels in the summer of 1988 are less compared to chloride
and SC levels in the summer of 1987.

Figure 10 shows Quantab and SC levels for monitoring
wells MW 7s and MW 4m. Both wells are completed in the upper
half of the shallow aquifer where brine contamination
concentrates. Chloride and SC levels are significantly less
in MW 7s than in MW 4m, and the peak timing of chloride and
SC levels are approximately 2.5 to three months behind in MW
7s (which is down gradient of the MW 4 site). Contaminant
loading in the spring and summer of 1988 appears to be less
compared to the summer of 1987. Lower chloride and SC levels

in 1988 are probably a result of less surface recharge and in
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turn less brine seepage into the underlying aquifer.

Field data indicate the brine contaminants tend to
disperse near the top of the shallow aquifer. The lack of
vertical contaminant migration suggests that K may be greater
in the horizontal direction compared to the vertical
direction and/or an upward flow component is keeping the pit
contaminants near the top of the aquifer.

An approximation of groundwater velocity between the two
well sites in Figure 10 indicates that contaminants move
through the aquifer at approximately 3.3 ft/day to 4 ft/day.
This was estimated by evaluating the time required for a
chloride or SC peak at MW 4s to be measured at MW 7s. Figure
10 show a 2.5 to three month lag time between chloride and SC
peaks which approximates the above velocities since the two
sites are about 250 feet (80 m) apart.

Contaminants apparently enter the shallow aquifer by
seepage from surface recharge and from contact between the
water table and the pit mud. Monitoring well logs (Appendix
D) show the that pit mud extends to a depth of about nine feet
(3 m) below land surface at the pit area. The water table
fluctuates from seven to ten feet (2 to 3 m) below land
surface at MwWw 3. This demonstrates that the groundwater
intersects the pit material. The water table apparently
saturates the pit mud and in turn pit contaminants are
released into the aquifer.

In 1987, pit wastes probably entered the shallow aquifer
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as a result of both seepage caused from precipitation and
groundwater saturating the pit mud. Wetting fronts were less
frequent in 1988 due to drought conditions, which apparently
caused the lower chloride concentrations in the groundwater.

Laboratory analyses

Tables 3 and 4 show suspect brine contaminants in the
shallow aquifer. Groundwater contamination is indicated by
annual changes in ion and metal concentrations above
background concentrations. This change is characterized by
high spring and summer concentrations, lower fall
concentrations and very low winter or background
concentrations. Background concentrations are present under
the pit area in the winter months indicating contaminant
loading temporarily stops. Up gradient control wells (MW 2
and MW 21) have lower concentrations compared to wells in and
downgradient of the reserve pit year round.

Pit soil moisture analyses at 1ysimeter L3 indicate the
pit material is contaminated with all metals and ions tested
(except titanium and zinc) at concentrations sometimes a
number of orders of magnitude above those in the groundwater.

Chloride and sodium are the two most elevated
constituents detected in the reserve pit mud and groundwater.
Other ions and metals were detected in the pit mud and
groundwater but to a lesser degree compared to chloride and
sodium. Constituents detected above the recommended federal

drinking water standards are nitrates (>10 mg/l), Manganese
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Table 3. Ions in the shallow aquifer attributed to brine
seepage (dissolved ions reported as mg/1)%

LOCATION
PARAMETER  DATE SITE 2/21 SITE3 SITE4 Ml 7s L3
Ca 07/22/87 143 357 226 1Y 9510
10/22/87 11 113 172 109
04/23/88 102 95.3 83.2 8s.4 8350
04/28/88 105 147 175 84.9 7310

Mo 07/22/87 3.2 N.7 90.6 33.8 1270
10/22/87 34 35.8 44.5 53.2
04/23/88 32.4 37.4 2.6 42 1260
06/28/88 37.2 38.7 LM 43.3 1300

Na 07/22/87 83.5 1436 681 196 B470
10/22/87 85.2 22% 462 211
1.8

i

04/23/88 1. 105 143 162  BB&0O
06/28/88 g9. 324 474 146 73500
K 07/22/87 3.8 5.4 28.4 8.2 1040
10/22/87 4.5 8.1 18.7 8.8
04/23/83 3.3 4.3 0.4 6.3 1029
06/28/88 3 14.4 1.2 7.3 885

Cl 07722/87 3.9 2640 1050 217 14500
10/22/87 19.7 221 678 224
04/23/88 21,1 24.4 28,2 70.7 156000
06/28/88 23.2 411 680 80.6 130000

Hn 07722787  (.001 5,04 0.29  9.003 42
10722/87  <.001 0.4 0.085 (.00
04/23/88  0.005 0.28  0.022 0,045 35.9
05/28/88 0,001 0,077  0.001  0.002 30.9

HCO3 07/22/87 39 332 589 476  220.8
10/22/87 438 484 539 478
04/23/88 438 470 501 506 332
06/28/88 382 4 508 448 268.4

S04 07/22/87 203 236 233 243 690
10/22/87 187 208 227 227
04/23/98 213 233 231 riy 1110
06/28/88 209 213 260 234 223

N 07/22/87 22.7 2.81 9. 14 4.03 23
10/22/87 5.89 3.85 3.21 '
04/23/98 4.34 1.9 0.97 .24 (.04
06/28/98 it 10.6 3.28 2,73 38

*See also Br Appendix L
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Table 4. Metals in the shallow aquifer attributed to brine
seepage (dissolved metals reported as ug/l).

PARANETER  DATE

Li

Sr

Ti

In

Be

07/21/87
10/22/87
04/23/88
06/28/88

07/21187
10/22/87
04723/88
04728/88

07/21187
10/22/87
04/23/88
04/28/88

07/21/87
10/22/87
04/23/83
05/28/88

07/21/87
£0/22/817
04/23/88
05/28/88

07721787
10/22/87
04/23/88
04/28/88

07/21/87
§6/22/87
04/23/88
06/28/88

LOCATION
M 2is

120

20

630

a3

M3
1030
220
140

370
1t
20

530

60

7300
1020
990

29

1

14

a

it

1

i 3s

400

130

110

2560

4

MW 4s

820

i90

100

2780

MW fés MW 20s

370

600
160

100
92
2510

%40
S

5
a3

a
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(>0.05 mg/1) and chloride (>250 mg/l). Nitrates and Manganese
only exceed these standards in the spring and summer at the
pit area; chloride is generally above the recommended drinking
water stagaards year round.

Ions and metals at elevated concentrations in the pit
mud but not detected in the groundwater are probably
absorbed, bonded, precipitated and/or absorbed by the clay
minerals of the pit material. An x-ray diffraction pattern
of the pit mud (Appendix M) shows the drilling mud is rich in
smectite (or bentonite, which is the common drilling mud used
drill oil wells). Smectite is a 2:1 layer silicate clay
mineral that will absorb hydrated ions in the interlayer
spaces of the 2:1 structure (depending on the size and charge
of the element or compound).

The ions that do not seep into the grounﬁwater are
identified by comparing the pit mud soil moisture analyses
with the groundwater analyses. They are: nickel, vanadium,
zirconium, aluminum, silver, cadmiun, iroﬁ, chromium, copper,
molybdenum, and lead (Appendix K and L). These are retained
in the pit mud.

Figures 11 through 14 are chloride plume maps. Most
contaminant loading occurs in the spring and summer as shown
by high chloride concentrations originating from the pit area
in Figures 11 and 12. Loading wanes in the fall and chloride
concentrations drop (Figure 13). In the winter, the water

table continues to lower and little surface recharge is
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Figure 11. Chloride plume map July 1987 (CI = 400 mg/l),

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

42



ct CONCENTRATION mg/l FOR .OCT.,

43

1987

PIT

SCALE_1:101.5262

| —

Figure 12. Chloride plume map October 1987 (CI =
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Figure 13. Chloride plume map April 1988 (CI = 40 mg/1l).
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Figure 14. Chloride plume map June 1988 (CI = 60 mg/l),
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available. Background chloride concentrations are present in
the groundwater under the reserve pit at this time (Figure
14). In the spring, chloride concentrations increase at the
pit area from the high water table intersecting the bottom of
the pit and increased precipitation leaching pit contaminants
into the groundwater.

Shallow groundwater discharges to the irrigation ditch
in the spring, summer and fall since the ditch acts as a
groundwater sink, removing chloride from the aquifer. In late
winter, the ditch is influent and a small groundwater divide
probably forms under the ditch causing chloride migration to
be parallel to the ditch.

Figures 11 through 14 and Tables 3 and 4 show that
contaminants load into the shallow agquifer in a annual cyclic
fashion. In addition, Figures 11 through 14 show that the
chloride concentrations decline dramatically over a short
distance from the source (350 feet or 115 m), from 2800 mg/1l
under the pit to 600 mg/l at MW 16s.

Data plots for Figures 11 through 14 are in Appendix N,
which also contains SC plume maps and data for the same
locations and seasons.

Michelle Dewey of the University of Montana studied the
same reserve pit site from 1982 to 1983. Dewey completed five
monitoring wells in the shallow aquifer and collected water
quality samples for major ion analysis. Chloride

concentrations down gradient of the reserve pit at Dewey's
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wells 3 and 5 (Appendix 0) have similar chloride
concentrations as down gradient monitoring wells sampled in
this st?dy. Background chloride concentrations at Dewey's
well 1 (Appendix O) also has similar chloride concentrations
as background wells sampled in this study (with the exception
of one anomalous peak in April, 1983).

A comparison of Dewey's data and data collected in this
study indicate that brine seepage has not decreased
significantly in the past four years, suggesting the pit will
be a long term contaminant source. However, comparison of
Dewey's data with this study is awkward since her wells were
located at different points and completed differently. The
comparison does show the pit mud on site may load brine wastes
into the shallow aquifer for the next tens of years.

Yellowstone River chemistry ‘

Data provide by the United States Geological Survey shows
no significant increase in chloride, sodium, sulfate, calciunm,
potassium, and magnesium concentrations occur in the chemistry
of the Yellowstone River between Terry, Montana and Sidney,
Montana (Slagle, 1983, 1984 and 1988) (Appendix O). Terry is
approximately 90 miles (155 km) up stream of Sidney on the
Yellowstone River. Many reserve pits are located along this
stretch of the Yellowstone River in both wvalley fluvial
deposits and the nearby Tertiary deposits. Brine from these
reserve pits may seep into the underlying aquifers and in turn

increase chloride and other ion concentrations in the
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Yellowstone River (assuming groundwater velocity, time,
dispersion and discharge will move the contaminants to the
river). Chemical data collected from the Yellowstone River
indicate dilution of brine contaminants in the groundwater or
in the Yellowstone River are too great to measure an increase
in concentration of ions analyzed or no increase occurs.

Apparent Conductivity and resistivity

EM

Results of the EM 10 m horizontal and vertical mode
surveys are in Figures 15 and 16. The EM 20 m and 40 m
surveys show similar conductivities to those measured in the
EM 10 m survey (Appendix P). All EM data were collected in
July, 1987. Figures 15 and 16 show so0il conductivity data
measured near the reserve pit and do not include the
conductance data measured over the entire EM 10 m grid in
Figure 5. EM 10 m conductance data collected away from the
pit were background readings and are plotted in Appendix P.

In Figure 15, the pit area is delineated by conductance
values ranging from 40 to 110 mmhos/m compared to background
readings of 20 to 25 mmhos/m. Only a limited area around the
pit shows a high conductivity. Figure 16 accurately defines
the pit area with conductivity values ranging from 90 to 160
mmhos/m, and appears to delineate a conductive zone (30 to 60
mmhos/m) in the shape of a plume downgradient of the pit,
similar to the chloride plume map in Figure 14.

Water quality data for July, 1987 indicate that brine
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Figure 15. Contour map and data plot of EM 10m horizontal mode

survey (CI = 15 mmhos/m) (July 1987).
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Figure 16. Contour map and data plot of EM 10m vertical mode
survey (CI = 20 mmhos/m) (July 1987).
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contamination was present downgradient of reserve pit. The
presence of brine in the groundwater was apparently
significant enough that the EM 10 m vertical mode could
delineate the contaminated area. The EM survey may also have
delineated so0il contamination. This 1is indicated from
lysimeter data at L2 which shows contaminated soil moisture
approximately four to six feet below ground surface, 100 feet
(30 m) west of the pit area. Soil chemistry data at the Mw
4 site indicates that contaminated pit mud is present from
approximately six to 12 feet (4 m) below land surface, 100
feet (30 m) north of the pit area.

The contrast between the EM data in Figures 15 and 16 is
probably caused by a difference in EM depth penetration. The
horizontal mode (Figure 15) is less influenced by the surface
and near surface conductivity, probing soil approximately 1.5
times the coil spacing. The vertical EM mode (Figure 16)
examines conductivity from the ground surface down to about
.75 times the coil spacing. The shallower EM penetration
(vertical mode) did a Dbetter Jjob delineating brine
contamination because the water table and reserve pit are
within seven to nine feet of the ground surface. The "deeper"
soil was not as affected by the brine contamination making the
vertical EM mode a better tool to evaluate brine contamination
at this site.

A comparison of EM conductivity values with chloride and

SC levels collected in July 1987 show the EM highs are located
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in the same area as chloride and SC highs (Appendix M). A
correlation of EM versus chloride or S8SC could not be
determined with these data. Monthly EM data, collected during
water quality sampling, is needed to quantitatively determine
groundwater qguality from EM conductivity.

Results indicate that EM is a valuable tool for locating
brine contamination. Highly conductive pit mud and brine
water are delineated with the equipment.

Resistivity

Resistivity 10, 20 and 30 foot a-spacing data and plots
support conductivity data collected with EM (Appendix N). Low
resistivity values are present in the pit area extending
northward in the same direction as groundwater flow away from
the pit area. Operation of resistivity equipment was
significantly more time consuming and cumbersome to use
compared to the EM equipment.

Resistivity data collected in this study are very similar
to Dewey's resistivity work in 1983, suggesting that
contaminant concentrations have not significantly changed
since the first resistivity surveys in 1983.

Groundwater and solute transport modeling

Flow modeling

Figure 17 displays the model area. Figure 18 displays
the node location, boundary conditions, and site landmarks.
K was set at 4200 gal/day/ft2 for each node except those

representing the irrigation ditch. The bottom of the ditch
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is composed of mud and silt, and consequently is assumed to
be less transmissive then the underlying sand and gravel. The
actual K of the ditch bottom is unknown but probably is a
number of orders of magnitude lower then the sand and gravel
aquifer. Since PLASM is two dimensional model it interprets
K to penetrate the entire aquifer thickness. To account for
the lower K in the ditch, K was lowered in all ditch nodes to
420 gal/day/ftz which approximates the actual ditch K by
averaging K in the ditch bottom and the aquifer. No other K
zones were modeled. Specific yield was set at .2 for all
nodes.

October, 1987 head data were used to calibrated a steady-
state flow model simulation. Ten time steps were used, with
a model error tolerance of .1 feet. Constant head data were
varied until simulated head were within .1 to .2 feet of
actual head data (see October data Appendix R and Appendix S).

Modeling groundwater flow alone, a wide range of K inputs
could be used to simulate head within the .1 to .2 error
tolerance using the same constant head data. To determine a
more precise estimate of K, the aquifer test was simulated.
In order to match the actual and simulated aquifer test
drawdown, K had to be limited to approximately 3500 to 4500
gallons/day/ft2 and Sy equal to .2 (Appendix T).

Simulated drawdown at the pumping well is off by
approximately one foot. This is caused by the model removing

water from a nodal area instead of discrete well diameter,
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which in turn caused the simulated drawdown at the pumping
node to be less then actual well drawdown.

After achieving a steady-state simulation by adjusting
constant head data and simulating the aquifer test, the same
model and different constant head data were used to simulate
12 months of transient head data. Each month was modeled by
reading a new constant head file (Appendix S) every thirty
days and adjusting the constant head files until head was
simulated within a .2 to .3 foot error tolerance.

An error tolerance of .2 to .3 feet was chosen after
considering factors that might account for inaccuracies in the
actual head data. These are: human error, survey elevations
and accuracy of well location in the model.

Simulated monthly groundwater flow from July 1987 to June
1988 are in Appendix R. The accuracy of each monthly flow
field is depicted in Figures 19 through 21 and Appendix T.
Figure 19 is a regression plot of the actual and simulated
head from both the transient (top diagram) and steady-state
simulations (bottom diagram). Both regressions show a good
correlation between the actual and simulated head.

Figure 20 compares the actual and simulated head in
monitoring wells MW 3 and MW 7. This figure shows a good
correlation between actual and simulated head for one year of
transient modeling.

Figure 21 is a variance plot of simulated head data.

This figure shows that 85% of the simulated head are within
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.2 feet of actual head, and greater than 95% of simulated head
data are within .3 of actual head data. In addition, the
PLASM water balance accounted for 99.9% of all water moving
through the model over the duration of the transient
sinulation.

The modeled hydrogeologic parameters and boundary
conditions comprise a relatively simple model in an aquifer
that is not homogeneous and isotropic. Modeling head data is
not an important factor by itself since monthly groundwater
flow is approximate with available water level data. However,
modeling different hydrogeologic parameters and boundary
conditions provide a better understanding of the hydrogeologic
system and were needed to generate flow fields for solute
transport modeling.

Solute transport

A preprocessor was used to convert simulated head data
from PLASM into twelve groundwater flow velocity fields. They
represented flow for each simulated monthrfrom July 1987 to
June 1988. Chloride transport modeling was initiated in May
1988 since most of 1987 chloride is off site (via the return
flow ditch), and a new chloride plume is present at the pit
area. The drawback to this method is that chloride was
simulated forward in time through July 1988 and then modeled
with previous chloride concentration data (August 1987 through
April 1988) in the model. This reasoning assumed that the

previous year (1987) chloride data (and head distributions)
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were 1988 data.

Brine contamination is represented by loading particles
into the model, where each particle represents 15 pounds of
chloride. Most particles were input to the model during
groundwater highs. Particle input was decreased during
groundwater declines (Appendix U). In a few months, particle
input deviated from the initial approach to increase or
decrease chloride concentrations to improve the match of
simulated and actual chloride concentrations.

Model input parameters consisted of: porosity (.25),
longitudinal dispersivity (20 feet), transverse dispersivity
(1 foot), and retardation (= 1; none). Particles were removed
from the model if they migrated within a ditch node area since
the ditch acts as a groundwater sink during most of the year.
Figures 22 and 23 show simulated chloride and actual
concentrations for four monitoring well sites. Appendix V
contains simulated and actual chloride concentrations at each
monitoring well site.

The comparison of actual chloride concentration in
monitoring wells with the simulated chloride concentrations
were done by comparing the highest chloride 1level for a
specific date at each well site with the simulated value for
that location. The chloride concentration at the well sites
were assumed to represent the chemistry of the entire
saturated thickness of the shallow aquifer (for this reason,

only well site identification is presented in Figures 22 and
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Figure 23. Comparison of actual verses simulated chloride

concentrations at well sites MW 16 and MW 19.
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23 and no deep or shallow well designations are used to
identify well sites).

Figure 22 shows a good correlation between the simulated
chloride concentrations at monitoring well sites MW 7 and MW
3. These data indicate simulated chloride concentrations are
fairly close to the actual chloride concentrations. However,
in Figure 23 the timing of actual versus simulated chloride
concentrations at MW 16 and MW 19 is off by two to three
months in both diagrams. In addition, the bottom diagram of
Figure 23 shows that the simulated chloride concentrations are
two to three times greater compared to the actual chloride
concentrations. These data indicate the model did an
inadequate job simulating chloride concentration through time
at these sites. I explain the inaccurate simulated chloride
concentrations in a number of ways:

1) I modeled my site in two dimensions when in reality
it a three dimensional problem. Random-Walk assumes
chloride concentration is evenly distributed
throughout the entire aquifer thickness which was
determined to not be true according to water quality
data.

2) The flow field was calibrated within .2 to .3 feet
error tolerance of actual groundwater elevations
which may be insufficient to accurately move
particles through the solute transport model.

3) Quantab chloride results were sometimes 10% to 50%
different from the laboratory chloride
concentrations.

4) The nodal scale in the model may be too large to
accurately simulate head without creating a "blocky"
velocity field to move particles in Random-walk.

5) Modeling 1988 chloride concentrations with 1987
groundwater flow data may poorly represent the
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actual migration and chloride concentrations.

6) The flow model may be too simplistic in describing
the geologic system. Actual aquifer geology is
complected with variable K in three dimensions.

7) Solute modeling input parameters may be incorrect.

Annual Chloride load

To calculate annual chloride loading, a cross section
extending from MW 5 éite, MW 4 site and MW 19s/MW 6 site was
used to represent the shallow aquifer. The cross section was
divided into blocks or zones vertically and horizontally
throughout the saturated 2zone (Appendix W). Volumes of
monthly chloride input from the reserve pit were calculated
knowing the volume of groundwater moving through the cross
sectional area and chloride concentrations at nested well
sites. Monthly chloride data from Quantabs and laboratory
chloride analyses were used to determine chloride
concentrations. If no data were available, a monthly chloride
concentration trend was used to estimate chloride
concentrations for a well site.

Monthly chloride loading is in Table 5. Total annual
chloride load from July 1987 to June 1988 is calculated to be
3,137 kg/yr from the pit, which is 3.7 times that of
background chloride load (852.3 kg/yr chloride). Some error
in the load calculations probably occur since about 35% of the
chloride concentration data had to be estimated. Other

factors which may affect the load accuracy are estimates of

groundwater velocity and the area of contamination and
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Table 5. Annual chloride load in groundwater (kilograms).

Pit Input Background Simulated

July: 732.45 100.25 2503.9
August: 822.46 94.9 1564.9
September: 450.86 81.43 251.7
October: 242.06 80.56 149.7
November: 113.7%5 55.44 183.7
December: 70.56 51.9 45.0
January: 56.28 51.9 45.0
February: 40.71 45.28 44.5
March: 47.01 46.55 45.0
April: 44.66 41.58 45.0
May: 210.19 100.25 2245.3
June: 306.01 102.22 898.1
TOTAL: 3137 852.3 8021.9

lbs/yr 6915 1879 17658

chloride analyses/Quantab results.

The total simulated chloride load (Random-Walk
simulation) appears to be high compared to the calculated
chloride load. However, the model is only two dimensional and
must assume the total saturated thickness of the simulated
aquifer has the same chloride concentration. Chemical data
show that only about half of the shallow aquifer is
contaminated with chloride. This required the simulated load
be twice as high as the field data in order to reproduce the
measured values. The simulated annual chloride is therefore
reasonable considering that the lower half of the aquifer is
generally at background <chloride concentrations and
approximately 60% more chloride was input into the simulation
compared to the calculated chloride 1load. The simulated

chloride load is greater in the initial and ending months in
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comparison to the calculated monthly chloride load. This may
be a results of improperly loading chloride in the model.

Elevated chloride concentrations in the ditch water were
not detected by chemical analyses. The ditch water varied
from approximately 20 to 35 mg/l chloride depending on the
ditch flow rate. Chloride data from the up gradient ditch
control site did not show any relative increase in chloride
concentrations that could be attributed to brine seepage. 1In
some instances the up gradient chloride concentrations were
higher by a few mg/l1l than the down gradient control site where
the brine enters the ditch.

Inability to measure the chloride input into the ditch
is probably due to the relatively small amount of chloride
loaded into the ditch from the reserve pit. This is
demonstrated by calculating the chloride concentration which
enters the ditch via groundwater (500 mg/l) and the
groundwater flux into the ditch (two gpm or 7.57 1l/minute).
Using these values, 0.057 kg of chloride per minute enter the
ditch which produces an increase in chloride concentration of
.64 mg/1l at an average flow rate of 3.5 cfs. This small
amount of chloride loaded into the ditch is not detectable in
chemical analyses since the analytical methods used to
determine chloride concentration were not precise enough to
measure chloride differences of .64 mg/l.

In the winter, when ditch flow is much less, the ditch

is loses water to the shallow aquifer. For this reason
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chloride is not detected in the winter months.

The pit will continue to load chloride into the shallow
aquifer system until the brine contaminants are purged from
the pit material. The time necessary to remove available
chloride is difficult to determine since controlling factors,
including future climate condition, percolation rates and the
amount of chloride available in the pit area, are poorly
understood or unknown. However, for illustrative purposes an
estimate will be attempted.

Parameters used in the attempt include assuming a pit
volume (200 feet long by 70 feet wide by 12 feet deep or 61
m by 21 m by 4 m respectively) (Dewey, 1984) and a soil
porosity (.25) since open void spaces will not contain
chloride. Multiplying these values yields a hypothetical pit
volume of 126,000 ft> or 3,565,800 1 of soil. Assuming all
chloride in the so0il volume loads into the shallow aquifer
system, the required time to purge the chloride can be
calculated knowing annual chloride load.

Soil moisture analyses at lysimeter L-3 (located in the
pit material) indicate the potential amount of removable
chloride in the pit material. The 1largest chloride
concentration at L-3 (156,000 mg/l) was used to calculate the
volume of removable chloride (where 3,565,800 1 x 156,000 mg/1
= 5.5626 x 10'' mg or 55,626 Kg of available chloride in the
pit material). This value represents the volume of chloride

that would take the longest to purge from the pit material.
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Assuming the 1987-1988 calculated loading values are the
average future chloride loading values, approximately 3,000
kg of chloride are loaded into the shallow aquifer per year.
This value is divided into 55,626 kg total available chloride
which equals 18.5 years or about 20 years until most of the
chloride is removed from the pit from 1988.

The 20 year estimate is probably conservative since it
represents a chloride loading pattern similar to the 1987-1988
year for the next 20 years. In reality more time will
probably be required to purge all chloride from the pit
materials. The "less easily removed" chloride (i.e., small
concentrations held up by soil and chemical reactions) will
require more leaching action and/or groundwater contact to be
removed. This indicates chloride concentrations may be
measurable in the shallow groundwater for more than 20 years.

The annual chloride load from the numerous reserve pit
sites in the region is probably dependant on the oil-field
brine encountered during drilling and the volume and type of
drilling additives used during drilling. In addition, not all
reserve pit sites may seep brine contaminant into the
underlying aquifer. Without knowing the site specific
information it 1is difficult to determine what regional
chloride loading impacts will occur in the Yellowstone River
Valley as a result of brine seepage from reserve pits.

Reclamation practices and remediation

This and other studies document that reserve pit
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reclamation techniques are inadequate. Synthetic or clay
liners used to protect the underlying groundwater are intended
to inhibit brine seepage. However, when pit liners are ripped
or punctured as a result of reclamation, a pathway for brine
seepage into the groundwater is created. New cost effective
reclamation methods are needed to stop brine from entering
the groundwater.

A technique used in some areas is replacement of
permanent on site reserve pits with mobil reserve pits. Mobil
pits may be more cost effective depending on disposal costs
(Reiten, 1988). Drilling £fluids can be disposed of by
injection wells and so0lid wastes can be buried at a drilling
mud disposal site (properly designed to handle the wastes).

Pit solidification with fly ash has been used for several
years in states other than Montana to stop brine seepage from
reserve pits. The fly ash causes the mud to be fairly
impermeable, 1limiting brine seepage into the underlying
groundwater. This process may be effective, however, it needs
to be tested at reserve pits located in the Williston Basin.

Other methods include pumping or evaporating the liquid
fraction off the reserve pits and excavating the solid
fraction. Brine water can be injected back into saline
aquifers and the solid fraction shipped to a central disposal
site for burial.

Remediation

Remediation at reserve pit sites with excessive brine
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contamination would require one or more of the following:

1) The reserve pit and trenches be cleared of mud to
h eliminate the source.
2) A cap over the pit and trenches be installed to
limit wetting fronts and slow brine migration (would
not affect mud below the water table).

3) installation of brine removal pump(s) in severe

cases of groundwater contamination.

These are expensive measures and not the only solution
to localized brine contamination. Most reserve pit sites are
probably similar to the Iverson site and will reguire little
or no remediation. However, highly contaminated sites which
threaten vegetation and water supplies need to be cleaned up.
Improved pit reclamation techniques could significantly

decrease the need to curb brine seepage from reserve pits.
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CONCLUSIONS AND RECOMMENDATIONS

Conclusions
Groundwater gquality analyses indicated elevated
concentrations of calcium, magnesium, sodium, potassium,
chloride, manganese, bicarbonate, sulfate, nitrate,
boron, 1lithium, barium, strontium, titanium, =zinc,
beryllium and possibly bromide are present in the shallow
aquifer at the Iverson site. These contaminants
apparently enter the shallow aquifer as a result of
wetting fronts moving through the contaminated pit mud
and the high water table intersecting the base of the

reserve pit.

Analyses of pit mud show that high concentrations of all
constituents detected in the groundwater are in the pit
mud in addition to nickel, vanadium, zirconium, aluminum,
silver, cadmium, iron, chromium, copper, molybdenum, and
lead. These ions were at concentrations a number of
orders of magnitude above background levels detected in

soil water and groundwater analyses.

Nitrates and Mn concentrations in the groundwater exceed
federal drinking water standards near the pit area in the
spring and summer months. Chloride concentrations exceed
recommended federal drinking water concentrations year

around at the pit area and down gradient of the pit.
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4) Rising groundwater at the pit area in the spring and
summer months, accompanied by greater precipitation,
generate high concentrations of brine contaminants in the
groundwater. Lowering of the water table in the fall
and winter months, accompanied with less precipitation,
slows the contaminant loading processes producing lower

concentrations at those times.

5) High horizontal hydraulic conductivity limits vertical
contaminant migration to approximately the upper five to
ten feet of the shallow aquifer. Dispersion and dilution
appear to lower chloride concentrations by a factor of
five at a point 350 feet (115 m) down gradient of the

pit.

6) The reserve pit will be a groundwater contaminant source

for at least 20 years and possibly more.

7) Local groundwater flow direction in the spring, summer
and fall is partly controlled by the ditch. Groundwater
flows is towards the ditch during these months. During
winter, groundwater flow is approximately parallel to
the ditch. Winter ditch levels are slightly above that
of the groundwater, which produces a small groundwater

divide below the ditch.
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8) No water supplies are threatened by brine contamination
at this site since groundwater discharge to the ditch
removes chloride and other pit contaminants from the

shallow aquifer.

9) Cumulative groundwater contamination impacts are
difficult to measure. However, broad scale regional
brine loading impacts to the quality of the Yellowstone
River appear to be insignificant. Local brine
contamination from o0il well sites could have serious
local effects on water supplies and vegetation depending
on the geology, groundwater flow direction and
contaminant loading rate. The potential of these effects
should be considered when siting and reclaiming reserve

pits.

10) EM is a valuable tool to delineate brine contamination
and plume migration at oil well sites. EM equipment can
be used to survey a site quickly and easily to determine
the extent of brine contamination. Resistivity
delineates brine contamination as accurately as EM but

it is cumbersome and time-consuming to use.
11) Groundwater flow and solute transport modeling are

important tools to improve the understanding and

characterization of the hydrogeologic system, aquifer
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parameters, and contaminant migration.

Flow modeling accurately simulated flow direction, head

.-

and groundwater velocities.

The accuracy of simulated chloride concentrations were
limited by the simplicity of the groundwater flow model,
Random-Walk 1limitations of dispersion and dilution,
boundary conditions and model inputs. Results show
chloride concentrations were accurately simulated at some

locations and inadequately simulated at other locations.

Current reclamation practices in Montana are inadequate
to prevent brine contamination in shallow alluvial

aquifers.

Recommendations

Individuals pursuing research involving reserve pit

contamination should consider the following topics:

1)

Determine whether organic contamination is a potential
threat to groundwater quality at oil well sites drilled
with o0il based mud or mud containing diesel fuel
additives. Volatile, semi-volatile and 1long chain
organic compounds are potential contaminants not examined

in current reserve pit literature.
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2) Perform EM work needed to located contaminated oil well
sites 1in eastern Montana, and correlate chloride

concentrations in the groundwater with EM conductance

values.

3) Determine cost effective measures that can be implemented
to replace current reclamation technigques to stop or

reduce brine contamination.
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Function and gencral purpose of drilling fluid

additives (adapted From Mur—phy and Kewh ew, 1925)

Function

VWeigheing Materiatl

Viscosifier

Thianer Dispecsant

Filtrate Reducer

Lost Cizeulation
Material

Alkalinity, pH
Control

Esclsifier

Surfactaat

Cotcrosion [nhibitor

Defoamer

Foamer

Flacculaats

Bactericides

Lubricants

Caleium Remover

Shale Control
Inhibitoes

Geucral Puepos..

Convrol furmation prexsure, vheck
caving, facilitate pulling dey pipe,
and well completion operations

Viscosity huildees for (luids, for a
high viscesity-solids relationship

Hodify relatiovaship betveen the
viscosity aml pereentage of solids,
vacy gel strength, deflocculant

Cut the loss of the dritling {luid’s
liquid phase into the formacion

Primary function is ts plug the
zone af lous

“

Conctol the degree of acidity or
alkalinity of a fluid

Cceate a heterogeneous mixtuce of
two liquiids

. Used to the Jegree of emulsifi-

cation, aggregation, JJispersion,
interfacial tensian, foaming, and
defoaming (surface active ageat)

Materials attompt to decrease
the preseace of such corgosive
compounds as oxygen, carbon

dioxide, aud hydrogen sulfide

Redues (oaming avtion cupevially
in sult-waler-based muds

Sucrfactants which foam in the
presence af water and thus perait
Air or gas drifling in formations
producing water

Used comnmonly {ue incrsiases in gel
steength

Rednee hacteeia count

Reduee Eorgue anl inepease arse-
puwer at the bit by reducing the
enrfficient of Iricling

Provent anmd avercome the conbame
inatian etlects ol anhydrite and
KPP S

Usesl tn contral cavimge by swelling
ur hydenas sligingegestion

82

Common Additives

Barite, lesd cowpounds, iron
oxides

Bentonite, attapulgite clavs,
all colloids, f[idrous asdestos

Tannins (Quebeacho)}, poly-
phosphates, lignitic matecials

Bentonite clays, sodium car-
boxymethyl cellulose (CNC),
pregelatinized starch, various
lignosulfenates

¥alout shells, shredded cello-
phane {lakes, thixolropic ce-
ment, shredded cane fiber, pig
haiv, chicken EFeathers, ete.

Lime, canstic seda, bicarbon-
ate of soda

lignosulfonates, mud deter-
gent, petroleum sulfonate

Include additives uscd uander
enulsifier foamers, defoamers,
aad flocculaters

Copper carbonate, sodium
chromate, chromate-zianc sciu-
tions, chrome lignosulfonates,
erganie acids and amine poly-
mers, sodium arsenite

Long chain alcohols, silicones,
sullonated

rgaaic sodium and sulfonates,
alkyl bhenzenc sulfonaces

Salt, hydrated lime, gypsuo,
seulinm teteaphosphates

Starch presecrvative, parvaform~
aldehyde, caustic sods, lime,
xdiam pentachlocaphenate

Crapltite powley, soaps, cer=-
tain oils

Const iv sels (NH), sada
axh, bicorboanate of soda,
barium carbonate

Uypeom, todinw silicate, cal-
cune tignosalfonates, lime,
=alt
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The site is located on the western flank of the Williston
Basin (Exhibit 1) in Richland County, Montana which is a deep
structural depression containing 14,000 to 15,000 feet (4500 m) of

sedimentary rock overlying a gneissic precambrian basement

(Carlson, 1985).

As of 1982 o0il removed from the Williston basin in Montana had
totaled 21,923,760 barrels from 1,360 wells (Dewey, 1984). Major
o0il producing zones 9,000 to 13,000 feet (2700 to 4000 m) below
ground surface include the Paleozoic Mission Canyon Limestone and
Red River formation (Prichard and Landis, 1975). The Spearfish
Evaporite sequence is above the o0il producing zones and marks the
Permian boundary (Carlson, 1985).

The Regional surficial geology encompasses the Tertiary Fort
Union Formation to the Quaternary alluvial and fluvial deposits.
Exhibit 2 shows a geologic cross section of the area and Exhibit
3 describes the Mesozoic through the Quaternary stratigraphy. The
Fort Union formation has four members, however, only the Tongue
River member is significant to this study. The Tongue River Member
is a light grayish to brown layered sand, silt, and clay deposit
with .25 to five feet thick coal beds and clinker zones. Gypsum
layers and iron nodules are found in many of the silt and clay
layers. Most beds are massive with local crossbedding, and
weathered to a yellowish buff color. Cementation is weak in most
rock layers making the Tongue River Member soft. The depositional
environment was probably similar to a terrestrial flood plain,
marsh, or swamp setting (Prichard and Landis, 1975). The Tongue

River Member generally yields approximately 10 gpm of water from
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wells, most of which is derived from coal beds. Many wells are
completed in the Tongue River Member since the water tends to be
softer then other near surface water supplies and wells are
generally not deeper then 75 feet.

The Yellowstone River deposited terrace gravel upon the Fort
Union formation. These gravel were previously named the "Flaxville
Gravel" which has now been abandoned. The oldest terrace deposits
as reported by Howard (1960) are Miocene or Pliocene and may have
a surface younger than Pliocene. The gravel cap the Fort Union
highs and are composed of coarse gravel and cobbles in a coarse to
fine sand matrix, and in some instances, the deposits are weakly
cemented with calcite.

The Yellowstone River cut into the oldest terrace deposits and
formed the Missouri Plateau peneplain, on which a younger terrace
gravel were deposited (previously named the Cartwright Gravel).
These gravel deposits are early Pleistocene age laid down by the
ancestral Missouri and Yellowstone Rivers (Howard, 1960) and found
on topographically high Fort Union banks as erosiocnal remnants of
a once extensive gravel blanket. These terrace deposits
("Cartwright Gravel") are lithologically similar to the older
terrace deposits ("Flaxville Gravel"), and may in fact be reworked
terrace deposits (Alden, 1932). Both of these deposits
("Cartwright and Flaxville") generally do not yield more than 10
gpm and the quality of the water is often poor due to a high TDS
and hardness.

Another period of erosion and aggradation period deposited a

younger terrace gravel sequence (previously named the Crane Creek
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Gravel). These gravel exhibit a similar lithology and texture as
the two older terrace deposits and hence, thought to be in part
derived from these deposits (Prichard and Landis, 1975). The major
difference between the two older terrace gravel and the younger
terrace gravel ("Crane Creek Gravel") is that the younger it is
constrained to the present Yellowstone drainage, and is not
preserved on plateaus and broad interstream uplands of the
ancestral Missouri and Yellowstone Rivers. Howard (1960)
correlates these gravel as pre-Wisconsin Pleistocene or Yarmonth
Interglaciation. These younger terrace deposits produce up to
1,000 gpm in the major river valleys and are recharged by
irrigation and channel seepage in addition to precipitation.

These younger terrace deposits ("Crane Creek Gravel") are
infrequently covered by Glacial till, but do show evidence of
continental glaciation after deposition. Glacial drift is early
Wisconsin (?) according to Howard (1960) and Iowan or Illinoian (?)
according to Alden (1932). Glacial deposits include ground
moraines, stratified drift, till, melt-water and diversion-channel
deposits, eskers, and kames (Prichard and Landis, 1975). The exact
number of ice advances and glacial interims is disputed and not
discussed in this text (see Alden, 1932; Carlson, 1985; Howard,
1960; and Prichard and Landis, 1975). Glacial deposits are
reported to produce 20 gpm of water from wells but are seldom
utilized.

Alluvium in the Yellowstone River Valley is mapped as two
older flood plain terraces and alluvium deposited within the river

channel. Alluvial deposits are predominately Holocene age
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deposited after an erosional period, which topographically has
changed little since deposition of the older alluvium (Howard,
1960) . Exhibit 3 is a stratigraphic column of units discussed
above which also reviews water-yielding characteristics of each

geologi€ unit. Alluvial deposits generally yield 10 gpm.
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APPENDIX C

WELL CONSTRUCTION
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TYPICAL LYSIMETER AND WELL CONSTRUCTION

WELL LYSMETER.
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WELL CONSTRUCTION INFORMATION

SCREEN TOTAL DEPTH OF
WELL & ELEVATION CASING  SLOT/LENGTH  LENGTH  PENETRATION

Ha ot 1922.1° 2"PYC 220/73.0° 21,79 20,07
M2 1920.14° 2°pVC 120/5.00 20,00 18.0°
M3 1920, 14° 2'PYC 120/5.0° ° 7 20,07 18.17',
W 3s  1920.89 2°FVC §30/2.25 14,07 1.4
Mi 45 1921,09° 200 §30/2.0° 14.0° 12,39
MW 40 1919.74° 2°PVC 30/2.0° 16.0' Ay
MM 44 1922.24° 2'PVC 13072.0° 2.0’ 19.75°
Md 5 1919.59° 2°PVC 13045.0° 20.0° 18.08’
M Se 1919.34" 2°PVC $20/3.07 13.% 1.5
M b 1921.14° 2°PVC $30/5.0° 22.0° 19.0°
M 7s  1919.84° 2°PVC §30/1,% 12,3 3.9’

m¥ 7d 1919.69° 2°PVC §$30/72.0° 240 22,47
Mi 8 1915.72 2"PYC §20/3.¢° 22.¢ 20,377
w9 1920.48°  2°PVC $30/2.0° 227 19.62'
W10 1916.67° 2°PYC 00307 Y nAr
w1t 1919.74*  2°PVC 20130 3.0’ 2.7
12 1777 2°PVC §$20/3.07 2.0 20.0°

M 13 1919.09° 2°FC 20/5.0° 2.0 19.5°
Wi 14 1921.54° 2°PVC §20/3.0° 3.0 21,33
M4 1% 1919.84° 4.5°PVC  #20/14,0° 4.1 18,4’
W 155 1919.87° 2°PVC ¥2006.0° 14,0’ 12.¢°
MW 17s  1918.18° 2°PYC $2073.0° 15.0° 12.8°
W% f8s  1917.75° 2°PVC 3120/3.0° 13.47 1.
M 195 1920.74° 2"pVC $20/4.07 17,0’ 1.9
MW 205 1917.9¢8° 2YPVC 120/3.5° 1.9 12.8’
W 21 1920.68° 2°PC $2073.9° .0 12.4°

LYSIMETER CONSTRUCTION INFORMATION

TOTAL  DEPTH OF
LVSIM. # CARSING  DEPTH  PENETRATION

L2 1.S°pVE 5.7 3.59'
L3 1.5°PYC 6.8 .41’
L3s 1L3"FYC 4.2 .97

L3s0 {NONFUNCTIGNAL}

L35S {NONFUNCTIONAL)
L8 1.5°PVC 5.42° 3.84°  (DESTROYED 10/87)
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APPENDIX D

MONITOR WELL LOGS, SIEVE ANALYSES AND SITE GEOLOGY
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SAND SAMPLE (M 12)

SIEVE ANALYSIS OF SOIL

AND AGGREGATE
USDA FOREST SERVICE REGION 1

FOREST —

FIELD
NO, SAND

LAB

—

NO.

PROJECT Zvadwn

LOCATION RleHiant, co.

SIEVE SIZE WEIGHT RETAINED */s RETAINED [ */ PASSING |SPEC.GRADATION
3 (75.0mm) ® O /00
2" (50.0mm) O o /00
1-1/2"{37.5mm) O o) oo
1 (25.0mm) o O 100
3/4” (15.0 mm) @) ] 1 OO
1/2" (125 mm) 5/ &, 443 95.57
3/8" (9.5 mm) /7 .0 cf /.03 G4.54
“4  4.75mm) 4Y o o 3.78 S 90.76
PAN /o;ﬁioé _90.75
TOTAL /] CL. O ¢ WEIGHT OF
Sieve Loss or Gain -3 4 ORIGINAL SAMPLE //‘:’{5_3
SIEVE SIZE vieight Retained X —S— : * RETAINED [* PASSING |SPEC. GRARATION
¥g  (236mm) /3¢ 3./5 872.¢/
#10 (2.00mm) e
#16  (1.18mm) /3.8 3.zo 8Y Hr
30 (. 600mm) Zo. 4 4. 66 29.75
¥40 (425 mm)
%50 (.300mm) 29.4 9.25 70.5
#100 (150 mm) /390 Fz.2.4 3826
#200 (.075mm) /094 z5.37 /Z .87
Total Minus ®200| E 55.5 /2.87 MINUS ®40 MATERIAL 1S:
TOTAL 39/.3 pLasTic (]
Sieve Loss or Gain| H-A .8 NON-PLASTIC [
TOTAL DRY WEIGHT BEFORE WASHING A J90.5~ REMARKS
LS RATTE e 5476
MINUS ¥200 WASHED OUT (A- B) c 42..7
MINUS 200 FROM SIEVING PAN o /2.6
TOTAL MINUS 200 (C+D) E 555
MiINUS 4 CORRECTION FACTOR, T‘j-: . 23194
FORM NO. OPERATOR DATE CHECKED BY DATE
51-7100 MTL-2 2/80 <P JI/B7
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SAD Awl) GRAVEL S oL

SIEVE ANALYSIS OF SOIL

AND AGGREGATE

USDA FOREST SERVICE REGION 1

FOREST

FIELD [LAB
NU . Salyvd £ gbaver ] NO, —

PROJECT TrELSoN

LOCATION ZreHiand, ¢o.

SIEVE SIZE WEIGHT RETAINED. *le RETAINED | */e PASSING |SPEC.GRADATION
3« (75.0mm) O O oo
2" (50.0mm) O o Joo
1-1/2"(37.5mm) /570 g z .57 G743
1" (25.0mm) JOY. 0 /70 7573
3/4" (19.0 mm) 2640 & 4.3/ 9 .47
1/2" (12.5 mm) Y. & 7.26 84. 1t
3/8" (9.5 mm) 2875 g 470 7544
‘4  475mm) 2/ .0 9 /0./5 G &£9.3/
PAN 42420 ‘g/ £9.3/
TOTAL C/ZO0.0 4 WEIGHT OF
Sieve Loss or Gain — / g ’ ORIGINAL SAMPLE __&/Z/.0 g

SIEVE S!ZE Vieight Reteined X % T % RETAINED |*e PASSING [SPEC. GRADATION
¥ (236mm) 554 g 6. ?7 &2.5Y
#10 (2.00mm) - ¢ e
#16  (118mm) 67 Y 8.23 573/
¥30 (.600mm) qf/g, )67 7.7
40 (425 mm) 7 :
¥50 (.300mm) 84.1 ¢4 £0.2.7 32.43
7
#100 (150 mm) JHY T a /7. 70 1H.73
200 (075mm) 59.9% 7.3/ 242
X (-4
Total Mirus ®200| € Lo7 g 74/ MINUS ™40 MATERIAL 1S:
TOTAL H 567.5 g pLasTic [ ]
v
Sieve Lossor GainlH-A  — 9 _ NON-PLASTIC B
TOTAL DRY WEIGHT BEFORE WASHING A 568 Y REMARKS
TOTAL DRY WEIGHT AFTER WASHING,
BEFORE SIEVING ) 512. 8
MINUS 200 WASHED OUT (A-B) c Y. 6
MINUS 200 FROM SIEVING PAN D 6./
TOTAL MINUS Y200 (C.D) E Q. Z
, » G .
MINUS 74 CORRECTION FACTOR, =  /72/%
FORM NO. OPERATOR DATE CHECKED BY DATE
51-7100 MTL-2  2/80| s> /1 /87
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CRRAEL (ML) 13) SEmls

SIEVE ANALYSIS OF SOIJL |feREsT —
FIELD LAB
AND AGGREGATE S A
PROJECT L vERSoA
USDA FOREST SERVICE REGICON 1 CocaTION DA, Co.
SIEVE SIZE WEIGHT RETAINED *le RETAINED | */ PASSING |SPEC.GRADATION
3~ (75.0mm) O (&) /00
2" (50.0mm) Ke) O 100
1-1/2*(37.5mm) Z53.5 a /1Z2.03 87.47
__(250mm) | 3055 1449 73 .48
3/4" (19.0 mm) 361.5 4 1715 £5.33
1/2" (12.5mm) Hed. o 22.0/ 3Y.32
3/8" (9.5 mm) 259.0 & /2. .05 22.27
“%  @75mm) ) 32.5 6.29 _|s /598
PAN 2375 & 16.0/
TOTAL 2108.04 WEIGHT OF
Sieve Loss or Gain - l1. 5 ‘; QRIGINAL SAMPLE 'lecl.b"q_
[ +
SIEVE SIZE Vicight Retained X - = *%RETAINED [ PASSING |SPEC.GRADATION
¥8  (238mm) 3.5 4 2.05 13.93
#10 (2.00mm) : i bW
#16  (1.18mm) Hl.T7 4 }. 97 /. 9%
#30 (.600mm) /] 5 Z.4/ 9.56
F40 (425 mm) 4
¥50 (.300mm) 395 4 /. Be 2.8
#100 (150 mm) 52.6 :, 2 48 5.zl
#200 (075 mm) yz.0 ¢ /.98 3.23
Total Minus ®200|E ¢8.5 % 3.z3 MINUS ™40 MATERIAL 1§:
TOTAL H 338 49 ; PLasTIC []
Sieve Lossor Gain|H-A - /. &/ NON-PLASTIC [
TOTAL DRY WEIGHT BEFORE WASHING A 337.5 REMARKS
TOTAL DRY WEIGHT AFTER WASHING, = 7¢.8
MINUS 7200 WASHED OUT(A-B) c 6o, 7
MINUS "200 FROM SIEVING PAN D 7.8
TOTAL MINUS ™200 (C+D) 3 ¢85
MINUS ®4 CORRECTION FACTOR. &=  pY§7/53
FORM NO. OPERATOR DATE CHECKED BY DATE
51-7100 MTL-2  2/80| > ///87
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APPENDIX E

QUANTAB DISCUSSION
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QUANTAB" CHLORIDE TITRATORS
- INFORMATION SUMMARY

GENERAL

INTRCOUCT:ON S aNTad Chiande Turators are
LOAYENCAL TRIsurm g Jevces 100 S3T (CMInnZe! in
ICLEOUF STIINENS I TiLte @ Iuedys extrachions of
SIS oINS DL 3T f4ag0r o D1% 18D com
CI™itnsaturdt w2 NaCi QUANTAB Tirators are setl-
NG IR Ordvvia reg 20387 L hive resulls wiieh
A7Cday o RAL a gt te Lot flD meAMNnS il answers
Whers MCPIO0NG ST CUnC o e 3han 1§ T O0rTaNe

PSLOUCT
ICENTFICATION

LO0QIXGMATE
TTRATCN RANSE

SUANTAS Chicrde St ey Nal
Titrgeor No 1178 Qo 42C 2om Q1™

CUANTAB Crionce

2%5%13 0 8% NaQ1 -
Tirator NO V126

3CG e 3 ECG pom I
SAetn Johonsextraction
eOC2Cure up 0

& 0¥ NaClor

Tiarzr No 1177 632 10 38,43 pem Cit—

3

CUANTAS Chiorce CaL o€ 4ax NaQi—=
3 64
TRl % 3¥14 7.1

APPLICATIONS Tre GUANTAS method for measurs
g SRt Oy @MDI0YS & St inlerachion st chicnde
N ssgt Zcomate Dishromste s 2 treauently
ST iz e 1MCIAr 150 Kirdioa S cMSn.Se with sl
ver salrs

CUANTAS Chrionce Tirardes may Be usel arermever
sal ImMonde, measgrermeal lor oantrgl us mecaiant,

Logted setow are thr2e ndusines i arieh DUANTAB
15 Dewng used sugressiuiy

1. Chemual 2 Food 3 Petrcieum

Adioral ¢se Of asphcaten inlcrmansn o8 avadadie
uoun reqvest

PEEPLAATOMN CF TES™ SSLUTICAS

Gond eeutty wiid DUANTAT Chig«da Tratars Tay
Be aeme-eQ 0, lolaw g INCSS Aslruatdn s c3rdfuily

For Agcecus Sampies

Ma2as. 2 firestiy Dy ssrgine aceroer e QLANTA
Cruzs 2q Veramor a3 2arntuly ‘sile Mg IMe seenin
reazec CHREIT.ONS ASuelus3a~i.esiontan.ng
mcee se i han e SUANTAS o seri 22 e meds-
ured a M QUANTAD TMOrGe T30 s Sy Silating the
samaie 0 e 'agle mellre Derlormung INg MEasure-
menl Tz 2L Athe 2arrast valn2 0’ sl corien Sefore
AILNEF DIy @5t ar QUANTA S salisrahen latie
Ly the SilutLon fas or

For Sold or Semi-Salid Sampies.

Use Orution, Estraction Procedure Selow

T Mix S0 ¢re 3 ceCrRsetial.2 Perhen of sobha o
$EM. 53t A Sroduet Rys SivSirg the Srdduct i
smalt parhCles 1o ms L re ertrashgn ol 3ait

2 ¥re.gh IC grams of irelywiCad Droduct and place
10 2 sutazie contaner

1137AD PRINTEDINUS A 12

111

3 A3 20 mi boringwarer Stirmiziyre vigorausy Ioe
A0 secangs then wait ore minste 3nd s3I 2 CiNer
30 secongds (o cotair 3 goo0 exractan ol st fram
the saroie  Diction factar 8 10

4 Fad fiter paper cirzle on N3l wice. 0o 10D
cone-shaced cup and £'ace cus 1) earazno~
sCichon 10 colieat a few Jracs of hiicate sowton
wsce cup belore pertorming Test

O:RECTIONS

1 Pacelowuren 2t JUANTAB P2 30 .0
tesied (lmmersorn 3¢ estre SUANTLS
1r.$EF COMBIENTN $:5ARi )

2 Ailowlestsoiut-on o saturatecolumn.Trnis. g 3220m-
PHINET Iwe minutesater ine yeliow lesicampielen
sgaal across the 0D of ire ¢olymn Begi~s 13 turn

Gark blue. This usually requires adout 20 mimgies.

3 Fesuita may te read Irom 30 seconds 0 S mirytes
alter complete $iIgnai ¢olor change occurs (St
exzess Huid out ocen enc 1D make tes! resut
permarent

INTERPRETATION OF REACTION

1t Fecord QUANTAS reaaing 2 thanearest srd.rait
IvisiCa on the numiare? todie at ihe 1 Jtire
white £oler change

2 Canver: QUANTAD ~eacing 10 s2-cen? $3°1 3¢ 2om
cricrice (M. chlonca par iter] using tha candei-
Len tatie 2a e reverse s:iZe

3 tf sampie Ras bean Zdyted, muthicly resyit 3n 2ate
Transe adie Dy 2auhon fastor e otansat ot
ot samgle

TECHNICAL

CHEMISTRY: CUANTAS Chicricde Titrarors scns st of
2 a0, ehemically iner plaslic s2np Larminated witlun
the sirip is 3 capillary Column mpragnated wih sitver
aieneamate Wnen QUANTAB Crictce Titrators are
pacesin aguecus solutcrs tuig willsa .o irecotama
by Cadil'ary a2NON ANT SIANALR 13 DIIGTESS 3% ang
3% ShIQECE SSILYoM erlErs 1N Soioma Tre reaztor
¢t sihver Jchesmare with ¢hignce 538, 2rocuces 3
whle £3iCF CRANGE 1 Ne 2SI Saluma WRes m2
casiasy COiumN s SoMpietely $2TL.T3T2T A T AT
se~sitive $:372f Aacress e 120 ' mE Idiume turre
Tare Ziue S04 N SMICHTE SDNISA1P3UDA RAG e
teen mais e as silver ghitrge TR2 r2asiom tmyr
1a<es D@z N th measuremenl 231 Q2 8¥dlaw el Dy
R sremIcy 2CILCH

A9:Tr:0r + 2NaCl — N3 Cr0- - 22501
{Brown} ARt

The ‘engtn 3f the white ¢2IOF ¢hang2 ~ 7@ Zadvilary
cotuma 18 DISOAIONAI IC ShionIe SoACaNraten

SPECICICITY For e 2224.¢11e~ 283" 382
CUANTAS Crnicrce Taraiars are spes ' "or omis
ndes 2-omides, kdices, Saificey sirsng 20.2% a°0
sirong bases can react with QUANTAS Ca s 22
T.trators, DCwever. LNey 3re Nt Dreserl i Qs sam.
pies 10 De tosied 0 sufficient gmeunTs 10 aMest test
resuits Nitrite and nirate have =g eHec: 3n the et
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PERFORMANCE TIPS

Gonag Resyits may De eadeCied whng the QUANTAS JCeording 14 1me 2221 308 TI28570 v u™usud "e3. "y rmay
occur Tng Iollo-mq G425 wil REelD TESOlve DrOLISMS whuCh Indy 27150

Low Resulls Caused by (ACOMOAIE €2 2210n Of S8 SH.QPaZ w.CPr 371 d3ie Jradus?
Resdived by more commete masag e ng DN hO.@ 1N IGRailyeldw aran. 3NA "@23.0 310N
High Resul's. Caused By varnadle 9 33ust OF Sver 3%, eslrachion

Siow Rassnon or
Mg Coampielicn.

Inacevrnte Highn
Ressings:

Varablie Aesyits

Aesolved Oy reca»aton. r L5.19 1LY more warer JOr 117350100

Causea by sampie plugGing 563190 O LGral Or SHMEressed wick
Resoived Dy tiienng and ¢4 1a7g0r MIULon Din ROIQ 0 S:gnal "ot watar

Reaaings above 7 on ing JUANTASD sca'e il COver A D037 somenmes uracseptane sovead
Al rs ress resats Sarow 7 Q Oy Chacung aporoonie QUANTAB o7 diutng

NOR-rgresaniatn e tampies Of v3rabie Drodutt Be sur wampre #nG malyre gre sovrag!

Rocandeste batch

11 techncsl Quest-ong srig. wnie or Zall Yenture Systoms Ames Dnesion Mies LaZor21one5 Inc
Sitee!, PO 8ox 70 Emnan, indana 5515 U S A Toleohore 219 2848534

1127 Mhyrite

CALIBRATION TABLE

Be sure control numpar for *aDie COrrasDONaS IC DCTe 1aDe’ SoNrol numter This "aie 18 mace Irom reor e sarigtive
sEmaes Of the BAICh STl varishions 170m 1a0Ie MIy De NOIeD within &ny DALCH FOr Grea’er 3CTy’ Ay re8nbIaLON
Uy B380 18 QOeAYd
1176 0192119
CUANTAS CHLORIDE MITRATOR ! CONTROL HO. A
Calibration &1t me 3! manulaciure

QUANTAS  MeCin soiuthon 23 QUANTAB  NaCin saiuthon 3s QUANTAS  Nall.n soiuton as

Resaing Nl pom 01 Resding % Nalt ppm O Reading T NaCt oom G
my Q1 mg CiT.L my Ci—L
1.0 u,025 143 4.0 U.lyy  Lisu 7.0 0.6 3630
1.2 0.032 190 4.2 0.21 1230 7.2 0,65 3910
1.4 0.033 233 4.4 0.22 1340 7.4 0.70 4220
1.6 0.046 279 4.6 0.24 1450
1.8 0.055 329 4.8 0.26 1570
2.0 0.064 384 5.0 0.28 1700
2.2 0.074 441 5.2 0.31 1840 11/15/79
2.4 0.084 S01 5.4 0.33 1680
2.6 0.094 564 5.6 0.36 2140
2.8 0.105 630 5.8 0.38 2310
3.0 0.117 700 6.0 0.41 2490
3.2 0,130 780 6.2 0.45 26380
3.4 0.144% 860 6.4 0.48 2900
3.6 0.158 950 6.6 0.52 3130
3.3 0.173 1040 6.8 0.56 3370

EX &R
o MILE S

Ames Diviaion, Mies Laboratories Inc PO 5ex 70, Elkhartingiang 46515

231979 Maes Labcratories Ing
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APPENDIX F

FALL AND WINTER GROUND WATER FLOW MAP
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APPENDIX G

CLIMATE DATA
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CLIMNTE DATA FOR THE SIDNEY AREN C/HONIANWA STHATE LU w0575 EXPEL /mrassr— ST )

{F) () {F) {C) (F} (C}

DATE  AYMAX T AV.MIN T RYERG. T INCH PPT fce)  INCH EVP (rm)
Jun-B7 84.6 29.2222¢ 3 11.B8EGS 68.9 20.49999 4.02 10.21075 7.71 19.58332
Jul-87 BG.9 29.94444 96,7 13.72222 71.3 21.83233 2.87 7.289770 £.14 15,5955
Aug-87 B0.5 26.94444 1.4 10,77777 b5 1B.99999 0.97 2.4537%0 S.11 12.97934
Sep-87 77 18.93999 43.3 £.277777 60.2 15.6858¢ ¢.92 2.33¢730 3.5% 9.11B543
fct-87 60.3 15,72227 31 -0.58585 83.7 7.5611410 G0 €,253998 2,63 5.680173
Hoy-87 80,2 10,1111 28,7 -4,333%3 37.2 2.8&e858 0.21 §.533397

Dec~B87 3.7 2.94434 15,1 -9.33g9¢ 2¢,7 -1,22222 0.03 0.1249%9

Jan~88 2501 -L.B3333 ~1.1 -18,38¢8 12 11111 0,35 1.4922391

Feb-€3 32,9 0.499999 .8 -14,5855 19.3 -7.03555 0.4% 1.249595

far-2 o4 10,37777 22.8 -5 37.1 2.833333 0.58 1.473193

far-GE 67.5 19.77777 23,6 -1.88883 d8.1 £,943443 0.17 0.471798 4,87 12,5738
Kay-88 82,1 27.83333 5.4 7.999%97 £4.2 17.BRBEDS 0.77 2.006591 8.24 20.92%%
Jun-2a %4.7 33.63332 £1.8 16,33333 78.1 2361110 1,27 3.225787 10,43 26.517¢
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APPENDIX H

ANNUAL WATER TABLE FLUCTUATION
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COMPARISON OF ANNUAL WL IN THREE WELLS

L9611 FROM 7/11/87 TO B/12/88

2 -

R AN

NNS N

1.507 | "= /
\ s

GROUND WATER ELEV. IN FEET
(Thousands)

e
S

1.906 .
a—

1.805

06/22/87 09/30/87 01/08/88 04/17/88 07/28/88
DATE
o MW2 + MW 7s ¢ NWS$
COMPARISON OF DITCH WL AND WELL WL
FROM 7/11/87 TO 8/12/88
1.911 ;
1.9105 \

l :
L,/
P /i
v L 2L A .
S RSAN ERNIVAN
T\ i~

1.809

ST AR
o v
19075 \&\\\ I/ |
=

WATER ELEV, IN FEET
{Thousands)

1.907 = \*~<
\-B\‘ - :$/
S S - l
1.9065 =
06/22/87 09/30/87 01,/08/88 04/17/BB ©7/28/88
DATE
o Nw 7 + DITEH 13 -] NW 14
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APPENDIX I

AQUIFER TEST DRAWDOWN AND RECOVERY
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FIELD DATA
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Well § DATE

JUANTAS RESULTS OF ops CI IH WATER AT THE IVERSGN SYTE. RICHLAND, CO.
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METAL ANALYSES OF WATER SAMPLES AT THE IVERSON SITE, RICHLAND, CO. (DISSOLUED)

LOCATION
PARAMETER  DATE W4 21s MN 3 M 3e MW 4s MW 1bs MW 20 L3
pob Al 07/21/87 (30

10/22/87 (30 <30

04/23/88 30 80

04/28/88 30 (36 30 30 150
ppb Ag  07/21/87 {2

10/22/87 (2 (2

04/23/88 2 44

06/28/88 {2 2 (2 2 94
pab B 07/21/87 1930

10/22/87 220 570

04/23/88 149 38000

06/28/88 120 400 820 500 38000
pab 4 07/21/87 (2

10/22/87 2 Y.

04/23/83 {2 16

06/28/88 {2 42 (2 $2 30
nob Cr  07/21787 2

10/22/87 52 {2

04/23/88 02 14

06/28/88 {2 V. 2 2 12
pob Cu  07/21/87 32

10/22/87 4 2

04/23/88 (2 1920

0628/88 {2 2 it (2 899
pph Li  07/21/87 370 .

10/22/87 71 150

04/23/88 2% 13100

04/28/88 20 130 190 100 10000
pob Mo 07/21/87 {20

10/22/87 (20 {20

04/23/88 20 50

06/28/88 (20 29 {20 (20 20
pob Ba  07/21/87 5§10

10/22/87 (L .

04/23/88 b0 320

06/28/38 110 100 2
pok P 07/21/87 4 <40

10422787

04/23/88 () 350

06/28/98 (40 (4G 279
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ConT.

PARAMETER  DATE MW 2i¢ ME 3 MW 3s MM As MW Jbs M4 20¢ L3
pob M 07/21/67 10

10/22/87 {10 {10

04723788 (10 1860

046/28/88 40 {19 <19 {10 150
pob Sr 07721787 7300

§0/22/87 1020 2510

04/23/88 920 241000

04/28/89 830 2560 2780 940 207906
peb Ti  07/21/87 21

146722787 3 S

04/23/83 i {1

04/28/88 4 b B ] {1
ppb V. 07/21/87 (1

10/22/87 19 {1

04/23/38 {1 !

04/28/88 {4 1 {1 {1 15
pob In  07/28/87 14

10722787 A <3

04/23/88 3 gan

0&6/28/88 {3 ‘4 3 {3 430
pob Ir  07/21/87 4

10722787 3 <4

04721/88 4 8¢

046129/88 {4 {4 (4 {4 1)
peh B 07/21/87 2.5

18/22/87 8.5

04/23/88 0.7 0.3

0b528/83 .1 2
pot Se 07/21/87

1022787 !

04,23/58 1.2 0.¢

06/26/88 2.2
peh Be  07/21/87 21

§0/22/87

04/23/88 {1 %

0&/28/88 1 21
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DATA PRESENTED BY DENEY CHEMICAL DATA FOR MER WELLS FROM 1982-1983
(NOTE MAP IN THIS APPENDIX FOR WELL LOCATION:

CHLORIDE CONCENTRATION IN opa

10/15/82 01/15/83 02/15/83 03/15/83 0471583 06/15/83

MELL 3 560 500 600 321 220 130

WELL 3 445 264 192 et 214 393

NELL 1 33.5 27.8 19.1 20.7 106 25
SULFATE CONCENTRATION IN ppa

NELL 3 265 252 250 259 260 264

BELL 3 234 223 231 280 249 247

NELL | 217 217 225 223 249 237
SP ECVWFiL

CONDUCTANCE IN umhoz/ca 25 €
08/18/82 08/24/82 09/01/82 09/04/82 09/09/82 10/28/82 01/30/83

WELL 3 2219 1790 1862 1834 2675 1522
WELL § 2085 3382 2339 2353
KELL 1 1125 1153 9a7 1128 1543 123t 1213

{ppe)  CHEMICAL PARAMETERS AUBUST, 1982 (DrsSotvfa 1on$ )
PARAMETER MWELL | WELL 2 WELL I DITCH BL

€2 85.3 931 1248 549
g 3Bt 3L M 355
Na 114 1024 285.7  94.2
¥ 6.8 b4 14 b
HCO3 6.5 4246 510 305
€03 0 0 0 0
£l 145 135 38 115
504 230 195 250 190
pH .77 1.8 1.8 8.2
05 935  §5b.5 1619 495.2

CONDULCT, 1139 1085 2512 911
HARDNESS 370 3£3 600 283
ALXALIN. 158 348 418 250
SAR 2.6 2.3 9.1 2.2

(ppa)  CHENITAL PARAMTERE FOR SEPT. 1982 (D1ssotvén tows))
PARAMETER WELL | WNELL 2 WELL 3 WELL S DITCH 8L

Ca 89.2 87.2 9.6 136.8 8.9
Mg 35.04 §0.3 49.% ec.1 29.5
Na H3e 112 24L.9 261 ]
K 7.4 8 10.1 13.4 5.2
HEOS 3928 3953 4758 283, 293
£o3 0 0 ¢ ¢ 0
£l 29 14.8 200 450 17,5
S04 225 283 250 223 193
pH 7.81 7.95 B.04 7.76 B.0%
108 g92.4  872.3 13169 1549.4 8707

CONDUCT.  199% 1136 1825 2357 ez
HARDNES s 33 428 839 28
MKALIN. 32 3 39y 318 232
SR 2.6 26 51 45 22
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APPENDIX P

EM 10,20, AND 40 m DATA/PLOTS

155

—

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



EM 10H DATA PLOT
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10 METRE EM — HORIZONTIAL COIL, C!=20 mmhos/m

o1,

10 METRE EM — VERTICAL COIL, Ci=10 mmhos/m
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EM 20H DATA PLOT

MUMN 8

EM 20V DATA PLOT
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20 METRE EM — HORIZONTIAL COIL, CI=15 mmhos/m

20 METRE EM - VERTICAL COIL, Cl=5 mmhos/m

——
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10m EM-HORZ. (mmhos/m) PLOTTED with ppm CI
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10m EM-HORZ.(mmhes/m) PLOTTED with SC (umhes/cm)

(smace 2’s aARE sSc)

10m EM—VERT.(mmhos/m) PLOTTED with SC (mmhos/cm)
* 1560
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APPENDIX Q

RESISTIVITY DATA/PLOTS
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APPENDIX R

JULY, 87 TO JUNE, 88 SIMULATED FLOW FIELDS
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HONTHLY CONSTANT HEAD [MPUT FOR FLOW WODEL

=
=
=
-
-

i i K HEAD HONTH i i ¥ HEAD HOHTH i i K HEAD
? ! 1 1908.65 8 § ! 1908.93 9 | 1 1907.9
7 2 1 1908.8 ] 2 1 1909.68 ] ? 1 1907.85
7 3 11908, 04 8 3 1 1908.75 9 3 1 1907.8
7 4 1 1908.3 8 ‘ 1 1908.85 9 4 {19077
7 5 1 1908.49 9 5 1 1908.75 9 5 1190779
7 6 1 1904.5 8 5 1 19¢8.74 9 b 1 1907.79
7 7 1 1908,51 8 7 1190876 3 ? 1150779
? 8 1 1908.51 9 8 1 1908.76 ? (] 1 1907.82
7 9 1 1908.51 B 9 I 1908.76 9 9 1 19907.84
7 10 1 199852 B 10 I 1998.77 9 10 1 1907.85
? 1 1 1968.52 8 1 1 196877 3 1 1 1907.8%
7 12 1 1%8.52 8 12 1 1908.77 9 12 1 1907.87
? 3 1 1908.52 B 13 1 1908.77 3 13 1 1907.60
7 14 1 1908.53 ] 1t I 1908.78 9 1 1 1907.89
7 15 1 1908.53 B 15 1 1908.78 7 15 1190789
7 1 1 1908.53 '] 16 1 190679 ¢ 16 1 1907.9
7 17 1 198,53 8 17 I 1908.70 9 17 1 1907.9
7 18 §1908.54 : 18 I 1900.79 9 12 1 12009
7 1 2 1911.45 8 1 2 1911.95 9 ! 28 1918.15
7 2 24 191163 8 2 ML $ 2 20 131014
7 3 24 191164 ] 3 20 1911.% 9 3 M 1910.14
7 3 24 1911.63 8 4 24 1911.93 y ' 24 1919,13

) 7 5 2% 1911.63 8 5 191,93 9 5 2191013
7 5 M98 8 b M 1911.93 9 b M 1910.13
1 7 24191183 3 ? 24 1911.93 9 7 2191013
7 8 26 191163 2 ] 2191193 9 (] 24191913
7 9 24 1911.5 ] 9 24 19118 ¥ ° 4191008
7 10 419112 8 10 19118 9 10 2 1910.0%
7 1 F LT 8 i 4 19111 9 i 24 1909.15
7 12 74191109 8 12 2 1911.32 9 12 24 190295
7 13 24 1911.2 8 13 219116 9 13 M 1910.08
7 14 24 1911.32 ] 14 24191173 ? T 2 1910.08
7 15 21911, 8 15 20 191174 9 15 M 1910.09
7 { 24191135 8 % 191175 $ 14 U 10
7 17 2 19113 8 17 P R ITI S 9 17 4 1M0.11
7 12 1191139 8 18 2% 1711.78 9 12 21919013
? 3 1909.3 9 : 1 1908.85 9 ' 1 1907.7
7 5 2 198,53 8 3 21909 g s 7 19,75
7 9 T 1902.75 8 ? T1909.2 9 9 3 17900.8
7 9 ¢ 1908.97 g 9 4 1909.20 9 9 90|
7 3 5 190,97 8 $ 5 1909.36 ? 9 S 197,85
? 9 b 1908.3 8 9 b 1909.4 % 9 b 1997.9
? 9 7 1908.93 8 9 7 1909.44 9 ° 7 1907.93
7 9 B 1590.9% g 9 8 1909.48 $ 9 8 197,97
7 9 9 1508.99 8 3 T 190,52 9 ° 3 138
7 3 10 190,62 8 9 10 1705.58 3 9 10 1908.04
7 g 1 1909.07 8 9 o 1909.83 9 9 1 1906.69
7 9 2190513 8 9 12 1969.69 9 g 12 1306.13
7 9 13 1909.26 B 9 13 1909.75 9 9 13130813
? 9 1 1908.39 8 9 14130979 9 9 4 1908.21
7 9 15 1909.5 3 9 1S 1909.82 9 3 15 1998.24
? 9 1 19998 8 3 15 1909.86 9 4 16 1908,27
7 9 1719097 g 9 17 1909.9 9 9 171992, 34
? 9 18 1909.9 g 3 (8 1909.95 9 9 19 1999.4
7 0 19 1200.9 8 9 19 1909.39 9 9 19199245
7 9 0 1319 8 9 0 1919.02 9 9 20 1908.5
1 9 2t 1810, B 9 2191006 9 ° 201955
7 9 2 1910.22 8 9 2 191011 9 9 22 1908.63
7 9 27 1510.4 g 0 23 191016 9 ° 23 1908.8
! 1" r BTN ) 1 24 19101 ] 1 2199215
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¥ONTH i i X HEAD KONTH i i K HEAD HONTH i i K HERD
16 1 1 1906.78 It 1 £ 1906.3 2 t 1 1506.23
10 ? 1 1906.75 i 2 1 1906.29 12 2 1 1908.22
10 3 1 1906.73 1} 3 1 190628 12 3 f 1906.08
10 4 1 1904.53 n [} 1 1905.88 Y] L} 1 1905.94
i0 5 ! 1906.73 1 s 1 1906.29 12 s b 1905.08
10 ) t 1906.74 1 Y 1 1906.29 12 6 t 1906.2
10 7 i 190,75 it 7 1 1906.29 12 7 1 1908.2
10 B V1906.75 1 9 1 1906.29 12 ] 1 1906.2
10 g I 1906.75 it 1 1906.29 12 9 I 1906.21
10 17 I 1906.75 | 10 1 1906.3 12 19 1 1906.2¢
10 3 i 1905.74 3 1 1 1906.31 12 1 | 1906.22
10 12 P 1906.7% n 12 1 1906.33 12 12 1 1906.22
10 13 1 190676 i 13 p1906.35 12 13 b 1996.23
10 14 b 190677 11 14 1 1966.37 12 14 I 1904.25
10 15 t 190677 11 15 1 1906.39 12 15 1 1906.27
10 18 1 1906.78 i 16 1 1908.41 12 16 $19%.29
10 ) 1 196,79 1 17 L 19044 12 1? 1 1906.71
10 16 1 1906.8 il 18 1 1904.45 12 19 1 1906.33
10 1 24 190%.37 1 t 24 1308.7 12 1 24 1908.3
10 2 24 1909.36 1 2 24 1308.4% 12 2 2% 1908.29
- 10 3 ¥ 190%.36 i 3 24 1908.69 2 3 28 1908.29
10 L] 24 1909.35 1 ) o 1908.48 12 ' 24 1908.29
10 5 24 1909.35 | 5 29 1908.89 12 5 2% 1904.29
10 6 24 1909.35 1 3 24 1908.48 12 b 2% 1908.29
10 7 24 1909.35 1 7 24 1908,49 12 7 24 1908.28
10 8 4 1909.35 1 8 74 1908.48 12 B 24 1908.28
10 9 U 1999.3 1 9 281909, 47 12 ° 24 1968,2
10 10 24 1909.2 11 19 24 3908.53 12 1o 26 1908.2¢
10 1 24 1900.48 11 1 24 1908.19 2 1t 2% 1507.8¢
te 12 24 199.23 1 12 24 1508, 12 174 26 1908.26
16 13 24 1909.28 i 13 24 19¢8.72 12 13 24 1908.27
41 14 2 1909.25 1 14 24 1908.74 pd 14 24 1908.28
{0 15 24 1909.2% 1 15 24 1908.7¢ 12 15 % 1998.3
10 14 M 190927 il 13 24 1908.78 12 Ty 2 1908.32
10 7 2 1909.28 i 17 24 1908.8 12 17 2% 1908.34
10 18 M 1909.3 1 18 24 1908.82 12 18 24 1508.36
to | 1 1%06.53 11 4 1 1905.88 12 4 1 1905.94
10 ) 2 1908.81 11 b 2 1906.06 2 b 2 199%.14
10 ? 3 1906.69 1 9 T o199s.22 ? 9 ¥ O1906,24
10 9 t 1906.77 I L] 4 1906.3 12 % 4 1906.31
10 9 5 1906.85 1" 9 S 1905.30 12 L] S 1905.%
10 ¥ b 1905.97 1} 9 6 1908.5 12 g b 1906.85
10 9 7 1997.08 11 9 7 1906.42 12 9 7 1905.54
10 9 B 1907.2t 11 9 8 1906.74 12 9 8 1906.64
10 9 $ 1907.33 1 ? 9 1704.86 12 9 9 1%08.78
10 9 19 1907.45 1 9 10 1906.98 12 9 10 1905,97
10 9 1 1992,57 it ? 1 1907.1 12 9 1 1906.95
10 9 12 1907.69 1} 4 12190719 12 9 12 1907.03
10 9 13 1%07.79 1 3 13 1907.26 12 9 1319071
10 9 14 1907.04 1 L] 14 1907.34 12 ¢ 4 150717
10 9 15 1907.87 1 9 15 19074 12 9 15 1907.24
10 9 ts  1907.9 11 ? 15 1907.43 12 9 16 1507.3¢
10 9 17 1907.97 it 9 17 1901.5 2 9 A LT A
19 ? 18 1908.05 1 9 19 1907.6 12 e 18 1907.44
10 9 19 1908.13 11 9 19 1907.46 12 ° 19 19¢7.5
10 9 20 1908.22 It 9 20 1907.73 2 ] 20 1907.5%5
19 9 21 908,32 1 9 190,78 12 ¢ 21 1907.61
10 9 2 1908.43 1 3 2 1907.96 12 9 2T 1907.66
10 9 23 1998.55 1 9 23 1907.90 2 9 23 19071.75
10 14 29 1508.64 1 1 o 1908.19 12 11 4 1907.84
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K HEAD
190614
1906.13
1906.03

1905.9
1906.03
1966.15
1906.15
1906. 135
1905, 15
1706. 16
1906.17
1906.18
1906. 1%

1905.2
1906,22
1906.24
1906.2%
1906.28
1908.15
1908. 14
1908, 14
1708.13
1908,33
1908, 13
1908.13
1208, 12

1908.1
1908.03
1907.91
1398.07
1920.08

1908.1
1908.12
1208, 14
1908. 1&
1908. 18

1905.9
1906.13
1906.27
1906.39

'§995. 43

1906.51

1904.4
1906, 63
1906.7
1906.76
15064.04
1506.92
19¢6.58
1907.04
1907, 08
1507.12
1%07.19
1902,29
1907,35
1907. 41
1997.51
1997.%9
1907.71
1997.91
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K HEAD
1905.71
1995. 89
1905.68
1965.76
1305.92
1905.93
1905.94
1905.94
1905.95
1905.95
1905.96
1905.9¢
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1905.98
1905.9%
190t
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1997.84
1997.85
1967.9¢
1907.83
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1207.81
1907.8
19¢7.8
1902.7
1907.87
1907.68
1907.8¢
1907.%
1907,
1907.92
1707.93
1903.76
1903.90
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1906.23
1906.35
13044
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1906.35
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19056.48
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K HEAL
1905. 69
19035. 69
1705.49
1905.82
1995.19
1905.719
1905.79
§905.9
1905.8
1905.81
1995.81
1903.81
1905.92
1905.82
1905.83
1905.83
1905.84
1905.84
1907.41
1907. 41
1707. 41
1907, 41
1907.41
1997.41
1707.4¢
1997.4
£907.4
19474
1507.44
1997.4
1997.4
1907.4
1902, 41
1907, 44
1907.41
1907.42
1903,82
190£.93
1906. 24
190£.33
1706.39
1906,45
1306.51
1906. 56
1904, 41
1996, 8¢
1945, 69
1906.79
1906.79
1906, 84
1906, 08
1906.52
1904, 96
1907
1907,04
1907.08
1907.12
199717
1907.26
1997, 42



HOHTH i i K HEAD HONTH i j % OWEAD NENTH i j ¥ HEAD
4 1 1 190¢ ) | 1 1909.54 ¢ 1 1 1908.54
4 2 1 1304 5 2 I 1908.45 b 2 1 190845
4 3 1 1906 5 3 1 1908.4 & 3 1 1909.25
' ] 1 1906 5 ' 1 1907.%8 5. \ 1 1907.88
4 5 1 1996 5 5 1 1908,52 3 5 1 1900.45
[ 5 ! 1905 5 6 1 1909.53 b 5 11, et
[ H 1 1904 5 7 1 19048.54 b 7 t 1%08.47
) 8 1 1906 5 8 1 1908.55 s § 1 1998.48
1 9 1 1904 5 ) 1 1998.57 b 9 1 1909,5
[ 10 1 1906 5 10 1 1998.8 b 10 1 1908.53
1 11 1 1908 5 1 1 1908.62 b 1 1 1908.55
1 12 1 1904 5 12 1 190852 b 12 1 1908.55
' 13 1 1904 5 13 b 190842 3 13 1 1900.55
1 14 1 1905 5 1 1 1908.43 b 14 1 1908.54
4 15 1 190¢ H 15 1 1900.5%% b 15 1 1998.52
' 14 1 1904 5 16 1 1908.57 b 16 1 1908.5
‘ 17 1 1906 5 17 1 1908.57 3 17 1 1908.5
] 18 1 1906 H 18 1 1998.55 ) 18 1 1908.48
[ 1 2 1908 5 1 24 1711.82 5 t 2 191897
' 2 2 1908 5 2 20 191,79 6 2 24191194
s 3 2 1908 L] 3 219179 5 3 M 19N
s 3 2 1908 5 [ 2 191177 6 3 4191192
I 5 2 1908 5 5 2¢ 191177 b s 24 1911.92
4 b N 1908 5 b 20 1911.78 6 8 20 1911.9)
. 7 2¢ 1908 5 ? 240 19117 ¢ ? 2 191194
' q 24 1908 5 ] 20 1918.78 b ] 1419119
' 9 N 1908 ] 9 2019117 b 9 20 1911.95
’ 10 2 1908 5 1) 24 1911.6 B 10 20 1911.75
q 11 ! 1909 5 ] 24 1910.85 6 1 2 1909,54
' 12 2 1908 5 12 28 1501.66 ¢ 12 26 1911.9)
'l 13 2 1908 5 13 24 {911,680 b 13 24191193
'l 1 2 1908 5 14 M 19117 & 1" M 19195
[ 15 n 1908 5 15 M 19117 6 15 191195
s 14 1908 g 16 20 1711.66 5 )4 M OINLH
4 17 ] 1908 5 17 24 191145 6 17 21 19119
4 13 24 1908 5 18 2 19185 b 19 H 9110
I 4 1 1908 5 \ 1 1902.98 3 4 1 1997.99
s 5 2 1906.29 5 b 2 1908.4 & 5 2 1908.28
9 9 3 19064 5 9 3 1908,72 6 9 3 1908.50
' 9 & 150598 5 9 4 1908.98 s 9 4 1%08.78
' ? 5 1906.57 5 9 S 1909.12 & 9 5 1908.92
' g 5 1905.58 5 9 5 1509.15 3 9 b 1908.96
' 9 T 1906.9 5 % 7 1269.1¢ b 9 7 1908.99
' ) 8 1906.92 5 3 8 1909.22 ) ? 8 1709.02
s 3 9 1907.04 5 9 9 190331 3 9 7 1995.06
1 9 10 1506.16 5 9 10 1909.38 5 9 10 1999.11
[ 9 11 1907.28 5 9 1 1909, & 9 11 1909.15
4 9 12 1907.4 s v 12 1909.44 3 9 12 1509,19
! 9 13 190749 5 9 T O190%.47 5 9 13 1509.22
‘ 9 14 1907.5% 5 ) 1" 1909.5 b 9 1% 1909.25
. 9 15 1967.58 5 9 15 1909.53 b 9 15 1909.28
3 9 16 1907.84 5 9 16 1909.5 b 9 16 1909.33
4 9 17 1507.88 5 9 17 1909.83 b ] 17 1509.38
s 9 18 1907.78 5 9 18 1909.86 6 ) 18 1909.4]
\ 9 1% 1907.84 5 9 19 1909.7 6 3 19 1909.45
4 9 20 1901.93 5 9 26 1909.73 6 9 20 1909.43
A 9 2 1908.03 5 9 2190876 6 9 21 1909.51
4 L] 77 1%08.14 5 9 22 1%9.95 6 9 22 1909.55
§ 9 23 1908.28 S 4 T 191041 & 9 73 1909.%8
¢ 1 24 1998.37 s 1 26 1910.85 b il 24190964
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COMPARISON OF DRAWDOWN OF ACT, vS. SIM. AT
TWwQ DIFFERENT PUMPING NODES AND TWO K VALUES

DISTANCE

RARY  ACTUAL s
0 1906.58
35 1907.41
82 1907.45
118 1907.455
136 1907.47
185 1907.475
192 1907.4¢
200 1907.48
260 1907.48

PUHP=

14,11

LOW X

1507.24
1907.42
1907744
1907.47
1907.48
1907.48
1907.49
1907.4%
1907,.49

PUNP=

13,10

LOW K

1907.28
1907.41
1907. 44
1907.45
1907.48
1907.48
1907.48
1907.48
1907.47

PUNP=
13,10
HI K
1997.4
1907.45
1907.48
1907.49
£907.493
1902.5

punp=

14. 11

Rl X
1907.41
1907.46
1907.48
1907.49
1907.49
1907.495
1907.495
1907.5

DATA FOR MDDEL RUN WITH X = 11000 AND T = 192500.

PUMPING NODE 13,10 PUMPING NODE 14,11

DISTANCE DRAWDONN WL ELY. DISTANCE DRANDOWN WL ELV.
0 0.1 1907.% 0 0.09 1907.41

3% 0.08 1907.4% 35 0.04 1907.46

82 0.02 1907.48 82 0.02 1907.4a

118 0.01 1907.49 118 0.01 1907.49

136 0.005 1907.495 138 0.01 1907.49

185 0 1907.5 185 0.005 1997.495

192 0.005 1307.493

200 0 1907.5

DATA FOR MODLE RUN WITH K = 4400 AND T = 77000,

PUMPING NODE 13,10 PUMPING NODE 14,11

DISTANCE DRAWDOWN WL ELV. DISTANCE DRAWDOWN WL ELV.
0 0.22 1907.28 0 0.26 1907.24

33 0.09 1%907.41 40 0.08 1907.42

82 0.06 1907.44 BO 0.06 1907.44

118 0.04 1907.4¢ 120 0.03 1907.47

136 0.02 1997.48 160 0.02 1907.48

185 0.02 1907.48 200 0.02 1907.48

192 0.02 1907.48 240 0.01 1907.49

200 0.02 1997.48 280 0.01 1907.49

269 0,03 1%07.47 320 0.01 1907.49

ACTUAL AG. TEST DATA

DISTAMCE DRAWDDWN WL ELV.
0 0.92 1906.38

35 0.0% 1907.4}

B2 0.04 1907.4¢

118 90.035 1907.46%

136 0.03 1907.47

185 0,025 1907.475

192 0.04 1907.44

200 0.02 1997.48

260 0.02 1907.48

183

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



STEADY-STATE STATISTICS (OCT.)

HEAD
WELL  ACTUAL  SIULATED  DIFF. NELL  ACUTAL SIMULATED  DIFF.
2 1908.2  1908.3 -0.3 1908.99 1908.93 0.06
3 1908.1 1908.26  -0.16 1908.78 1908.%% 0.22
4 1907.93 1907.9¢ 0.02 1908.6% 1908.48 0.2t
5 1907.85 1907.85 0 1908.38 1%08.27 0.11
b 1907.76  1907.7 0.0 1908.56 1908.47 0.09
7 1907.6 1907.5 0.1 14 1908.57 1968.8 -0.23
8 1906.93  1906.91 0.12 ocY 1908.2  1908.5 -0.3

i1 1997.68 1907.75  -0.07
12 1907.92 1907.97  -0.05
13 1907.08 1907.0% 0.03
14 1908.12 1908.05 0.07
15 1907.76 1907.74 0.02
16 19307.7  1907.7 0

1908.1 1908.26  -0.1%
1907.93 1997.9% 0.02
1907.85 1907.85 0
1907.76  1907.7 0.06

1907.6  1907.3 0.1
1906.93 1906.81 0.12

€O ~d O L odn i N b O N e

17 1907.32 1907.24 0.08 11 1907.48 1907.75  -0.07
13 1997.2 1907.13 0.07 12 1907.92 1907.97  -0.05
19 1907.:8 1907.64 0.04 13 1907.08 1907.03 0.03
2% 1907.72  1907.7 0.92 14 1908.12 1908.03 0.07
24 1908.18  1908.5  -0.32 15 1907.76 1%07.74 0.02
16 1907.7  1907.7 0

TRANSIERT STATISTICS 17 1907.32 1907.24 0.08

HEAD 18 1967.2 1997.13 0.07

WELL  ACUTAL SIMULATED  DIFF. 19 1907.468 1907.64 0.04
UL 8 1908.56 1908.86 -0.1 20 1907.72  19907.7 0.02
13 1908.74 1908.98 -0.24 21 1908.18  1908.5  -0.32

£ 1909.28  1909.6  -0.22 NOY 8 1906.31 1906.37  -0.06

12 1909.66 1909.74  -0.04 13 1906.72 1906.56 0.t8

2 1916.11 1910.42  -0.31 18 1905.9% 1906.6S 0.26

I 1909.94 510,12 -0.18 1t 1907.25 1907.23 0.02

4 1999.9 1909.86 0.24 12 1907.49 1907.47 0.02

3 1909.63 190%.6 0.05 2 1907.73 1996 -0.27

7 1909.35 1909.77 0.08 21 1907.72 1%08.02 -0.3

& 1909.35 1909.5 0.03 3 1907.&4 1907.77  -0.13

14 1909.95  1909.9% 0.06 § 1907.54 1907.41 0.13
AUS 8 190B.79 1¥5B.98  -0.19 5 1307.42 1997.37 0.05
13 1909 1909.41  -0.41 16 1997.3 1907.21 0.09

11 1909.76 1909.94  -0.18 20 1307.2% 1907.23 0.02

12 1910.03 1910.04 0.0 7 1907.1% 1907.04 0.15

2 1910.38 1910.3% 0.2t 19 1907.27 1907.16 0.09
IO1910.18 191039 -0.21 b 1907.34 1907.24 0.1

§ 1910.13 1910.01 0.12 15 1907.33 1907.286 0.05

7 1910.0% 1909.95 0.0¢ 14 1907.8& 1907.08 0.08

7 1910.68 1910.8%  -0.01 17 1905.96 1908.79 0.17

b 19099 1909.87 0.03 DEC 8 1906.40 1994.3 0.15

14 1915.34  1910.23 0.1 13 1906.33 1906.5% 0.02
SEP 13 1907.B1 1907.99  -0.18 18 1906.66 1906.%9 0.97
11 190B.45 1909.45 0 1t 1907.04 1907 0.04

12 1908.23 1908.46  -0.23 12 1907.26  1997.7  -0.04

2 1909.04 1903.07  -0.03 7 1907.43 (907,71 -0.23
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WELL  ACUTAL SINULATED  DIFF. WELL  ACUTAL SIMULATED  DIFF.

21 1907.45 1907.71 -0.25 12 1906.88 1905.8% ¢
3 1907.3% 1907.5¢  -0.12 2 §906.9% 1907.11  -0.12
4 1507.3 1907.21 0.09 21 1907.04 1907.¢9  -0.03
3 1997.2 1907.1% 0.014 4 1906.93 1906.74 0.17

15 1907.08 1907.04 0.04 5 1906.84 1906.78 0.06

20 1907.09 1907.06 0.03 16 1906.73 19056.68 0.05
7 1907 1906.9 0.1 20 1906.74 1906,67 0.07

19 1907.04 1907.01 0.93 7 1906.4% 1906.66  -0.01
6 1907.11 1907.0¢ 0.05 19 1906.7 1906.42 0.08

15 1907.12 1907.09 0.03 6 1906.75 1906.44 0. 11

14 1907.4 1907.33 8.07 15 1906.75 1906.45 0.09

17 1906.64 1906.68  -0.04 14 1907.02 19C6.79 0.23

JAN 8 1906.34 1906.27 0.07 17 1906.43 1905.43 0

13 1906.48 1908.51  -0.97 RPR B 190e.11  1905.7 0.41

18 1906.57 19056.58  -0.01 13 1904.14 1(906.17  -0.03

11 1906.92 1906.98  -0.06 18 19056.29 1906.25 0.04

12 1907.09 1907.17  -0.08 i1 1906.58 1906.54 0.04
2 1907.29 1907.59 -0.3 12 190L.77 1906.76 0.01

21 1907.27 1907.58 -0.3 2 1906.95 i%07.07  -0.12
3 1907.2 1907.39  -0.19 21 1906.94 1907.905 0.1
4 1907.13  1907.1 0.03 3 1906.92 1506.88 0.04
5 1907.05 1907.08  -0.03 14 1906.89 1306.68 9.2

16 1907.83 19€¢7.94 -0.11 3 1906.73 1906.64 0.09

20 1996.86 1906.97  -D.11 4 1906.B1 1906.63 0.18
7 1906.86 1906.83 0.03 16 1906.52 1906.52 0.1

19 1906.89 1995.,92  -0.03 19 1906.38 1996.46 0.12
& 1906.97 1996.97 ¢ & 1906.6% 1906.49 6.15

15 1906.96 1997 -~0.04 15 1906.63 1906.51 0.12

14 1907.22 1907.22 ¢ 7 1906.55  1906.4 0,45

17 1905.82 1905.63 -0.03 17 1906.33 1906.23 0.1
FEB B 1906.23 1926.08 6.15 MAY 8 1908.25 1908.7 -0.4%

13 1906.3 1906.35  -0.03 13 1908.52 1909.08  -0.%5%

18 1906.46 1906.47 0.03 18 1908.77 1909.18  -0.44

11 1908.79 1904.7¢ 0.0¢ 11 190%.4 1909.68  -0.2B

12 1906.97 1906.9% 0.01 12 1909.96 190%.7& 0.2
2 1907.17 1907.34  -0.17 2 1910.29 1910.45  -0.1b
I 1907.08 1907.17  -0.09 21 1919,27 1910.58  -0.26
4 1907.02 1908.9 0.12 3 1910446 1910.23  -6.07
S 1906.9 1906.88 0.02 14 1910.2 1910.05 0.15

16 1906.83 1908.75 0.07 S 1909.86 1909.74 0.12

20 1906.83 1906.77 0.06 L 1910 1909.8 0.2
7 1966.75 1906.85 0.1 16 1909.65 1909.59 0.06

19 1906.78 1906.73 0.03 19 1909.6 1909.%8 0.02
b 1906.88 1%06.77 0.11 6 1909.7 1909.65 0.03

15 1906.81  1906.8 0.01 15 1909.75 1909.49 0.06

17 1906.5 190s.48 0.02 7 1909.45 1909.45 0

MAR 8 1906.17 1905.99 .16 17 1909.28 1909.02 0.26

13 1906.23 1906.38  -0.15 JuN 13 1908.B 1908.92  -0.12
18 1906.39 1904.44  -0.05 18 1998.79 1%09.04  -0.22
11 1906.7 1906.49 0.01 11 1909.58 1909.35 0.03
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WELL  ACUTAL SIMULATED  QIFF,
12 1909.86 1909.57 0.29
2 1910.41 1910.34 0.07
21 1910.44 1910.49  -0.05
3 1910.25 1910.15 0.t
14 1910.34 190,01 0.33
3 1909.74 19¢9.57 0.17
4 1909.95 1909.49 0.27
16 1909.51 1909.44 0.07
19 1909.55 1909.47 0.08
6 1909,67 1909.55 0.12
15 1909.73 1909.58 0,15
7 1909.37 1909.3 0.06
17 1908.92 1909.12 -0.2

STEADY-STATE RESULTS
Regression Dutput:

Constant 0
Std Err of Y Est 0.126713
R Squared 0.926028
No. of Observations 18
Dearees of Freedoa 17

X Coefficient (s)1,000020
Std Err of Coet.0.000013

TRANSIENT RESULTS
Regression Dutput:

Lonstant ]
Std Err of Y Est 0.171454
R Squared 0.983228
Mp. of Dbservations 187
Degrees of Freedos 184

A Coefficient (s)1.000008
Std Err of Caet.,000006
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RANDOM-WALK LOADING
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HOY. WATER LEVEL (12722 TO 141722

My 3
- 581.62 T 10
2 Tosted el ad
= s31.5% B Z
- - ! ® e\ 3 Pr ._.‘f .."‘“1/
5 521.56 <4 z
= 521.54 """'L B
= 581,52 ! 2
‘ ‘j == 5}:‘\"“1‘,‘ o
@ 521.5 S &
» "4 a.
= 581.45 -
¥ 581,44 1
20-0ct 30-0ct 09-Nov 19-Hov
DATE
e o — o — —  HoF PRRIICLES
PuUrInf
DEC.—~ AFR. WATER LEYEL ¢11/22 TO 4/23)
M 2
- S81.5 1 12
= 521,45 -
5 SRS ~
= =31.4 \ / A\ b4
::.: ol B / \ o
I 581,35 \\ . [ > 63
& \\ )\ q"-\_‘.. A \ g
& s91.3 e I f Y &
o ] A T N, SV \ ] o
W 534,25 =1 <
— - -
= s21.2 o

19-Hov  2%-Dec  07-F2b  13-Mar  2V-Apr

DATE

190

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



MAY WATER LEYEL (4723 TO 5/24)
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APPENDIX V

SIMULATED Cl PLOTS AND ACTUAL VERSES SIMULATED CHLORIDE DATA
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ACCUMULATED TIME = O DAYS PARTICLES = O
PARTICLE MAP
______________________________ WELL SITE LOCATION
COORDINATES ARE IN FEET
24 H + + + + + + -+ + + +
23 : + ‘EB + + + + + + + +
22 H . 8 + + + + + + + +
21 : + ‘¥ + + + + + + + +
20 H + + + + + + + + +
19 H + {17€§; + + + + + + +
i8 H + T + + + + + + +
17 H + E + 7+ + + + + + +
16 H + + + + + + + + +
15 3 + : +€ga+-30+-1%§b 6 4 + +
14 ! + + + ea’ + ‘E%%B-+ + +
13 H + z 16+ + + +- + + + +
12 + ﬁ ) + + +-4€§? + 154 + +
11 H + - + + + + + + +
10 ! + c‘i + 5 4 + + + + + +
@ H + -+ + + + -+ + +
=) ! + . + + + + 3 + + +
7 H + { + + + +piT + + + +
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Loc,

MW3
MW4a
MWS
MW
MW7
MWe
MW16
MW17
MW19
MW20

LOoC,

MW3
M4
MWS
MWs
MW7
MwWe
MW16
MW17
MW1<Q
MW20

LOC.

MW3
MW4
MWS
MWs
MW7
Mwe
MW1é
MWL7
MW19
MW20

LOC.

MW3
MW4
MWS
MWé6
MW7
MWB
MWl1é
MW17
MW19
MW20

ACT.
1144
638
14

)
<34
200
<34

0

ACT.
2764
1254

2295% %

<36
123
16

ACT.

100% %k

400%X%
150
<34
150

779
122

61
927

ACT.
14
21
21

81
27 (?)
S27
91
34
3435

ACT. VS. SIM. Cl1 CONC.

MAY
SIM.
1124
960
41

AUG.
SIM.
2370
1201

410
83
188

S60
63
124
1056

NOV.
SIM.
140
284
@S
24
250

26
148
108
903

FEB.
SIM.
ag
73
24
49
SO

49
150
37
49

ACT.
391
660

64
<30
30
<50
373
o
27

ACT.

ACT.

300%x

132

34
21
405

ACT.
40
29

77
30
398
?1
29
257
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JUNE

SIM.
411
344
127
135
128
0
255
0

21
411

SEP.
SIM.
306
865
275
16
200
0
700
68
34
738

DEC.

SIM.
71
108
36
24
195
o)

@7
149
125
145

MAR.
SIM.,
49
70
o
25
37
2002
24
S50
75
Q1

ACT.
2640
1040

100%%

17
152
<36

ACT.
201
658
166

204

606
99
68

626

ACT.

200%x%

41

683

405

ACT.

8.2
110
i4
51
11.4
248
31
29
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IN ppm WITH RANDOM-WALKX
(EMPTY COLUMN SPACES REPRESENT NO DATA COLLECTION)

JULY
SIM.
2078
1160

150
21
200
Q
500
635
32
602

ocT.
SIM.
227
449
185
23
283
o
475
144
140
559

JAN.
SIM.

72
72
36
73
o8

0O
109
149
100
109

APR.
SIM.
24
25
O
S0
S0
30 ()
37
31
38
37



¥ALL VALUES USED IN ACT. COLUMNS ARE ESTIMATED BY SUBTRACTING
20 ppm FROM CONC. AS BACKGROUND AND ANY RESIDUAL Cl1 CONC.

X*X¥ESTIMATES OF Cl CONC. IN SHALLOW NESTED WELLS FROM DEEP
NESTED WELL CONC.
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APPENDIX W

Cl LOAD METHODOLOGY AND CONCENTRATIONS
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METHODOLOGY
To calculate Cl loading from the reserve pit, I separated each
well site with nine discrete blocks of aquifer as shown in
Exhibit 12. I used data from well nests MW 4 and MW 5 to
stratigraphically separate layering of Cl concentrations.
Well MW 6 and MW 19s were assumed to be located at the same

place for deep and shallow Cl concentration data.

I calculated loading as follows:

1. (AREA OF EACH ZONE) x (.25 POROSITY) = AREA OF WATER
(££%)
2. (AREA OF WATER) x (MONTHLY VELOCITY) = MONTHLY WATER
VOL?ME PER ZONE
(££%)

3. CONVERT ft’> INTO LITERS

4. (MONTHLY WATER ¥ (MONTHLY Cl mg/l) MONTHLY

VOLUME PER ZONE) Cl LOAD (mg Cl)
5. (ADD EACH BLOCK OF Cl LOAD PER MONTH) TOTAL MONTHLY Cl
LOAD (mg Cl)

6. (ADD EACH TOTAL MONTHLY Cl LOAD) = TOTAL YEARLY Cl
LOAD (mg CL)

7. SUBTRACT BACKGROUND Cl LEVELS OF 20 mg/l1 FROM TOTAL

8. CONVERT mg OF Cl LOAD PER YEAR INTO kg AND lbs OF Cl
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CROSS SECTION DATA

BLOCK SITE WELL DATA CHEMISTRY BLOCK AREA (ft%)
Al MW 5s 200
A2 MW 4s 380
A2 MW 19s 280
B1 MW 5 200
B2 MW 4m 380
_ B3 MW 6 280
- c1 MW 5/BACKGROUND 550

c2 MW 4d 1045
c3 MW 6/BACKGROUND 770

GROUND WATER VELOCITY DATA

MONTH VELOCITY (ft/day)

JUL 5.6

AUG 5.3

SEP 4.7

oCT 4.5

NOV 3.2

DEC 2.9

JAN 2.9

FEB 2.8

MAR 2.6

APR 2.4

MAY 5.6

JUN 5.9

Cl CONCENTRATIONS (* = ESTIMATED)

LOCK JUL AUG SEP ocT
Al 225%* 300% 250% 186
A2 1060 1270 1000* 678
A3 120%* 100* 95%* 88
Bl 30 52 45%* 40%
B2 650 895 400%* 88
B3 37 30 28+* 24%
c1 20 30 28+* 25%
c2 106 36 36* 35%
c3 30 25 20%* 20*
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CONT.

BLOCK

Al
A2
A3
Bl
B2
B3
Cl
Cc2
C3

BILOCK

Al
A2
A3
Bl
B2
B3
Cl
c2
C3

NOV

170
400%*
81
34
61
22
24
34
20

MAR

100+*
100%*
54
50
49
25%*
22%
30%
21%*

Cl CONCENTRATIONS

DEC

203

140%*
200%*
40%*
35*
41
21*
20%*
30%
20%*

MAY
34

658
47

S50*
30%*
30%
25%
25*
25*
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