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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

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/1 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 leach 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 mg/1 to approximately 600 mg/1 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, lithium, barium, strontium, 
titanium, zinc, 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.
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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 oil 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 location. Contamination of shallow 
aquifers by reserve pits has been documented in Montana,
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2
Oklahoma, Alabama, North Dakota, Texas, Arkansas, Wyoming, 
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 
nonha z a rdous 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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that are a threat to water, soil and vegetation (Hicks 1983a) .
oil production in the Williston Basin
As of 1982, there were over 4000 oil 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/1 in north central North Dakota 
and 100,000 to 200,000 mg/1 in eastern Montana (Dewey, 1984). 
Pit reclamation in 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 Scowotcr, mg/l. Oil-field brine, mg/l.

Sodium 10,600 12,000 to 150,000

Potassium 380 30 to 4,000

Lithium 0.2 1 to 50

Rubidium 0.12 0.1 to 7
Cesium 0.0005 0.01 to 3
Colcium 400 1,000 to 120,000

Mogneslum 1,300 500 to 25,000
Strontium a 5 to 5,000
Borlum 0.03 0 to 1, 000
Chlorine 19,000 20,0)0 to 250,000

Bromine 65 50 to 5,000

Iodine 0.05 1 to 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 loading of chloride into the Yellowstone 

River;
9) The reclamation technique best suited to reverse 

soil contamination on site;
Location and description of studv 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 oil pumper area. A number of small irrigation channels 
supply water for flood irrigation near the site.

Climate
The climate is semiarid, characterized by cold, 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 hvdroaeoloav of Richland Countv. Montana 
Groundwater is present in eight major aquifer systems in 

Richland County 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.

Groundwater 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 quantities 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 oil producing areas of the United States. 
These studies demonstrate that chloride and other ions often
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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 soil 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 Ivsimeters;
Figure 3 shows the location of monitoring wells and

lysimeters. Appendix C details well and lysimeter
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 (hoilow-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 2 3 
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 JO 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 conductivity of the shallow, unconfined 

sand and gravel aquifer was estimated from an aquifer test 
conducted at well MW I5p. 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 Quahtab 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/1 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.

Laboratory methods - Chemical analvses;
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, pH, 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 I CPS (inductively coupled plasma 
spectrometer) were: silver, aluminum, arsenic, boron,
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).

Sie.y.g....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 measuring the volume of 
water needed to fill the empty void spaces.

X-rav 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 
III.

Random-Walk is a 2-dimensional model that can simulate 
contaminant transport in an unconfined or confined aquifer 
(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 

RESULTS AND DISCUSSION
This chapter presents all data collected in this study. 

A short discussion will follow the data in each section.
Site hvdroaeoloav

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 deposits 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 
aquifer 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 aquifer 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, yet 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 lower 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 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 conductivitv and specific yield
One constant discharge acpiifer test was used to estimate 

K (hydraulic conductivity) using 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/ft^ (7 x 10'̂  cm/sec) to 25,000 
gal/day/ft^ (1.0 cm/sec) depending on the well location and 
whether the delayed yield or the partial penetration method 
was employed. K is probably close to 4200 gal/day/ft^ (.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 low. 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:

V = K I7.48 n
where V = velocity (ft/day)

K = hydraulic conductivity 
(4200 gal/day/ft )

I = gradient (.0026 to .001 
depending on which month) 

n = porosity (.25)
7.48 = conversion factor for 

gallons to cubic feet

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 zone 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)
Samole site Deoth % Na % Ca ESP R)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 4d) . 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 MW 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 lysimeter 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/1), Manganese
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Table 3. Ions in the shallow aquifer attributed to brine 

seepage (dissolved ions reported as mg/1)*.

iMETER DATE
LOCATION 
SITE 2/21 SITE 3 SITE 4 MW 7s 13

Ci 07/22/87 145 357 226 119 9510
10/22/87 111 113 172 ' 109
04/23/88 102 96.3 83.2 86.4 8350
06/28/88 105 147 175 84.9 7310

Mg 07/22/87 31.2 90.7 50.6 53.6 1270
10/22/87 34 35.8 44.5 53.2
04/23/88 32.4 37.4 42.6 42 1260
06/28/88 37.2 38.7 43 43.3 1300

Ni 07/22/87 63.5 1436 681 196 8470
10/22/87 85.2 229 462 211
04/23/88 91.8 105 143 162 88600
06/28/88 89.1 324 476 146 73500

K 07/22/87 3.8 25.4 28.4 8.2 1040
10/22/87 4.5 8.1 18.7 8.6
04/23/83 3.3 4.5 0.6 6.3 1020
06/28/88 5 14.4 19.2 7.3 885

Cl 07/22/87 31.9 2660 1060 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 60.6 130000

Hn 07/22/87 (.001 5.01 0.29 0.003 42
10/22/87 (.001 0.4 0.085 (.001
04/23/88 0.006 0.28 0.022 0.015 35.9
06/28/88 0.001 0.077 0.001 0.002 30.9

HC03 07/22/87 349 532 589 476 220.8
10/22/87 438 484 539 478
04/23/88 438 470 SOI 506 332
06/28/88 332 441 503 448 268.4

S04 07/22/87 203 256 253 243 690
10/22/87 187 208 227 227
04/23/88 213 233 251 267 1110
06/28/88 209 243 260 234 223

N 07/22/87 22.7 2.61 9.14 4.03 25
10/22/87 5.89 3.85 3.21 2.22
04/23/38 4.34 1.55 0.97 1.24 (.04
06/28/83 11 10.6 3.28 2.75 36

♦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/1).

LOCATION
PARAMETER DATE KM 21» MW 3 MW 3» MW 4s MW 16» HN 20» L3

B 07/21/87 1030
10/22/87 220 570
04/23/88 140 38000
06/28/88 120 400 820 600 38000

Li 07/21/87 370
10/22/87 71 160
04/23/88 20 13100
06/28/88 20 130 190 100 10000

Ba 07/21/87 530
10/22/87 92
04/23/88 60 320
06/28/88 110 100 270

Sr 07/21/87 7300
10/22/87 1020 2510
04/23/83 990 241000
06/28/88 630 2660 2780 940 207000

Ti 07/21/37 29
10/22/87 3 S
04/23/98 <l <1
06/28/89 4 6 8 5 <1

Zo 07/21/87 14
10/22/87 4 <3
04/23/88 <3 880
06/28/88 <3 <4 3 <3 430

Be 07/21/87 21
10/22/87
04/23/88 <1 26
06/28/88 1 21
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(>0.05 mg/1) and chloride (>250 mg/1) . Nitrates and Manganese 
only exceed these standards in the spring and summer at the 
pit area; chloride is generally above the recommended drinking 
water standards 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 groundwater are 
identified by comparing the pit mud soil moisture analyses 
with the groundwater analyses. They are: nickel, vanadium, 
zirconium, aluminum, silver, cadmium, iron, 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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Cl CONCENTRATION m g / l  FOR JULY, 1987

/
SCALE 1:129.8242

Figure 11, Chloride plume map July 1987 (CI = 400 mg/l).
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Figure 12. Chloride plume map October 1987 (CI - 200 mg/l).
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Cl CONCENTRATION m g / l:  APRIL, 1988
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Figure 13. Chloride plume map April 1988 (Cl — 40 mg/l).
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Cl COMCENTRATIOM m g / l:  JUME. 1988
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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 aquifer 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/l 
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 O) have similar chloride 
concentrations as down gradient monitoring wells sampled in 
this study. 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 chemistrv
Data provide by the United States Geological Survey shows 

no significant increase in chloride, sodium/ sulfate, calcium, 
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 valley 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 soil 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 (01 = 15 mmhos/m) (July 1987).

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



50

S I T E

PUMPEAX^

23 19

20 20 20 21

2030

33>• 18 IS
40

33 60 % 76 46 2941 20
19

264623

Figure 16. Contour map and data plot of EM 10m vertical mode 
survey (Cl = 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 soil contamination. This is 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 better job 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 SC could not be 
determined with these data. Monthly EM data, collected during 
water quality sampling, is needed to quantitatively determine 
groundwater quality 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/ft^ 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/ft^ 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/ft^ 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 
simulation.

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 month from 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 (.2 5), 
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 level 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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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.
M PMâl GbiacMs ipad
To calculate annual chloride loading, a cross section 

extending from MW 5 site, MW 4 site and MW l9s/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 zone (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 SimulatedJuly; 732.45 100.25 2503.9August: 822.46 94.9 1564.9September: 450.86 81.43 251.7October: 242.06 80.56 149.7November: 113.75 55.44 183.7December: 70.56 51.9 45.0January: 56.28 51.9 45.0February: 40.71 45.28 44.5March: 47.01 46.55 45.0April: 44.66 41.58 45.0May: 210.19 100.25 2245.3June: 306.01 102.22 898.1

TOTAL: 3137 852.3 8021.9Ibs/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 load. 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. Tfie ditch water varied 
from approximately 20 to 35 mg/1 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. In 
some instances the up gradient chloride concentrations were 
higher by a few mg/1 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/1) and the
groundwater flux into the ditch (two gpm or 7.57 1/minute). 
Using these values, 0.057 kg of chloride per minute enter the 
ditch which produces an increase in chloride concentration of 
.64 mg/1 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/1.

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 soil 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 largest chloride
concentration at L-3 (156,000 mg/1) was used to calculate the 
volume of removable chloride (where 3,565,800 1 x 156,000 mg/1 
= 5.5626 X lo” 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 is 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 solid 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, limiting 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 
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 require 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
1) Groundwater quality analyses indicated elevated 

concentrations of calcium, magnesium, sodium, potassium, 
chloride, manganese, bicarbonate, sulfate, nitrate, 
boron, lithium, 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.

2) 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,

3) 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 oil 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.

12) Flow modeling accurately simulated flow direction, head 
and groundwater velocities.

13) The accuracy of simulated chloride concentrations were 
limited by the simplicity of the groundwater flow model, 
Random-Walk limitations 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.

14) 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 oil based mud or mud containing diesel fuel 
additives. Volatile, semi-volatile and long 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 in 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 techniques to stop or 
reduce brine contamination.
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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 gnelssic precambrian basement 
(Carlson, 1985).

As of 1982 oil removed from the Williston basin in Montana had 
totaled 21,923,760 barrels from 1,360 wells (Dewey, 1984). Major 
oil 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 oil 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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E x h ib i t  3. Stratigraphie column for Richland County^ Montana 
(from Slagle, 1981)
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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 (19 60) 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 erosional 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, 193 2). 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

89
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



deposited after an erosional period, which topographically has 
changed little since deposition of the older alluvium (Howard, 
1960). Exhibit 3 is a stratigraphie column of units discussed 
above which also reviews water-yielding characteristics of each 
geologic unit. Alluvial deposits generally yield 10 gpm.
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APPENDIX C 
WELL CONSTRUCTION
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H E L L  C O N S T R U C T I O N  I N F O R M A T I O N
SCREEN TOTAL DEPTH OF

HELL 1 ELEVATION CASING SLOT/LENGTH LENGTH PENETRATION
HU 1 1922.1' 2"PVC 120/3.0' 21.75’ 20.0’
MW 2 1920.14’ 2'PVC 120/5.0’ . 20.0’ 18.0’
MW 3 1920.14’ 2"PVC 120/5.0' ' 20.0’ , 13.17’,
MW 3s 1920.89’ 2'PVC 130/2.25' 14.0’ 11.4’ '
MW 4s 1921.09’ 2'PVC #30/2.0' 14.0’ 12.33’
MW 4a 1919.74’ 2'PVC 130/2.(1’ 16.0’ 14.17’
MW 4d 1922.24’ 2'PVC #30/2.0’ 22.0’ 19.75’
MW 5 1919.59’ 2'PVC 130/5.0’ 20.0’ 18.03’
MW 5s 1919.34' 2'PVC 120/3.0’ 13.5’ 11.5’
MW 6 1921.14’ 2'PVC 130/5.0’ 22.0’ 19.0’
MW 7s 1919.84’ 2'PVC 130/1,5’ 15.3’ 13.8’
MW 7d 1919.69’ 2'PVC 130/2.0’ 24.0’ 22.17’
MW 8 1915.72’ 2"PVC 120/3.0’ 22.0’ 20.5'(?)
MW 9 1920.48’ 2'PVC #30/2.0’ 22.2’ 19.62’
HU 10 1916.67’ 2"PVC #30/3.0' , 23.0’ 20.17’
MW 11 1919.74’ 2"PVC 130/3.0’ 23.0’ 21.75’
MW 12 1917.77’ 2'PVC #20/3.0’ 22.0’ 20.0’
MW 13 1919.09’ 2'PVC #20/3.0’ 22.0’ 19.5’
HU 14 1921.54’ 2'PVC #20/5.0’ 23.0' 21.33'
MW 15d 1919.84’ 4.5'PVC #20/14,0’ 21.r 1B.6’
MU 16s 1919.87’ 2'PVC #20/6.0' 14.0’ 12.0’
MW 17s 1918.18’ 2'PVC #20/3.0’ 15.0’ 12.6’
MW TBs 1917.75' 2*PVC #20/3.0’ 13.0’ II.O’
MW 19s 1920.74’ 2"PVC 120/6.0’ 17.0' 14.8'
MW 20s 1917.96’ 2"PVC #20/3.5’ 13.5’ 12.8’
MW 21s 1920.64’ 2'PVC 120/3.0’ 15.0’ 12.4’

LYSIMETER CONSTRUCTION INFORMATION
TOTAL

LYSIM. i CASING DEPTH 
L2 1.5'PVC 5.17'
L3 1.5'PVC 6.83'
L3s 1.5'PVC 4.25’
L3SD (NONFUNCTIONAL!
L3SS (NONFUNCTIONAL)
L9 1.5'PVC 5.42'

DEPTH OF 
PENETRATION 

3.59’ 
6.41' 
2.92’

3.94' (DESTROYED 10/87}
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APPENDIX D
MONITOR WELL LOGS, SIEVE ANALYSES AND SITE GEOLOGY
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LITHOLOGY KEY
■It .< t ;>;t;nTr.TTriTt;T/.v\r.rcv

Blackish tan/dark brgwm soil, fine to coarse sands with 5 to ISI s ilt  
and clay, and S to 20% gravel, aoist, eoderate to poorly sorted, rounded and 
subanoular^______________H  ^.1 -M . ... l u t  — . I —  « T =  . « —  . I * — — — — — .- nil     —  - - -- - - - - - - - - - - - - - - - - -  - - - -ij

S O
SO -  Blackish tan to green soil, fine grained sand with 25 to 35% s ilt  and 
clay, eoist, socerately «11 sorted, suoreunded to subangular, a fe» gravel 
bits and clay lenses.

’  '■*<* soil *nd debris, coarse to fine sand, gravel and
s ilt :  n iih 5 to lOZ clay (?), v. poorly sorted, suorounded cravel and 
csbbles, 5% coarse clinker bits, trace wood and plastic debris.Cf* .      -... ...y i.,wi..yriiw vwn*. n mmr i , ■■■■ ■.-■ .. —   ... ...
FI" “ Blackish brown and grayish f i l l  sail, aediuj to v. fine sand with 10 

ÎÈM^ ^1- coarse grains and 20 to 30% silts  and clays, 5 to 157. gravel, poorly sortedI subroundsd to subangular, 5% clinker bits.
ifS* a: .. M a_ -- -- ----- ------

" 1̂ *" brown to green clean sand, aediun to fine grained with 3 to i t  
S D  gravel, fa ir ly  well to well sorted, storoundei ta subangular, 3t: rich with

5 to 10% doloaite and clinker, 2% aica, and trace coal bits.

I

Tan brown fa irly  clean sand, seliua grained with 10 to 20% pea grave:,
S D  V v H w i  fine and coarse sand, ocderately sorted, suorounded to subangular sand and 

subroanded gravel, 8tz rich, 5% clinker, dolssite. agates, and coal bits.
-----_2— — ;-----------r-------:----7-— :-------:—  -----— —

S%SR -  Brownish sand and gravel 
kl/.'l*. '  '  5% cobbles, 2 to 10: s ilt  and clay,
M i * S D & G R  and subroundsd gravel,
I y . y d a l o n i t e .  sandstone, and a-oate

fins to
»1

coarse sac a with .5 to 3 men 
poorly sorted, subangular 

at: rich with siltstone. granite, gneiss,
#1se^e amaiisr Asfsrtal Ç.rr s% 9̂

CL -  Cart gresn to gray pit *ud, silty/clayey fine sand with a few clinks 
bits and pea gravel, 30% s ilt  and :')% clay, acderately Sbrted. rounaed t 
suhrcunded clasts, moist, oily seell (diesel?!.

SL5CL -  Gray to dark green clayey s i l t ,  trace gravel, eocerately sorted. 
=f== SLS<CL ■ ' ^  rounded to subrounded clasts, v. eoist, oily soell near pit area-pozsibly a

trench dug fro# the reserve p it l? ', aore tan colored away tr-oa the p it.

CL/SD ■£?i£̂ aiil CL/S5 -  Brown interlayered clay and sand with 2u% gravel, v. peeriy asrteî
sands and fa ir ly  sorted clays, subrounded. Qti r i:n , trace clinker bits.

S L / S D ^ ^ S L / S B  - Brown intsrlayered s ilt  and sand with 15 to 20% gravel, pcsrlv 
sorted sands and fa ir ly  sorted s ilts , subroanded, Bt: rich.

S L / G R ^ ^  SLySB - Gray to Brown clayey-silty sand with 5 to 10% pea gravel, -u» s i..
' -"»( clav, aediua to coarse sand, moderate to poorly sorted, aoist, t ill)? .'.

py .  Fgft Union bedrock, thick layers of gray silty clay ana black coal
F U  beds, ZCÜ fine sandy lenses and trace pea gravel in si I tv clay, fairlv well

^  sorted, rounded to subangular, v. eoisi to wet, v. dense ‘ siltstone'.
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:S/^njû S / l i ^ P c S

SIEVE A N A L Y S IS  O F  S O IL  
A N D  A G G R E G A T E

USDA FOREST SER VIC E  REGION 1

F O R E S T

L A B
NO.

PROJECT :ry£j?Sûf̂
L OC ATI ON CO.

S I E V E  SI ZE W E I G H T  R E T A I N E D •/.  R E TA I NE D •/. PASSING SPEC. GRADATION

3 "  ( 7 5 . 0 m m ) 0 0 / o  0
2" ( 5 0 . 0 m m ) n 0 / o o

1- 1/ 2 ' ( 3 7 . 5 m m ) 0 0 l O O
1" ( 2 5 . 0 m m ) 0 0 m o
3 / 4 "  ( 1 9 . 0  m m ) 0 0 / 0 0
1 / 2 "  ( 12 . 5 m m ) sr/. ç - c 4 ( 4 3 9 5 -. 5-7
3 / 8 " ( 9 . 5  m m ) / z . o ^ /.o3 9 / 5 /

* 4  ( 4 . 7 5 m m ) .0  ^ 3 . 7 8 G yfo.iù
PAN /  0  S ’S". 0  g 7 5 -

T O T A L )! (pZ .0 CA W E I G H T  O F  / / ■ < - < -  
O R I G I N A L  S A M P L E  / / < a 5 . 5  gSieve Loss o r  Gain _________ -

S I E V E  S I Z E We i gh t  R e t a i n e d  X :  ‘ / . R E T A I N E D 7. P AS S I N G SPEC. GRADATION

'6 (2.36 m m  ) y 3.G S'/r 87 6/
*"10 (2.00 m m )

* 1 6  ( 1 . 1 8 m m ) / 5 - g Szo
' 3 0  ( . 6 0 0 m m ) -30.1 yf. (pG 79 7^
* 4  0  (.4 2 5  m m )

* 5 0  ( . 3 0 0 m m ) 3 9.9 70. f
* 1 0 0  ( .1 50  m m ) JS^.O j'A.z.y
* 2 0 0  ( . 0 7 5 m m ) /<79 y Tr 37 /Z.8J
Total  Minus ^ 2 0 0 r5-. 5" /Z.87
T O T A L H 39/ 3
Sieve Loss o f  Gain H - A • 8

M I N U S  ’* 4 0  M A T E R I A L  IS:  

P L A S T I C  I 1 
N O N - P L A S T I C

T OT AL  DRY W E I G H T  B E F O R E  W AS HI NG  A .

TOTAL DRY V/ EI GHT A F T E R  WA S H I N G .  
B E F O R E  S I E V I N G

R E M A R K S

MINUS "^2 00  W A S H E D  O U T ( A - B )  

m i n u s  * 2  0 0  F R O M  S I E V I N G  PAN  

T OT A L M I N U S  * 2 0 0  ( C * D )

M I N U S  * 4  C O R R E C T I O N  F A C T O R .

B -  

C_ 
D_ 

E .

W~.

JY7.^
y/z..?

iZ-.Cs

■Z-ZHV

FORM NO.
5 1 - 7 1 0 0  M T L - 2  2/ 0O

O P E R A T O R

_____
D A T E C H E C K E D  BY DATE
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SIEVE A N A L Y S IS  O F  S O IL  
A N D  A G G R E G A T E

USDA FO RE ST S E R V IC E  REGION 1

F O R E S T
F I E L D L A B

N O .  ■

L O C A T I O N  ‘;?lcHCJi^ûtCO.

S I E V E  SI ZE W E I G H T  R E T A I N E D . •/. R E T A I N E D •/. PASSI NG SPEC.  GRADATION

3" ( 7 5 . 0 m m ) O a 7oO
2 "  ( 5 0 . 0 m m ) o o Joo

1 - l / 2 " ( 3 7 . 5 m m ) /^7.0 ^ -z-sn 4 7  V - Î
1" ( 2 5 . 0 m m ) j 0̂ 7-0 /  7D ff 73
3/4" ( 1 9 . 0  m m ) Z 6 4 . D f/yz
1 / 2 "  ( 12. 5 m m ) _____ ............... 7  Z 6 8 4 .  / 6
3/8" ( 9 . 5  m m ) ■7.9ns- a 70 7f 4%
*4 ( 4 . 7 5 m m ) __ /o./S' G 6 7  3 /
PAN VZ VZZ) "ct 6f.5/
T O T A L (̂ / Z-C> .O Cf W E I G H T  O F

O R I G I N A L  S A M P I  F 6>/Z/ 0  4Sieve LOSS o r  Gain ----- - 7 1 . /  g-- -------

S I E V E  S I Z E V/ ei ght  R e t a i n e d  X  -g-  = • / . R E T A I N E D •/. P A S S I N G SPEC. GRACATION

’8 (2.3 6 m m  ) 5~5~-V.
* 1 0  (2.0 0 m m )

* 1 6  ( 1 . 1 8 m m ) 67 % g 23 5^5/
* 3 0  ( . 6 0 0 m m ) fry f- //.&/

*40 (.425 mm)
* 5 0  ( . 3 0 0 m m ) 8 4 . 1 /g- 2 7
* 1 0 0  (.15 0  m m ) f-

f-
/ 7  70 /V -7 i

* 2 0 0  ( . 0 7 5 m m ) 7 J 7 . 7.4/Z
Total  Minus * 2 0 0

t o t a l H
ggg-,7..̂.

Sieve Loss or Gain H - A -f-

M I N U S  ^ 4 0  M A T E R I A L  IS:  

P L A S T I C  n  

N O N - P L A S T I C  ^

TOTAL DRY W E I G H T  B E F O R E  WA S HI NG  A

TOTAL DRV WEIGHT A F T E R  W A S H I N G ,  
B E F O R E  S I E V I N G

MINUS " ’2 0 0  W A S H E D  O U T ( À - B )

m i n u s  * 2 0 0  F R O M  S I E V I N G  PAN

t o t a l  m i n u s  * 2 0 0  ( C - 0 )

R E M A R K S

M I N U S  * 4  C O R R E C T I O N  F A C T O R ,  - 0 - =  , / Z Z / Z

B .

C .  

D_ 

E .

H

r/5. g
TV- 6
(oO- 7-

F OR M NO.
5 1 - 7 1 0 0  M T L - 2  2 / 8 0

O P E R A T O R

5Â*
D A T E C H E C K E D  BY d a t e
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SIEVE A N A L Y S IS  O F  S O IL  
A N D  A G G R E G A T E

USDA FOREST SERVICE REGION 1

F O R E S T
F I E L D  Nq. 6>Pfiv£L L A B

NO.

P R O J E C T

LO C A TIO N  i OO .

S IE V E  S IZ E W E I G H T  R E T A I N E D •/. R E T A I N E D •/.  PASSI NG SPEC. GRADATION

3 " ( 7 5 . 0 m m ) O O i O O
( 5 0 . 0 m m ) O /OO

1 - 1 / 2  " ( 3 7 . 5 m m ) 4- S T . 47
1" ( 2 5 . 0 m . m ) 3or. 5-
3 / 4 "  ( 1 9 . 0  m m ) zoi. r /7. / f 5'^53
l / 2 " ‘ ( 12 . 5 m m ) 'Z.'L.ol S'/SI
3 / 8 ” ( 9 . 5  m m ) Z  ZH.O IT- .oS %Z.Z7

( 4 . 7 5 m m )

PAN 3 3 7  f I O!
T O T A L -Z.I O g . o

Sieve Loss o r  Coin -  //. 5"
W E I G H T  O F  
o r i g i n a l  S A M P L E . %il4.f

S I E V E  S I Z E V/ ei ght  R e t a i n e d  X V .  R E T A I N E D 7 . P A S S IN G SPEC. G R AD ATIO N

(2.3 6  m m  ) 5̂-5" 2.o5~ /393
* 1 0  (2.0 0 m m )

* 1 6  (1.18 m m ) ///■  7 / . Ÿ 7 //- %
’ 3 0  ( . 6 0 0 m m ) 3/./
* 4 0  ( . 4 2 5  m m )

* 5 0  ( . 3 0 0 m m )

* 1 0 0  ( .1 50  m m ) f̂ ■(p rA Ç.-Z.I
* 2 0 0  ( . 0 7 5 m m )

f -
A -

/■7g 3.ZZ
Total  Minus * 2 0 0 3
T O T A L H 338. ̂
Sieve Loss or  Gain H - A

A
M I N U S  * 4 0  M A T E R I A L  IS:  

P L A S T I C  □  

N O N - P L A S T I C

T O T A L  DRY W E IG H T  B E F O R E  W A S H IN G  A 33  7  f R E M A R K S

TOTAL DRY WE IG HT  A F T E R  W AS H IN G.
B EF O R E  S I E V I N G  B .

MINUS " ’2 0 0  W A S H E D  O U T ( Â - B )  C .

m i n u s  * 2 0 0  F R O M  S I E V I N G  PAN D .

T O T A L  M I N U S  * 2 0 0  ( C . D )  E .

M I N U S  * 4  C O R R E C T I O N  F A C T O R .

Z7i(.g
JiO, 7

r

_G_
H 0^1 !^Z

FOR M NO.
5 1 - 7 1 0 0  M T L - 2  2 / 8 0

O P E R A T O R D A T E

///87
C H E C K E D  BY DATE
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REGION I MATERIALS TESTING LABORATORY 

U.S.FOREST SERVICE 
SOIL AGGREGATE GRADING CHART

1 ^ ,  -W’tfÇ—:  m r

Hfs ; » ! X
cotfei!' __1  £iSt_

  6RAW Sl2( |KU)

fitus «
«.OCATiOH
'RlÔ tÂrJÔ, LO

ivBZbor/

DATE

7/57
SILT SHE CL*T SHE

m a

s
5

L iJ U -I i.ii. I. I îz rz în >z :  ; s
E.

Ftt

slllS !

ÎÎÎÎ
i  SCàt.1 t '9 4 -5 2 *1 0 •! 2 * i  » * • J 6 ' t  «9
LL W 4# CL*9S4̂ K>1lÛN tNiFiCD Cca$$)F»CaTiOn F1.CTTC0 BY ChCCkCB #Y

6 ^  5̂  5 v V 5 P % 7
FOAV NO. ?4-7/00-MTfl5
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1 9 2 0  f t .  

5 8 5  m
M O N IT O R  W E L L  1 1

1910 ft.

5 8 2  m

1 9 0 0  f t .

579

1 8 9 0  f t .

5 7  6  ffi

D IA G R A M M A T IC  R E P R E S E N T C .T  IO N

S O I L
F I L L  C L A Y  L E N S

' Q  ; S A N D  L  • g-cGRAVEL'̂

F O R T  U N IO N  B EDROCK
S A N D  L E N S

M O N IT O R  W E L L  1 4M O N IT O R  W E L L  4 d  

M O N IT O R  W E LL 1 2

A,

3 J = C L /S D i

h m x

R
LS D S .G R

t e
W i

F IG U R E  XX 
C R O S S  s e c t i o n  8  -  B". IV E R S O N  S I T E

v e r t i c a l  s c a l e  
O 5  f t

1 . 3  m 
h o r i z o n t a l  S C A L E

O lOO ft.

3 0  m

ô / ? û 5 S

/
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Q U A N TA B - C H LO R ID E  TITRATORS
INFORMATION SUMMARY f-cmes]

CEMERAL
TiT/a*ô s are

cenvcn.wni - r e is ^ m  j  Je *  ce» lo r « ü  icW on^e ! n 
ic i-e o u i s c ; j ! ’ j r 's  j r  ; , :u 'e  a ju e cve  e itra c ;io n $  oi 
Ü(iCS -I*. in'* iOC'3* rr-iT.' -h-îCî t'On 011 <60 COfi O—ii-SO’ufir. >n»jrNaO CUANTA3T.lraws«re Mil- 
acii.-t^ j i ' f .  g rov .'ie  je !» x * 've  re iu iis  w h < fi
arc te  e a j .ï-io if'îe 'C 'rrî * :o  rreanrr^rw l ariswers 
*.''•■■••■ m c i:3 «  ng la it  c . e c c " f  a :: ln  >s •r 'o .jr ta n iP̂ COuCT iCEN'iPtCATlON0UA-.TA3 Cm<cr d, Titra'Of No lt?S
C UA N TA B  Cm:or,3e 
Tiirarof N o  l i / S

C ‘J A S ’ A 3  CMO':Ce T.ua’or No 1177

ASii^Ox^WATE-;*Sir,CN RAsoe
■r-. roOCeiNaCi 

ÔC «âC sam . C l "

0 5 * . lo O  S% N a C I -  
3CC :o 3 5 0 0  som O "
:'.V (n j i i  ;;,on.'e%lrac:ion srocecvre uO 10 
« e t  N a O  Of 
35 COO sam  0 - (

C € \  :o e 4 1  N a O -  
3 50-3 10 3 8 .4 00  asm  C l”  
' .L :  rc u  T uf a ICO 
*.1.1 l-u'-cn !

A P P LIC A TIO N S  T fe  Q l a n * - 3  -netPcO tof measur- 
II"g îTiisr 8e» emoJoy» a s irec! in ie 'ac tion  a l c fiic 'ic e  
* 'im  » . i /e ' 3'C-**roma*e O icn .'Sm aîe  i» a Ire o u e n tiy  
e - : i : , e a  iss isa isr ic* tii-anan al en isr-sc  « u n  »i!- 
ver sait»

QUANTA3 CMeriCe T.ira'sr» may te  USOS *r*er.ever 
»a I cNsriO e; m ea»ers r-ea : ta* conrai .» m a c la n l

L -iteO  Se'Cw are T re e  .n tu s lr ie s  m * r - . ic t  O U A N T A 8  
I» te ip g  u » e i ia e te s s ' jH y

1 Crverriical 2  F .*x3  3 P e iro le c m

AOCii'orial cse or aseiicatien  m lcrm ation ,» avaitaOie 
oBcn reace»!
p c a p tS A T .O N  C P  T E S ' S C LU T i O n S
Goaa -cîKit» WIN Ou AN TA 3  CMo'ioe T.invar» may
On acPie.ec a , ic u a w n ; ;nc»e .n»:r-.;a-ia".s careiui’y

Far A aucout S am gie»
v e a a . - e  a , r e : : , /  t>  » r g  i.n* a a c ra e r a e  Q l a .n 7a 3
C'-isr-ae T t-a io r  a-..j aa 'c 'u i'y  'a i ic *  r j  T e  s e c ra r .
Teasec C 'R S  Z t c - N S  Asueau» sa.-s-es s a m a i'-T s
m c-e Sel irar. "n e C O A N T ^ S  a c a e r lir  .*a a e  te m e a s -  
u rea  *  :N Q u a .n t a O C P io r.ce  T . ir a 'o r j  cy  a iia iin g  T e  
s am a iï 10 ae le s re t t t ' j r »  a e 'lo rm n g  T e  rneas^re- 
meai Te T£:a n T e  aar-eai ra i.e  o' sa- copic t: te 'o re  
s l . i . c r  mul’ .o iy -eS'rll 3 '  OUA.NTA3 aaliaralion l a f e  
t y  ine tiiu tio n  laaior

For S o lid  o r S e m i'S o lid  Samples.
Use Oilul'on. E s ir ia tio n  Procedure S elow
1 V ; *  or çr c 3  a 'e a re s e n a ' .e  ocr'icn  o l sci-C ar 

$«m .-S il,8 SrOduCl IHoS Oiv î i . - ç  T e  OroO-jCl miO 
small par,O le» to m s .re  e*;raatiOo cl sa l

2  w e .çh  ic  gram» ol rmeiy-Orviced procucî and place  
in a sui'aaie c o r :a , re r

3 Add 90 ml bcriirig water Sl<r r o iin re  yrjorausiy 1er  
3 0  second» tlren wait o re  m m uie and »: * a ic to e r  
3 0  sec008» !p coiaift a good eairacron  c i sa : Irom  
T e  sa-r.pie . Drlut'O" fa c to r ,» 10 :

4 Fold filter paper circle m  hall twice ooeP into 
cone-shaped cup and e 'ace  cue m n  e u r a c ip -  
seJjiicn  10 eetieci a lew  drops o l t i i fa te  scmtion 
T s id e  cue before pertorm in j test

D IR E C T IO N S
1 P la c e 'o w s r e n j  i |  O u 'anT aB  ih m e sc . t . j i t c o e  

tested iim.m.e'S'Otr of entire O 'JA.nTas t s*e- 
tr.gger ccm pieiicn  S'gnai )

2 A llow  te n  sdu t'on  ie  saiuraiecoluern.Tni».» a c c im . 
pushed Nee m-nutes after m e yenow les: ecrnpiei.cn  
jjgrvat acfpsa the top of m e column begm» to turn 
dadi blue This usually recuire» about 20 minute»

3 Result» may be read Irorn 30 second»to 5 minute»  
a 'te r com plete signal coipr change o c e u n  -.Str.p 
encess flu id out o c e n  end  lo  m a»» test re»u ii 
perm anent I

i n t e r p r e t a t io n  o f  r e a c t io n

Î  K ecors O UA-nTa3 ea j.r.g ig the nea-est C'-e-r'ati 
8 i*-s,cn on the fiu m c e re ; scale at m e t c  c i m e 
w hile color change

2 Convert QrjANTAB -eaSing to pe'Cent sa t : r  ppm 
chicride tmg. chloride par liter) using the canbra- 
îico  taste on m e revc 'se  s e e

3  If sampte has been diluted, m ultiply resun on cai,. 
sraticf. tasie by Suution fac 'o rtc  osta.n sat: content 
of sample

TE C H N IC A L
Cr-iEM lSTRY: Q U A  STAB Chloride Titrato's cc n » »r pf 
a thin, chem ically i.ner: plastic stnp Laminated w.th,n 
the strip I» a capiltany colum n iit'pregnated w th  sitver
dichrom ate W hen O 'j a .n t a s  C n ic ic e  T jra tp r j are  
places in adueous so lu t'cns 'lu ic  w il nse n me c n  j~i.n 
by capil'ary act'on anc continue tp p cg ess as ic -g  
as cn.ior.ee sciution. enter» m e cpi.m.n The reac ' cn 
e l silver dichrcm ate w in  cM orice sa t, p-ocuces a 
white color change ,n the cap.Uc.N cctumn v/r.en ;ne 
C3Ciiia.iy column s com pieteiv s a t . - i 'e d  a TC.stu.-e- 
sensitive Signal ac css the tco o' t'-e c o i-m r < 
cars ciue and tn-e chicnce ccnce't'a ti.on  has t 'e -  
te e n  m essu’ ec as silver chicnde Ti-e 'e a c i .c  mat 
laves p ace ,n its.» m easurerreni can cc evp a in ec  oy 
the Chemical eouaiicn

A jrC r.-O t
iB row n)

2 N a O N » ;C -;0 - •  2 4 get 
.■-Vh.ite;

The engtn  of m e white coipr charge  n m e caciiian, 
column .» proco.hionai tc ctvionde co 'ceniratic.n

s p e c i f i c i t y  For the a rp '-c s ’ icn c rs c  cec  
CUA.NTAS C nicr.ce  T itr jt îr »  »■« scec ' C 'or Chip, 
rides S-'om iies . lod.ces. S jH ic e i. strcng ac.cs a -d  
»:*ong bases can reac t w itn  Q 'J s n T A 3  Cn or *3 
T.trators. ncwever. they are ,-ot preseni .n .most sa.m* 
pies 10 be tested ,n sufficient a.mcunt» to a fe e t  test 
results N itrite  and n.trare have no effect on me est

lt3 T A D P R IN T E D  IN  U S A* 12 Pe.  sed 7 73
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PÊRfORWANCC TIPS
Cono P c jy t î i  may jv / 'Ç  O u a n t a q  <'*. •*'« ?r& v w*-% j a ‘ •*% -
occuf Tn« loiky^mAQ lOaas <*#n meo 'ewi^e pfOb:em$ wn#ch may a;,̂ e

Lom A##wfU Caijsed &y ••^como^aie €»î'aC( om ot sa4 ««x̂  9'oc^uc*
Raaoivec &v mo-e complete m*â*rtg Wie iAg p,A $'9"#) #'##. a^d *«CA*>0'a:t0A

Hig^ Re»«»’t  CdvWd Cy wanapie prpduc! o' av#r ea%, e«»racî*on
Ra&olv«d Oy feoahb^ai om or w * I C V  mo'e *a  »r *or «>i*aci>on

Sio«* R#ecmom Of Cavaes by tamoie Dfvçgmg wa'#d OM vçr.ai or compressed *«ck
N O  C o m > e t» c -o . R a $ o iy * d  Oy l i t ;e t * n ç  a n d  C* la rg e r  o , lu 1 ,o r  p tn  h c *#  ,n s .g n a i n o ; *@?ef

inacc% 'f*f#  M*gn Aaaorngg above  7 on :ne  Q u a n ta ©  sca*e «»w) cover a oroa^j iom.e:»mes wnaccep(ao<# ip rv a oAeadmoa: Aiways read ras;*iis œ#ow 7 0 ov cfvoos<!̂ Q aooroof̂ ai# Ckjanias O' oi*v:«f*o
Vaftawe Aeev*T» Non-feof*$er*(ai,\e oampies or var ao»# onoovc; Be sw'e wrrp»e a^o mtaî^rç #re :orrec?

Aacatiorate batcn

il tec*)r*cai O\jerifcoa anse, «mte of taü Venture Systems Ames D>y<Ston Mnes laoo aior es inc l'.gf M>nie 
Stfe*% P O  Boa ̂ 0 EiKnart. ind*ana *55i5 u S A Toreonpre 2'9‘>?fa~e&24

CALI8AATIOS TABLE
8e Sure control numoer for rab̂ a cofesconcs ic bcnie laoe- contro> numcer Tn,$ 'ab<a s mace from reoresentttiva 
samO'es ol tne beicn SmoM variations Iroin table mey œ  noted within any batch fo* Qreater accu'acy re âMbrai'om by user is auggeaM

OVANTA9 NaO «n *o*uhon aa

ou*NTAB CMtonioe htwator 1176
C aJibo iiion  at tim e  pf m anu fac tu re  

ÛUANTA8 Nad *n so<ut'On as

CONTROL NO. 0192119A

0 U A N ÎA 9  N aC i m S0<ut*On S4
Reading \  N fC I Pcm C l~ Reading % NiCl com Cl- Reading X s *C l oom a  -

mg C i~ /L mg 0 ~ . L mg a - . ' L

1 .0 U.025 148 4 . 0 o . l a y 11JU 7.U 0 .6 1  3 6 3 0

1 . 2 0 .0 32 190 4 . 2 0 . 2 1 1230 7 .2 0 . 6 5  3910
1 .4 0 .039 233 4 . 4 0 . 2 2 1340 7.4 0 .7 0  4220
1 . 6 0 .0 46 279 4 . 6 0 . 2 4 1450
1 .8 0 . 0 55 329 4 . 8 0 . 2 6 1570
2 .0 0 .064 384 5 . 0 0 . 2 8 1700
2 .2 0 .074 441 5 . 2 0 .3 1 1840 1 1 / 1 5 / 7 9
2 .4 0 .084 501 5 . 4 0 . 3 3 1980
2 .6 0.094 564 5 . 6 0 . 3 6 2140
2 .8 0 .105 630 5 . 8 0 .3 8 2310
3 .0 0 .117 700 6 .0 0 .4 1 2490
3.2 0 .130 780 6 . 2 0 .4 5 2630
3.4 0.144 860 6 , 4 0 .4 3 2900
3.6 0 .1 58 950 6 . 6 0 .5 2 3130
3.3 0 . 1 73 1040 6 .8 0 -5 6 3370

A r r ^  D iv is io n .  M i i e s U t y D f a t Q . ^ i e s i n c P O  B o x  7 0 ,  E i k h a n  i < 6 5 1 5

S 1979 MiJei L»t>Cf»iofiei Inc
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FALL AND WINTER GROUND WATER FLOW MAP
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CLIMATE DATA
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CLIMATE DATA FOR THE SIDNEY AREA Srjfre 
(F) (C) IF) 1C) IF) ([)

DATE fiV.MAX T AV.MIN T AVERS. T INCH PPT (ca) INCH EVP (ca)
Jun-B7 84.6 29.22221 53 11.66666 68.9 20.49999 4.02 10.21075 7.71 19,58332
Ju!-S7 B5.S 29.94444 56.7 13.72222 71.3 21.83333 2.87 7.289770 6.14 15.59553
fiac-57 BO. 5 26.94444 51.4 10.77777 66 IB.99999 0.97 2.463790 5.11 12.97934
5er97 77 24.99999 43.3 6.277777 60.2 15.66666 0.92 2.336790 3.59 9.118563
Cct-87 60.3 15.72222 31 -0.55555 45.7 7.611110 C.I 0.253998 2.63 6.680173
Nov-87 50.2 10.11111 24.2 -4.33333 37.2 2.8SB8SS 0.21 0.533397
Dec-87 37.3 2.944444 15.1 -9.33G9S 26.2 -3.22222 0.05 0.126999
Jan-39 25.1 -3.83333 -1.1 -18.3898 12 -11.1111 0.56 1.422394
Feb-83 32.3 0.499999 5.B -14.5555 19.3 -7.05555 0.49 1.244595
Mar-88 51.4 1C,77777 22.6 -5.11111 37.1 2.833333 0.53 1.473194
Aor-36 67.6 19.77777 20.6 -1.88388 48.1 S.944443 0.17 0.431793 4.97 12.6238
May-83 32.1 27.83333 46.4 7.99999? 64.2 17.88883 0.79 2.006591 B.24 20.9296
Jun-fc'S Ç4.7 34.83332 61.4 16.33333 78.1 25,61110 1.2? 3.225797 10.44 26.5176
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ANNUAL WATER TABLE FLUCTUATION
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C O M P A R I S O N  O F  A N N U A L  W L  IN T H R E E  WELLS
FFOU 7 /1 1 /8 7  TO 8 /1 2 /8 8

1,911

1.91

1.909

K « 1.908

1.907

1.906

1.905
0 9 /3 0 /8 70 6 /2 2 /8 7 0 1 /0 8 /8 8 0 4 /1 7 /8 8 0 7 /2 9 /8 8

MW 2
DATE 
MW 7s MW 9

COMPARISON OF DITCH WL AND WELL WL
FROM 7 /1 1 /8 7  TO 8 /1 2 /8 8

1.911

1.91

1.9095

-  ■? 1.909

1.9075

1.907

1.9065 4 --------

0 6 /2 2 /8 7 0 7 / 2 6 / 8 80 4 / 1 7 / 8 80 3 / 3 0 / 8 7 0 1 / 0 0 / 8 0

MW 7
DATE 

DrrcH 13
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AQUIFER TEST DRAWDOWN AND RECOVERY
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3UA.1TA3 RESULTS OF up* Cl IH HATER AT THE IVt?.S3N SITE . f.ICHLAIID, CO.
Kell 1 DATE

07/11)87 07/21/87 0B/I7.'37 10/20/87 11/22/37 12/19/37 01/23/83 «2/21/33 03/20/88 04.'23.3B 05 '24, 23 «6/26/88
1 (36 <36 50 (50
2 U S (36 (34 <50

21 41 34 <34 (50
3 2417 27B1 365 34 60 50 74

3s 61 <34 1164 547
4s 1330 1279 750 653 B’5
41 1/5 36 34 5) <50
4ji 150 895 ES 61 47 41 4! 47 50 <50
5 <34 52 34 41 1, 1 <50

5s 174 170 293 31 loi
b (36 <36 (34 34 <50
U 703 799 703 547 41S 34) 456 426
2') 750 547 425 425 365 2-7 241
19 83 81 41 54 54 81 47 60
15 <34 <34 <50
7s 152 113 192 170 152 61 101 97 101 61 60
71 5B 49 8! 61 (50
17 110 142 54 111 ill 142 (34 <50
13 115 122 87 C l (SO
a <36 34 47 55 60 <34 <50
9 <36 (36 <34 <50
10 <36 <36 <50
11 <36 <36 34 50
12 ( U 4 <36 34 <50
13 53 53 111 54 54 <50
14 <(36 <36 <34 <50

ASHCRAFl <<36 <36
EChfüïT
HEl'UR 93 7?
satELY '.<36 <36 <34 <50
LOtUd <36

SHEPflhN
CHITKOD « 3 6 <34

12 ;6«'0 >6C:«i 16000
U s ii'/O >60/0
U 26000 ' : b m
LB <36 (<36

DITCH 13 <<36 <34 <34 <34 :34 <50
D r c H  1 h ;,-, <36 (36 <34 41 <34 <34 <34 <5 1

ÎO
!:i2
74)
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CCNj UCTANCE CF W.ATER IN iiihot / C l  AT KIE IVESSC'tl SITE. R1CHL-"N'J, CO. C TO
Welt t DATE

07/11/37 07/21/97 08/17/87 10/20/97 11/22/87 12/19/97 01/23/83 02/ 21/83 03,20/98 04/23/88 05/24.-88 06/26/85 06/12;83
! 1400 1537 1597 1563 1085 743
Z 925 114S 1061 1137 1004 59? 823

21 11 i/o 1089 939 1)24 1)03 103’
3 5250 s;i5 9914 2213 944 1)57 1053 (41311 1135 942

3: 1331 1173 4131 2351 3159
4: SOC'O 4S35 4770 3245 2=41 3206 2:59« 1450 1631 1343 1379 1286 1178 1230
4,11 3000 3037 2763 151? 1289 1:21 1209 1082 1)85 1056 <27411 1215
5 900 1272 1309 1355 1242 nil 1187 937

5s 1S72 1570 1497 947 13';>5 1262
h 1075 H a l 1199 1192 1170 1)32 990
IS 3315 3317 2324 2339 1383 1729 2401 2234 18=3
20 3528 2311 1999 1844 1910 1435 1655
19 1417 1294 1117 1149 1170 1193 1196 1129 942
15 1170 1061 671
7s 1500 1679 1730 1591 1683 14)1 129) i:s4 1277 1286 1121 1174 345
7d 1293 1317 94! 1372 10-29 1223
17 1467 1479 1346 13/.7 1293 13C2 746 807 Ell
18 1623 1593 1254 927 1099
3 1200 1127 1220 1265 1157 1114 11'6 1207 l')3! 456
9
10

1100
950

1'231
933

1127
1021

1:09
11)5

1115
1041

1069 711
10=5

11 n c o 1311 1541 1644 1485 13.;7
12 £V0 S'2 1146 1226 1257 119') 1')I2
13 1200 1270 1433 1792 14S1 1017 1174 105'/
14 900 710 867 1125 1086 104 3 !0')0

tSHCSAFT 834 914
SCHintT 723 536 437
H£'JLt.9 1525 1534
SNESLY 814 962 1044 990 937 Eio
LOKAW 918

E1'.E.9MA5
CHHWOCD 13':'2 1372 1523 1542

L2 16=94 2=297
1.3s 05':'0'7')
L3 .5')':', 0 yy.'K'O -500)0
IB 32:0 3i:o

I'lTCH 13 946 904 1468 1339 1192 1085 E/6 735
DITCH 1 8=7 1521 1413 1681 1142 1012 861 75’
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TEMPERATURE OF WATER IN CEMTISRAK AT THE IVERSON SITE. RICHLAND. CD.
Well I DATE

07/11/87 07/21/87 09/17/87 00/25/97 10/20/97 11/22/87 12/19/87 01/23/89 02/21/93 03/20/88 04/23/88 05/24/89 Oi/24/89 08/12/98
1 14.4 12.9 14.8 12.5 7.1 14
2 10.0 10.9 12.2 9.5 4.5 13.9 14.9
21 10.5 8.9 9.9 8 11.9 13.9
3 15.4 13.0 14.2 12 5.9 4.9 7.9 15.9 14.9
3s 12 9 11.9 15.1 14.1
4s 12,9 13.2 15.0 12 13.3 13.5 15.9
4d 12.9 10.8 13.8 10.5 9.1 7.9 11.9
4» 17.8 11.8 12.9 10.5 9 ll.l 11.5 7.1 7 8 13.5
5 ll.l 12.9 13.9 10 9.1 4.1 8.1 ll.l
5s 10.5 9.2 8 ll.l 12.3 14.9
& 11.7 12.4 12.5 11 9.1 7.1 13,2
14 10.5 9 11 5 9.9 8.9 ll.l 13.1 15.1
20 10 9.1 10.1 10.1 5.9 4.9 7.9
19 1! 9.1 10.9 4.9 7.5 7.9 10.1 15.2 14.9
15 10.5 9.9 15.9
7s 11.7 12.9 12.0 11 9.9 9.9 8.1 4.9 7 9.1 10.9 12.9 17
7d 12.4 11.1 10.5 9.1 4.9 11.9
17 11.5 8.2 9.2 5 7 4.9 15.1 17.1 18.1
18 12 ? 4.5 13.1 15.9
8 14.4 13.9 12.9 11 10 4 7 7 It 18.9
9 22.2 13.1 13.9 11.5 10 7 17.9
10 13.9 13.9 13.0 11.8 8 15.1
11 12.2 12.1 12.9 ll.l 9.9 4.9
12 11.1 12.7 13.9 10.5 9.1 8 14.9
13 23.9 14.0 14.1 11.5 8.9 8.9 4.1 15.9
14 12.2 14.5 15.0 13 11 4.9 14.9

ASHCRAFT 11.9 12.5
5CKHIDT 15.0 13 11.1
HEULER 14.2 14.3
SWÊELÏ 14.8 14.0 13.4 9.9 4.9 15.1
LDMAN 15.8

SHEANAN
CHITWOOD 24.9 19.1 11.1 9.9

12 17.0 20.0
L3s 18.2 20.5
13 16.7 17.0 5.2
LB 18.0

DITCH 13 14.7 8.5 4 3.9 7 15.1 21.1
DITCH 1 15.1 9 4 3.9 5.1 4 12.5 23.1
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iH OF WATER AT THE IVERSON SITE. RICHISHD. CD.
Well I DATE

■57/11/87 07/21/87 09/17/87 09/25/87 10/2Ô/97 11/22/87 12/19/87 01/23/88 02/21/88 03/20/88 04/23/88 05/24/88 06/20/98 08/12/88
1 7.7 6.9 7.1
2 5.3 7 6.89
21 7 6.7 7.1 7.5
3 6.8 7.2 6.4 6.9 7.1
3s 6.8 6.1
4s 4.5 6.8
4d 6.7 7.3 7 7.3
4* 4.8 7.3 6.4 7.49 7.1 6.8 7.2 7.3
5 6 7.1 7.2 7.2 7.3
5s 7 6.8 7.2
6 6.3 7.1 7.1 7.1
16 7.3 7 6.8 6.9 7.4 7.4
20 7.3 7 7.41 6.7 6.6 7.1
19 7.1 6.9 6.6 6.8 6.9 7.1
15 7.2 7.2
7s 4.9 7.2 7.2 6.9 7.1 6.8 6.7 7.1
7il 5.5 7.4 7.5 7.9
17 7.1 7.1 6.9 6.8 7 7.2
IB 7.2 7.3 7.4
8 5.3 7.2 6.7 7.1 7.1 7.3
9 7.5 7.15 6.9 7.3
10 7.3 7.2 6.8
11 5.5 7.2 6.9 7.2
12 6.5 7.2 7 7
13 5.5 7.2 6.9 7.3 7.2
14 5.8 7.1 6.9 7.3

ASHCRAFT 7.7
SCHMIDT
HEULER 7
SWEEU 8 6.8 7.5 6.8
LDMAN 8

SHERMAN
CHITWOOD 7.8

L2 6.B 6.4 6.7
L3s <6.0 6.6
L3 9.5 6.1
LB 7.6 7.6

DITCH 13 5.5 8.1 7.9 7.9 8.1
DITCH 1 N/ft 8 7.9 6.81 7.7 7.5 6.8 8
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APPENDIX K 
METAL ANALYSES 

(UNIVERSITY OF MONTANA ICP)
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METAL ANALYSES OF WATER SAMPLES AT THE IVERSON SITE. RICHLAND. CO. 
LOCATION

DATE MW 21s MM 3 MW 3s MW 4s MW U s MW 20s L3
07/21/87 <30
10/22/87 <30 <30
04/23/88 <30 80
06/28/88 <30 <30 <30 <30, 160
07/21/87 <2
10/22/87 <2 <2
04/23/88 <2 4406/28/88 <2 <2 <2 <2 94
07/21/87 1030
10/22/87 220 570
04/23/88 140 38000
06/28/83 120 400 820 600 38000
07/21/87 <2
10/22/87 <2 <2
04/23/83 <2 16
06/28/88 <2 <2 <2 <2 30
07/21/87 <2
10/22/87 <2 <2
04/23/88 <2 14
06/28/88 <2 <2 <2 <2 12
07/21/87 <2
10/22/87 4 <2
04/23/86 <2 1920
06/28/88 <2 <2 11 <2 890

07/21/87 370
10/22/87 71 160
04/23/83 20 13100
06/28/88 20 130 190 100 10000

07/21/87 <20
10/22/87 <20 <20
04/23/88 <20 50
06/28/88 <20 <20 <20 <20 20

07/21/37 530
10/22/87 92
04/23/88 60 320
06/28/38 110 100 270

07/21/87 <40 <40
10/22/87
04/23/88 <40 350
06/28/93 <40 <40 270

140
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CoAJT.
ER DATE m  21s m  3 MW 3s MW 4s MW 16s MW 20s 1307/21/6? <10

10/22/67 <10 <1004/23/88 <10 16006/29/88 <10 <10 <10 <10 160
07/21/87 7300
10/22/87 1020 251004/23/88 990 24100006/28/88 630 2660 2730 940 207000
07/21/87 2910/22/87 3 504/23/89 <1 <106/28/88 4 6 B 5 <1
07/21/87 (1
10/22/87 <1 <104/23/88 <I 5106/28/88 <1 <1 <1 (1 15
07/21/87 14
10/22/8? 4 <304/23/88 <3 88006/28/88 <3 <4 3 <3 430
07/21/87 <4
10/22/87 <3 <404/23/98 <4 6606/28/88 <4 <4 <4 <4 66
07/21/8? 0.5
10/22/87 0.504/23/88 0.7 0.3
06/28/83 <.l 2
07/21/87
10/22/37 I
04/23/88 1.2 0.6
06/29/88 2.2
07/21/87 21
10/22/87
04/23/88 <1 26
06/28/89 1 21
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CLAY MINERALOGY
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APPENDIX N 
CHLORIDE DATA AND SC DATA/PLOTS
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APPENDIX O 
YELLOWSTONE RIVER CHEMISTRY AND DEWEY'S DATA
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DATA PRESENTED BY DEWEY CHEMICAL DATA FOR HER WELLS FROM 1982-19B3
(NOTE MAP IN THIS APPENDIX FOR WELL LOCATION)

CHLORIDE CONCENTRATION IN Dps
10/15/82 01/15/03 02/15/83 03/15/83 04/15/83 06/15/83

WELL 3 560 600 600 321 220 150
WELL 5 445 264 192 161 214 395
WELL 1 33.5 27.8 19.1 20.7 106 25

SULFATE CONCENTRATION IN ppa
WELL 3 265 252 260 259 260 264
WELL 5 234 223 231 240 249 247
WELL 1 217 217 225 225 240 237

3 ?
CONDUCTANCE IN uohoa/ca 25 C
08/18/82 06/24/82 09/01/32 09/04/82 09/09/92 10/23/82

WELL 3 2219 1790 1862 1354 2675
WELL 5 2085 3382 2339
WELL 1 1125 1153 987 1128 1543 1231
Ipp*) CHEMICAL PARAMETERS AUGUST, 1982
PARAMETER WELL 1 WELL 2 HELL 3 DITCH BL
C3 B5.3 93.1 124.8 56.9
«9 38.1 31.6 70 35.5
Na 114 102.4 235.7 84.2
K 6.8 6.4 11.4 6.1
HCD3 436.8 424.6 510 305
C03 0 0 0 0
Cl 14.5 13,5 368 17.5
S04 230 195 250 190
pH 7.77 7.69 7.73 3.21
TDS 925 866.6 1619 695.2
CONDUCT. 1139 1085 2312 911
HARDNESS 370 363 600 233
ALKALIN. 358 343 413 250
SAR 2.6 2.3 5.1 2.2
(ppi) CHEMICAL PARAKTERS FOR SEPT. 1962 ISSoCt/£^
PARAMETER WELL 1 WELL 2 WELL 3 WELL 5 DITCH 81
Ca 89.2 67.2 89,6 156,3 5B.9
Mg 35.04 40.3 49.5 60.1 29.5
Na 113.6 111.2 241.9 261 B1
K 7.4 8 10.1 13.4 5.8
HC03 392.6 395.3 475.8 263.1 293
C03 0 0 0 0 0
Cl 29 14.8 200 450 17.5
504 225 235 250 225 195

1522
2353
1213

pH 7.B1 7.95 B.04 7.76 8.06
TDS 892.4 872.3 1316.9 1549.4 670.7
CONDUCT. 1)90 1136 1825 2357 832
HARDNESS 368 336 428 639 269
ALKALIN. 322 324 390 314 232
SAR 2.6 2.6 5.1 4.5 2.2
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10 METRE EM — HORIZONTIAL COIL, C!=20 m m hos/m

10 METRE EM -  VERTICAL COIL, Cl=10 m m hos/m
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EM 20H DATA PLOT
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20 METRE EM -  HORIZONTIAL COIL, 01=15 m m hos/m

20 METRE EM -  VERTICAL COIL, Cl=5 m m hos/m
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10m EM-HORZ. (m m h o s /m ) PLOITED with ppm Cl
•  217

2

10m ELi—V E R T.(m m hos/m ) PLOTTED with ppm Cl 
•  217

r
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10m EM-HORZ.(mmKos/m) PLOTTED with SC (umh&s/cm) 
•  1500

10/5

10m EW—VERT.(mmhos/m) PLOTTED with SC (mmKos/cm) 
♦ 1500

b p s

900
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JULY, 87 TO JUNE, 88 SIMULATED FLOW FIELDS
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mom™ HOMIHLÏ CONSIftHT HERO FOR FLOW MODEL
i j K HERO MONTH i j K HEAD MONTH i i K HEAD
1 1 1900.65 9 1 1 1908.93 9 1 1 1907.9
2 I 1908.6 8 2 1 1908.98 9 2 1 1907.85
Î 1 1908.44 8 3 1 1908.75 9 3 1 1907.8
4 1 1908.3 a 4 1 1908.65 9 4 1 1907.7
5 1 1900.49 a 5 1 1998.75 9 5 1 1907.79
& I 1908.5 a -6 1 1908.76 9 6 1 1907.79
7 1 1908.51 a 7 1 1908.76 9 7 1 1907.79
a 1 1908.51 a 8 1 1903.76 9 a 1 1907.82
9 1 1906.51 a 9 1 1909.76 9 9 1 1907.84

10 1 1900.52 a 10 1 1908.77 9 10 1 1907.85
il 1 1908.52 a I I 1 1908.77 9 11 1 1907.06
12 1 1908.52 a 12 1 1908.77 9 12 1 1907.87
13 1 1908.52 a 13 1 1908.77 9 13 1 1907.08
14 1 1909.53 8 14 1 1908.78 9 14 1 1907.89

1 1908.53 a 15 1 1908.78 9 15 1 1907,89
16 1 1908.53 a 16 1 1908,78 9 16 1 1907.9
17 1 1908.53 9 17 I 1908.79 9 17 1 1907,9
la J 1908.51 3 18 1 1908.79 9 13 1 1907.9

1 24 1911.65 a 1 24 1911.95 9 1 24 1910.15
2 24 1911.64 a 2 24 1911.94 9 2 24 1910.14
Î 24 1911.64 a 3 24 1911.94 9 3 24 1910.14
4 24 1911.63 a 4 24 1911.93 9 4 24 1910.13
5 24 1911.63 8 5 24 1911.93 9 5 24 1910.13
& 24 1911.63 8 6 24 1911.93 9 6 24 1910.13
7 24 1911.63 a 7 24 1911.93 9 7 24 1910,13
a 24 1911.63 a 8 24 1911.93 9 a 24 1910.13
9 24 1911.5 a 9 24 1911.8 9 9 24 1910.08

10 24 1911.2 8 10 24 1911.4 9 10 24 1910.06
11 24 1911 3 11 24 1911.1 9 11 24 1909.15
12 24 1911.05 a 12 24 1911.32 9 12 24 1909.95
13 24 1911.2 a 13 24 1911.6 9 13 24 1910.08
14 24 1911.33 3 14 24 1911.73 9 14 24 1910.03
15 24 1911.34 a 15 24 1911.74 9 15 24 1910.09
16 24 1911.35 a 16 24 1911.75 9 16 24 1910.1
17 24 1911.34 8 17 24 1911.76 9 17 24 1910.11
16 24 1911.39 8 18 24 1911.78 9 18 24 1910.13
4 1 1909.3 8 4 1 1908.65 9 4 1 1907.7
6 2 1908.55 8 6 1909 9 6 2 1907.75
9 3 1908.75 8 9 3 1909.2 9 9 3 1907.8
9 4 1909.82 8 9 4 1909.28 9 9 4 1907.03

9 5 1909.87 a 9 1909.36 9 9 5 1907.86
9 6 1908.9 3 9 6 1909.4 9 9 6 1907.9

9 7 1908.93 8 9 7 1909.44 9 9 7 1907.93

9 a 1908.94 8 9 1909.48 9 9 8 1907.97

9 9 1900.99 B 9 9 1909.52 9 0 9 1908

9 10 1909.02 8 9 10 1909 . 53 9 9 10 1908.04

9 11 1909.07 8 9 11 1909.63 9 9 11 1906. l'a

9 12 1909.13 a 9 12 1909.69 9 Q 12 1900. 13

9 13 1909.24 6 9 13 1909.75 9 9 13 1908.18

9 14 1909.39 a 9 14 1909.79 9 9 14 1900.21

9 15 1909.5 a 9 15 1909.82 9 9 15 1908.24

9 16 1909.6 8 9 16 1909.86 9 ? 16 1900.27

9 17 1909.7 8 9 17 1909.9 9 9 17 1909.34

9 13 1909.3 8 9 18 1909.95 9 9 18 1909.4
0 19 1909.9 8 9 19 1909.99 9 9 19 1906.45

9 20 1910 8 9 20 1910.02 9 9 20 1=08.5

9 21 1910.1 a 9 21 1910.06 9 9 21 1909.55
9 22 1910.22 a 9 22 1910.11 9 9 22 1908.63

9 23 1910.4 a 9 23 1910.16 9 9 23 1996.9

11 24 1911 a 11 24 1911.1 9 11 24 1909.15
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MONTH i X HEAD MONTH 1 i K HEAD m T H i i X HEAD
10 1 1906.78 It 1 1 1906.3 12 1 1 1906.23
10 1 1906.75 11 1 1906.29 12 2 1 1906.22
10 1 1906.73 11 3 1 1906.28 12 3 1 1906.08
10 1 1906.53 11 4 1 1905.88 12 4 1 1905.94
10 1 1906.73 11 5 1 1906.29 12 5 1 1906.08
10 1 1906.74 11 6 1 1906.29 12 6 1 1906.2
10 1 1906.75 11 7 1 1906.29 12 7 1 1906.2
10 1 1906.75 11 1 1906.29 12 8 1 1906.2
10 1 1906.75 11 9 1 1906.29 12 9 1 1906.21
10 1 1906.75 II 10 1 1906.3 12 10 1 1906.21
10 1 1906.76 11 11 1 1906.31 12 11 1 1906.22
10 1 1906,76 12 1 1906.33 12 12 1 1906.22
10 1 1906.76 11 13 1 1906.35 12 13 1 1906.23
10 1 1906.77 11 14 1 1906.37 12 14 1 1906.25
10 1 1906.77 11 15 1 1906.39 12 15 1 1906,27
10 1 1906.78 11 16 1 1906.41 12 16 1 1906.29
10 1 1906.79 11 17 1 1906.43 12 17 1 1906.31
10 1 1906.8 11 16 1 1906.45 12 19 1 1906.33
10 24 1909.37 11 1 24 1909.7 12 1 24 1908.3
10 24 1909.36 11 2 24 1908.69 13 2 24 1908.29
10 24 1909.36 11 3 24 1908.69 12 3 24 1908.29
10 24 1909.35 11 4 /4 1908.68 12 4 24 1908.29
10 24 1909.35 11 24 1908.69 12 5 24 1909.29
10 24 1909.35 11 6 24 1908.68 12 6 24 1903.29
to 24 1909.35 11 7 24 1909.69 12 7 24 1908.28
10 24 1909.35 11 24 1908.69 12 8 24 1909.28
10 24 1909.3 U 9 24 1909.63 12 9 24 1909.26
10 24 1909.2 11 10 24 1909.53 12 10 24 1908.24
10 24 1908.66 11 11 24 1909.19 12 11 24 1907.94
10 24 1909.23 11 12 24 1908.7 12 12 24 1908.26
10 24 1909.25 11 13 24 1908.72 12 13 24 1908.27
10 24 1909.25 11 14 24 1909.74 12 14 24 1909.28
10 24 1909.26 11 15 24 1909.76 12 15 24 1908.3
10 24 1909.27 11 16 24 1908.79 12 16 24 1908.32
10 24 1909.28 11 17 24 1909.3 12 17 24 1909.34
10 24 1909.3 11 IS 24 1909.82 12 18 24 1908.36
10 1 1906.53 11 4 I 1905.99 12 4 1 1905.94
10 2 1906.61 11 6 2 1906.06 12 6 2 1906.14
10 3 1906.69 11 9 Ï 1906.22 12 9 3 1906.24
10 4 1906.77 11 9 4 1906.3 12 9 4 1906.31
10 5 1906.85 1! 9 5 1906.38 12 9 5 1906.4
10 6 1906.97 11 9 6 1906.5 12 9 6 1906.46
10 7 1907.09 11 9 7 1906.62 12 9 7 1906.56
10 B 1907.21 11 9 1906.74 12 9 8 1906.64
10 » 1907.33 11 9 9 1906.86 12 9 9 1906.78
10 10 1907.45 11 9 10 1906.98 12 9 10 1906.97
10 11 1907.5? 11 9 11 1907.1 12 9 11 1906.95
10 12 1907.69 11 9 12 1907.19 12 9 12 1907.03
10 13 1907.78 11 9 13 1907.26 12 9 13 1907.1
10 14 1907.84 11 9 14 1907.34 12 9 14 1907.17
10 13 1907.87 11 9 15 1907.4 12 9 IS 1907.24
10 16 1907,9 11 9 16 1907.43 12 9 16 1907.31
10 17 1907.97 11 9 17 1907.5 12 9 17 1997.37
10 IB 1908.05 11 9 18 1907.6 12 9 18 1907.44
10 19 1908.13 11 19 1907.66 12 9 19 1907.5
10 20 1908.22 11 9 20 1907.73 12 9 20 1907.55
10 21 1908.32 11 9 21 1907.75 12 9 21 1907.61
10 22 1908.43 11 9 22 1907.96 12 9 22 1907.66
10 23 1908.55 11 9 23 1907.98 12 9 23 1907.75
10 24 1908.66 11 11 24 1908.19 12 11 24 1907.84
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rH i j K HEAD MONTH i j r HEAD flCHTH i j K HE AC
! t 1 1906.16 2 1 1 1905.91 3 1 1 1905.69
1 2 1 1906.15 2 2 1 1905.89 3 2 1 1905.69
1 3 1 1906.03 2 3 1 1905.88 3 3 1 1905.69
1 4 1 1905.9 2 4 1 1905.76 3 4 1 1905.82
1 S 1 1906.03 2 1 1905.92 3 5 1 1905.79
1 & 1 1906.15 2 1 1905.93 3 6 1 1905.79
1 7 1 1906.15 2 7 1 1905.94 3 7 1 1905.79
1 8 1 1906.15 2 1 1905.94 3 8 1 1905.9
1 9 1 1906.16 2 9 1 1905.95 3 9 1 1905.8
I 10 1 1906.16 2 10 1 1905.95 3 10 1 1905.81
1 11 1 1906.17 2 11 1 1905.96 3 11 1 1905.81
1 IZ 1 1906.19 2 12 1 1905.96 3 12 1 1905.81
1 13 1 1906.19 2 13 1 1905.97 3 13 1 1905.92
1 14 1 1906.2 2 14 1 1905.99 3 14 1 1905.82
1 15 1 1906.22 2 15 1 1905.99 3 15 1 1905.83
1 U 1 1906.24 2 16 1 1906 3 16 1 1905.93
1 17 1 1906.26 2 17 1 1906.01 3 17 1 1905.84
1 18 1 1906.29 2 18 1906.02 3 18 1 1905.84
1 ! 24 1908.15 2 1 24 1907.88 3 1 24 1907.41
1 2 24 1908.14 2 2 24 1907.97 3 2 24 1907.41
1 3 24 1908.14 2 3 24 1907.86 3 3 24 1907.41
1 4 24 1909.13 2 4 24 1907.85 3 4 24 1907.41
1 5 24 1908.13 2 5 24 1907.94 3 5 24 1907.41
1 6 24 19(18.13 2 6 24 1907.83 3 6 24 1907.41
1 7 24 1908.13 2 7 24 1907,92 3 7 24 1907.41
I 9 24 1909.12 2 24 1907.81 3 8 24 1907.4
1 9 24 1908.1 2 9 24 1907.8 3 9 24 1907.4
1 10 24 1908.05 2 10 24 1907.8 3 10 24 1907.4
1 11 24 1907,91 2 11 24 1907.7 3 11 24 1907.44
1 12 24 1909.07 2 12 24 1907.87 3 12 24 1907.4
1 13 24 19*78.09 2 13 24 1907.88 3 13 24 1907.4
1 14 24 1908.1 2 14 24 1907.89 3 14 24 1907.4
1 15 24 1908.12 2 15 24 1907.9 3 15 24 1907.41
1 U 24 1908.14 2 16 24 1907.91 3 16 24 1907.41
I 17 24 1908.16 2 17 24 1907.92 3 17 24 1907.41
1 18 24 1908.18 2 18 24 1907.93 3 IB 24 1907.42
1 4 1 1905.9 2 4 1 1905.76 3 4 1 1905.82
I 6 2 1906.13 2 6 1905.98 3 6 2 1906.03
1 9 3 1906.27 2 9 3 1906.13 3 9 3 1906.24
1 9 4 1906.39 2 9 4 1906.23 3 9 4 1906.13
1 9 5 4906.43 2 9 1906.35 3 9 5 1906.39
1 9 i 1906.51 2 9 6 1906.4 3 9 6 1906.45
1 9 7 1906.6 2 9 7 1906.45 3 9 7 1906.51
1 9 3 1906.65 2 9 1906.5 3 9 8 1906.56
1 9 9 1906.7 2 9 9 1906.55 3 3 9 1906.61
I 9 10 1906.76 2 9 10 1906.6 3 9 10 1906.66
1 9 11 1906.84 2 9 11 1906.68 3 ? 11 1906.69
1 9 12 1906.92 2 9 12 1906.75 3 9 12 1906.75
1 9 13 1906.98 2 9 13 1906.8 3 9 13 1906.79
1 9 14 1907.04 2 9 14 1906.84 3 9 14 1906.84
1 9 15 1907.09 2 9 15 1906.89 3 9 15 1906.88
1 9 16 1907.12 2 9 16 1906.95 3 9 16 1906.92
1 9 17 1907.19 2 9 17 1907 3 9 17 1906.96
1 9 18 1907.29 2 9 18 1907.03 3 9 18 1907
1 9 19 1907.35 2 9 19 1907,06 3 a 19 1907.04
1 9 20 1907.41 2 9 20 1907.13 3 9 20 1907.08
1 9 21 1907.51 2 9 21 1907.2 3 9 21 1907.12
1 9 22 1907.59 2 9 22 1907.25 3 9 22 1907,17
1 9 23 1907.71 2 9 23 1907.34 3 9 23 1907.26
1 11 24 1907.91 2 11 24 1907.7 3 11 24 1907.42
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nONTH i K HEAD MONTH J K MEAD MONTH i j K HEAD
1 1906 5 I 1908.54 6 1 1 1908.54
! 1906 5 1 1908.45 6 2 1 1908.45
! 1906 5 1 1908.4 6 3 1 1909.25
1 1906 5 1 1907,98 4 1 1907.98
1 1906 5 1 1908.52 6 5 1 1908.45
1 1906 5 1 1908.53 6 6 1 1908.46
I 1906 5 I 1908.54 6 7 1 1908.47
I 1906 5 1 1908.55 6 9 1 1908.48
1 1906 5 1 1908.57 6 9 1 1908.5
I 1906 5 1 1908.6 6 10 1 1908.53
1 1906 5 1 1908,62 6 11 1 1908.55
1 1906 5 1 1908.62 6 12 1 1908.55
1 1906 5 1 1908.62 6 13 1 1908.55
I 1906 5 1 1908.61 6 14 1 1908.54
1 1906 5 1 1908.59 6 15 1 1908.52
I 1906 5 1 1908.57 6 16 1 1908.5
1 1906 5 1 1908.57 6 17 1 1908.5
1 1906 5 1 1908.55 6 18 1 1909.48

24 1909 5 24 1911.82 6 1 24 1911.97
24 1908 5 24 1911.79 6 2 24 1911.94
24 1906 3 24 1911.79 6 3 24 1911.94
24 1908 5 24 1911.77 6 4 24 1911.92
24 1909 5 24 1911.77 6 5 24 1911.92
24 1903 5 24 1911,76 6 6 24 1911.91
24 1908 5 24 1911.76 6 7 24 1911.91
24 1908 5 24 1911.76 6 9 24 1911.91
24 1908 5 24 1911.7 6 9 24 1911.85
24 1908 5 24 1911.6 6 10 24 1911.75
24 1909 5 24 1910.85 6 11 24 1909.54
24 1908 5 24 1911.66 6 12 24 1911.91
24 1908 5 24 1911.68 6 13 24 1911.93
24 1903 5 24 1911.7 14 24 1911.95
24 1908 5 24 1911.7 6 15 24 1911.95
24 1908 5 24 1911.66 6 16 24 1911.91
24 1908 5 24 1911.65 6 17 24 1911.9
24 1908 5 24 1911.65 6 19 24 1911.9
1 1906 5 1 1907.98 6 4 1 1907.98
2 1906.34 5 2 1908.4 6 6 2 1908.28
Î 1906.4 5 3 1908.72 6 9 3 1908.58
4 1906.48 5 4 1908.96 6 9 4 1908.78
5 1906.57 5 5 1909.12 6 9 5 1908.92
i 1906.68 5 6 1909.16 6 9 6 1908.96
1 1906.8 5 7 1909.19 6 9 7 1908.99
3 1906.92 5 8 1909.22 6 9 8 1909.02
9 1907.04 5 9 1909.31 6 9 9 1909.06
10 1906.16 S 10 1909-36 6 9 10 1909.11
11 1907,28 5 11 1909.4 6 9 11 1909.15
12 1907.4 5 12 1909.44 6 9 12 1909.19
U 1907.49 5 13 1909.47 6 9 13 1909.22
14 1907.56 5 14 1909.5 6 9 14 1909.25
15 1907.58 5 IS 1909.53 6 9 15 1909.28
16 1907.61 5 16 1909.58 6 9 16 1909.33
17 1907.68 5 17 1909.63 6 9 17 1909.38
18 1907.78 5 IS 1909.66 6 9 IS 1909.41
19 1907.84 5 19 1909.7 6 9 19 1909.45
20 1907.93 5 20 1909.73 6 9 20 1909.43
21 1908.03 5 21 1909.76 9 21 1909.51
22 1908.14 5 22 1709.95 6 ? 22 1909.55
23 1908.28 5 23 1910.1 6 9 23 1909.58
24 1908.37 5 1 24 1910.95 6 II 24 1909.64
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COMPARISON OF DRAWDOWN OF ACT. VS. SIM. AT 
TWO DIFFERENT PUMPING NODES AND TWO K VALUES

PUMP= PUMP: PUMP: PUMP:
DISTANCE 14,1) 13,10 13.10 14.11

AWAY 1ACTUAL s LOW K LOW K HI K HI K
0 1906.58 1907,24 1907.28 1907.4 1907.41
35 1907.41 1907.42 1907.41 1907.46 1907.46
82 1907.46 1907.-44 1907.44 1907.48 1907.48
113 1907.465 1907.47 1907.46 1907.49 1907.49
136 1907.47 1907.48 1907.48 1907.495 1907.49
185 1907.475 1907.48 1907.48 1907.5 1907.495
192 1907.46 1907.49 1907.48 1907.495
200 1907.48 1907.49 1907.48 1907.5
260 1907.48 1907.49 1907.47

DATA FOR MODEL RUN WITH K :: 11000 AND T = 192500.
PUMPING NODE 13,10 PUMPING NODE 14,11

DISTANCE DRAWDOWN WL ELV. DISTANCE DRAWDOWN WL ELV.
0 0.1 1907.4 0 0.09 1907.41

35 0.04 1907.46 35 0.04 1907.46
82 0.02 1907.48 82 0.02 1907.48
118 0.01 1907.49 118 0.01 1907.49
136 0.005 1907.495 136 0.01 1907.49
185 0 1907.5 185 0.005 1907.495

192 0.005 1907.495
200 0 1907.5

DATA FOR HODLE 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

35 0.09 1907.41 40 0.08 1907.42
82 0.06 1907.44 80 0.06 1907.44

lis 0.04 1907.46 120 0.03 1907.47
136 0.02 1907.43 160 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 1907.48 290 0.01 1907.49
260 0.03 1907.47 320 0.01 1907.49

ACTUAL AQ. TESl■ DATA
DISTANCE DRAWDOWN WL ELV.

0 0.92 1906.58
35 0.09 1907.41
62 0.04 1907.46
118 0.035 1907.465
136 0.03 1907.47
185 0.025 1907.475
192 0.04 1907.46
200 0.02 1907.48
260 0.02 1907.48

183

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



STEADY-STATE STATISTICS (OCT.) 
HEAD

JÜL

AUG

SEP

HELL ACTUAL SIMULATED DIFF. WELL ACUTAL SIMULATED DIFF.2 1908.2 1908.5 -0.3 3 1908.99 1908.93 0.063 1908.1 1908.26 -0.16 4 1908.78 1908.56 0.224 1907.93 1907.91 0.02 5 1908.69 1908.48 0.215 1907.85 1907.85 0 7 1908.38 1908.27 0.116 1907.76 1907.7 0.06 6 1908.56 1908.47 0.097 1907.6 1907.5 0.1 14 1908.57 1908.8 -0.238 1906.93 1906.91 0.12 OCT 2 1908.2 1908.5 -0.311 1907.68 1907.75 -0.07 3 1908.1 1908.26 -0.1612 1907.92 1907.97 -0.05 4 1907.93 1907.91 0.0213 1907.08 1907.05 0.03 5 1907.85 1907.85 014 1908.12 1908.05 0.07 6 1907.76 1907.7 0.0615 1907.76 1907.74 0.02 7 1907.6 1907.5 0.116 1907.7 1907.7 0 8 1906.93 1906.81 0.1217 1907.32 1907.24 0.08 11 1907.68 1907.75 -0.0718 1907.2 1907.13 0.07 12 1907.92 1907.97 -0.0519 1907.68 1907.64 0.04 13 1907.08 1907.05 0.0320 1907.72 1907.7 0.02 14 1908.12 1908.05 0.07
21 1908.18 1908.5 -0.32 15 1907.76 1907.74 0.02

16 1907.7 1907.7 0
TRMJSIEST STATISTICS 17 1907.32 1907.24 0.08

HEAD IS 1907.2 1907.13 0.07
WELL ACUTAL SIMULATED DIFF. 19 1907.68 1907.64 0.04

8 1908.56 1908.66 -0.1 20 1907.72 1907.7 0.02
13 1908.74 1908.98 -0.24 21 1908.18 1908.5 -0.32
11 1909.38 1909.6 -0.22 NOV 8 1906.31 1906.37 -0.06
12 1909.68 1909.74 -0.06 13 1906.72 1906.56 0.16
2 1910,11 1910.42 -0.31 18 1906.91 1906.65 0.26
3 1909.94 1910.12 -0.18 11 1907.25 1907.23 0.02
4 1909.9 1909.66 0.24 12 1907.49 1907.47 0.02
5 1909.65 1909.6 0.05 2 1907.73 1908 -0.27
7 1909.35 1909.27 0.08 21 1907.72 1908.02 -0.3
6 1909.55 1909.5 0.05 3 1907.64 1907.77 -0.13
14 1909.96 1909.9 0.06 4 1907.54 1907.41 0.13
8 1908.79 1908.98 -0.19 5 1907.42 1907.37 0.05
13 1909 1909.41 -0.4! 16 1907.3 1907.21 0.09
11 1909.76 1909.94 -0.18 20 1907.25 1907.23 0.02
12 1910.03 1910.04 -0.01 7 1907.19 1907.04 0.15
2 1910.38 1910.59 -0.21 19 1907.27 1907.18 0.09
3 1910.18 1910.39 -0.21 6 1907.34 1907.24 0.1
4 1910.13 1910.01 0.12 15 1907.33 1907.28 0.05
5 1910.01 1909.95 0.06 14 1907.66 1907.58 0.08
7 1910.68 1910.69 -0.01 17 1906.96 1906.79 0.17
6 1909.9 1909.87 0.03 DEC 8 1906.45 1906.3 0.15
14 1910.34 1910.23 O.ll 13 1906.53 1906.51 0.02
13 1907.81 1907.99 -0.18 18 1906.66 1906.59 0.07
11 1908.45 1909.45 0 11 1907.04 1907 0.04
12 1908.23 1900.46 -0.23 12 1907,26 1907.3 -0.04
2 1909.04 1909.07 -0.03 2 1907.43 1907.71 -0.23
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JAM

FEB

MAR

WELL ACUTAL SIMULATED DIFF. WELL ACUTAL SIMULATED DIFF.21 1907.46 1907.71 -0.25 12 1906.83 1906.88 C5 1907.39 1907.5! -0.12 2 1906.99 1907.11 -0.124 1907.3 1907.21 0.09 21 1907.04 1907.09 -0.055 1907.2 1907.19 O.Ol 4 1906.93 1906.76 0.1716 1907.08 1907.04 0.04 5 1906.84 1906.78 0.0620 1907.09 1907.06 0.03 16 1906.73 1906.68 0.057 1907 1906.9 0.1 20 1906.74 1906.67 0.0719 1907.04 1907.01 0,03 7 1906.65 1906.66 -0.016 1907.11 1907.06 0.05 19 1906.7 1906.62 0.0815 1907.12 1907.09 0.03 6 1906.75 1906.64 0.1114 1907.4 1907.33 0.07 15 1906.75 1906.66 0.0917 1906.64 1906.68 -0.04 14 1907.02 1906.79 0.238 1906.34 1906.27 0.0? 17 1906.43 1906.43 013 1906.44 1906.51 -0.07 APR 8 1906.11 1905.7 0.4118 1906.57 1906.58 -0.01 13 1906.14 1906.17 -0,03
11 1906.92 1906.98 -0.06 18 1906.29 1906.25 0.0412 1907.09 1907.17 -0.09 11 1906.58 1906.54 0,04
2 1907.29 1907.59 -0.3 12 1906.7? 1906.76 0.01

21 1907.2? 1907.58 -0.31 2 1906.95 1907.07 -0.12
3 1907.2 1907.39 -0.19 21 1906.94 1907.05 -0.11
4 1907.15 1907.1 0,05 3 1906.92 1906.88 0.04
5 1907.05 1907.08 -0.03 14 1906.89 1906.60 0.21

16 1907.83 1907.94 -O.ll 5 1906.73 1906.64 0.09
20 1906.86 1906.97 -0.11 4 1906.81 1906.63 O.IB
7 1906.86 1906.83 0.03 16 1906.62 1906.52 0.1
19 1906.39 1906.92 -0.03 19 1906.58 1906.46 0.12
6 1906.97 1906.97 0 6 1906.64 1906.49 0.15
15 1906.96 1907 -0.04 15 1906.63 1906.51 0.12
14 1907.22 1907.22 0 7 1906.55 1906.4 0.15
17 1906.62 1906.65 -0.03 17 1906.33 1906.23 0.1
8 1906.23 1906.08 0.15 MAY 8 1908.25 1908.7 -0.45
13 1906.3 1906.35 -0.05 13 1900.52 1909.08 -0.56
18 1906.46 1906.43 0.03 18 1908.77 1909.18 -0.41
11 1906.79 1906.73 0.01 11 1909.4 1909.68 -0.28
12 1906.97 1906.96 0.01 12 1909.96 1909.76 0.2
2 1907.17 1907.34 -0.17 2 1910.29 1910.45 -0.16
3 1907.08 1907.17 -0.09 21 1910.27 1910.53 -0.26
4 1907.02 1906.9 0.12 3 1910.16 1910.23 -0.07
5 1906.9 1906.99 0.02 14 1910.2 1910.05 0.15
16 1906.83 1906.76 0.07 5 1909.86 1909.74 0.12
20 1906.83 1906.77 0.06 4 1910 1909.8 0.2
7 1906.75 1906.65 0.1 16 1909.65 1909.59 0.06

19 1906.78 1906.73 0.05 19 1909.6 1909.58 0.02
6 1906.88 1906.77 0.11 6 1909.7 1909.65 0.05

15 1906.81 1906.8 0.01 15 1909.75 1909.69 0.06
17 1906.5 1906,48 0.02 7 1909.46 1909.46 0
8 1906.17 1905.99 0.16 17 1909.28 1909.02 0.26
13 1906.23 1906.38 -0.15 JUN 13 1908.8 1908.92 -0.12
IB 1906.39 1906,44 -0.05 18 1908.79 1909.01 -0.22
11 1906.7 1906.69 0.01 11 1909.58 1909.55 0.03
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WELL ACUTAL SIMULATED DIFF.
12 1909.86 1909.57 0.292 1910.41 1910.34 0.0721 1910.44 1910.49 -0.053 1910.25 1910.15 O.l14 1910.34 1910.01 0.335 1909.74 1909.57 0.174 1909.96 1909.69 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 0.157 1909.37 1909.31 0.06
17 1908.92 1909.12 -0.2

STEADY-STATE RESULTS
Reoression Output: 

Constant
Std Err of Y Est 
R Squared
No. of Observations 
Oeqrees of Freedom

0
D.126713 
0.926028 

18 
17

X Coefficient Is)1.000020 
Std Err of Ccef.0.000015

TRANSIENT RESULTS
Regression Output:

Constant 0
Std Err of Y Est 0.171654
R Squared 0.933228
No. of Observations 187
Degrees of Freedom 186
X Coefficient(5)1.000001 
Std Err of Coef.0.000006
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APPENDIX U 
RANDOM-WALK LOADING
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JULY WATER LEVEL (6/26 TO 7/21)MW 3
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582.25 

532.2 
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DATE
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AUG. WATER LEVEL (7/21 TO 3/17)
MW 3
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582.35
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532.15
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DATE
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<c>Ui_Jw
CfwI—
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SEP. WATER LEVEL (8/17 TO 9/30)MW 3
582 10

582

581.8
11-Aug 10-Oct

DATE
   it OF

lij
  u^a>tC/î u e v e c .

o
!-
•I>UJ
-Jw
ÙCwH

OCT. WATER LEVEL (9/30 TO 10/22)
MW 3

581.9
581.85
581.8
581.75
581.7
581.65
581.6
581.55

30-Sep

' ' L•1 \ \ •
i_-. >

\
. \ \

\ ■ ■■■•
' V

10-Oct
DATE

20-Oct

CO
UI

t-trg
àz
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MOV. WATER LEVEL (10/22 TO 11/22)MW 3
581.62 
581.6
581.58 
531.56 
581.54 
581.52 
581.5 
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531.46 
531.44

20-Oct

yy
*1

■ \‘‘■vV’J

1

30-Oct 09-Mov 
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DEC.- APR. WATER LEVEL (11/22 TO 4/23)
MW 3
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581.45 4 ' 
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581.25 
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MAY WATER LEVEL (4/23 TO 5/24)MW 3
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APPENDIX V
SIMULATED Cl PLOTS AND ACTUAL VERSES SIMULATED CHLORIDE DATA
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ACCUMULATED TIME = 
PARTICLE MAP

DAYS

2 4
2 3
22
21
20
19
18
17
16 
15 
14 
13 
12 
1 1 
10 
9 
8 
7 
6

PARTICLES = O 
WELL SITE LOCATION

COORDINATES ARE IN FEET

+ \
17

: I

4- 4- 
4- 4- 
4- 4-

4-
4
4-

4- +  

#  :

4
4
4-
4

+  4-

4

20 I

s : ® : #

4- 5 + 
4- +

4
4
4
4

4- +  
4- +  
4- 4-

4
4
4

19,

++

+
+

+■
+

15

■pir

+
+
+
+

+

+
+

8 1
O

1
2

1
3

1
4

1 1
5  6

1
7

1
8

ACCUf.ULnTED TIME = 10 DAYS 
CQHCEHTRATlOt't HAP III PPM

PftfdlCLES = 32S

COORDINATES ARE III FEET

16 4 + 4 4 4 4 4 4 4 4 4
15 4 4 4 4 4 4 4 4 4 4 4
U 4 4 4 127 95 4 4 4 4 4 4
1Î 4 4 4 295 473 126 42 4 4 4 4
12 4 4 4 4 785 563 4 4 4 4 4
11 4 4 4 4 6251 029 247 4 4 4 4
10 4 4 4 4 41 335 743 4 4 4 4
? 4 4 4 4 4 4631 127 15 4 4 4
9 4 4 4 4 4 51 654 4 4 4 4
/ 4 4 4 4 4 4 41 15 4 4 4
6 4 4 4 4 4 4 4 4 4 4 4

8 9 1 1 ! 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8

DO ft SCREEN PRINT MOH OR PRESS (RETURN.) TO GO BACK

>

\

MAY
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ACCUHULOTEfr IIWE » % Dfl/S PARTICLES » 55Î 
COTICEKTRAtlOH HAP IN fPH

COORDINATES ARE IN PEC1

ACC'JHTJlAfED TIME = III' DA'S 
COHCENIRATIDN NAP IN PPM

PARTICLES 7o;

* * * * * * *

* * 63 * 32 * * * * *
* * 63 62 * * * * * * *
* * * 62 152 * *
* * IBS 209 96 31 * * * * *
* * 1ST 769 280 31 21 * * * *
* * 62 705 590 155 63 * * * *
* * * 331 036 270 62 * » * *
* * * * 2781139 166 * * * *
* * * 61 1561779 386 * * * '
* * * * 3117221220
* * * * *  !06206t
* * * * * 30 966 15 * * ♦
* * * * * * 60 15 * • ♦

6 9 1 1 1 1 1 t i l l
0 1 Î  3 6 5 6 7 8

COORDINATES ARE IN FEET

26 * * * * * * * * * * *
23 * * * * * * * * * * *
22 * * * 3 1  * * * * * * *
21 * * * * * * * * * * *
20 * * * * * * * * * * *
19 * * 68 65 36 * * * * * *
16 * * * 9 1  102 36 * * * * *
17 * * 136 588 169 67 * ♦ * * *
16 * * 203 611 605 36 * * * *
15 * * 661036 673 136 * * * *
16 * * *12111161 368 89 * * * *
13 * * * 6021605 701 22 * * * *
12 * * * 6 5  9001297 265 * * * *
II * * * 6 6  5321659 375 * * * *
to * * * * *1322 967 * * * *
9 5602561 16 * • *
6 * * * * * • 1136 * * * *
7 * * * * * 65 32 * * *
6 * * * * * * * * * *

8 9 1 1 1 1 I 1 1 1 1
0 1 2 3 6 5 6 7 9

DO A SCREEN PRINT NON OR PRESS (RETURN. TO 60 BACK TO THE RENO. TOL DO A SCREEN PRINT NON OR PRESS RETURN' TO 60 BACK TO THE MENU. RUE

>
\

ACCUMULATED TIME * 60 DATS PARTICLES » 3:0 ACCUMULATED TIME • 11: DAiE r-ARIlELES - 3»9
CmCENTRATIDN MAP IN PPM CONCENTRATION MAP IN PPM

COORDINATES ARE IN FEET COORDINATES APE IN FEE

26 * * * * * * * 26 * * * * * * * * * *
23 * * * * * * * * * * *
22 * * * * * • * * * * * 22 * * * * * , * * * *
21 21 * * * * * 36 * * * *
20 * * * * * * * 20 * * t 91 36 * * * *
19 19 * * 68 91 * * * * *
IB 18 * * 206 91 36 36 * * *
17 * * * 63 * 32 * * * * * 17 * * 66 136 169 • * * *
16 16 * * 63 561 236 36 * » *
IS * * 255 298 127 * * 15 * * 1351036 303 36 * * *
16 847 612 32 21 * * * * 16 * * 606 962 738 2-JI * * *
13 * * 1271436 726 96 2! 13 * * 3361361 970 167 » * *
12 ♦ * 63 9821382 365 101 * 1 * » 13 * * 136 6261067 865 * * * *
II 167 532 718 18? 11 t * * 133 53: 697 12 33 * * *
10 * 93 559 351 10 * • * * 33 363 12 • * * *
9 31 611 31 ■ * * 9 * * * ♦ 33 99 16 * *
6 * * 62 161 15 * * ♦ 8 * * * * * * 15 t * *
7 * * * 61 7 * * * * * * 16 * * *
6 * * * • 15 * * . 6 * * * * * * t * * *

6 9 1 1 I I I 1 1 1 1 6 9 1 1 1 1 1 1 1 1
0 1 2 3 6 5 6 7 } 0 1 2 3 5 6 7 9

DO A SCREEN PSINI NON OR PRESS '.RETURN.' 10 60 PACK TO THE MENU. JON DO A SCREEN PRINT NON OR PRESS (RETURN: TO 60 BACK TO THE NEUO. S£P
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ACCUnULATEC llttE = lEO OAYS 
CONCENHUTION IMP IN PPM

COOADtNATES ARE IN fEEI

PARTICLES - 219 ACCL'WLATEt HUE - DAIS 
CONCENTRATION NAT IN PTM

PARTICLES »

COQFOINATES APE IN FEEI

24
2S
22 * ♦ 50 ♦ ♦ ♦ * * * * *
21 2! ; » * 75 t(“> ,
20 ♦ * * 140 37 ♦ 20 1 * * *149 IT , 25
19 * T 148 14? t » 19 ! * * 149 595 291 V 25
IB ♦ ♦ 73 391 I4A 37 19 : * • 148 54i 163 V . * * *
17 , b * 146 925 146 » 24 * * * * 17 1 • * * 140 221 74 49 * * *
I& * » 2911065 ;i7 109 16 ! • • * 196 220 110 24 * * *
15 ♦ » 1451301 541 144 24 * * * • 15 ; * * * 90 256 M3 24 * * *
14 » * 216 767 574 323 72 10 • * ♦ 14 ! 146 73 73 * * *
U * b * 30: 500 429 71 * * * * 13 : 11*9 291 40 * * *
12 t * * 190 356 462 4? 16 • * * 12 : * * * * 72 109 24 * * *
11 * * * 95 71 104 168 • * * * 108 144 * * *
10 ♦ ♦ * * ♦ 141 211 * « * * 10 ! * 36 167 • * *
4 9 : > 36 72 * * *
0 * * * * * * 46 • * * * 3
7 7 !
4 t i * • * * *

0 9 1 1 1 1 1 1 1 1 1 9 9 1 1 1 1 I I i 1
0 1 2  3 4 5 6 7 9 ■1 I 2 3 4 6 7 0

10 A SCREEN PRINT NON OR PRESS (RETURN; TO 50 DAEK TO THE MENU. OCT CO A SCREEN PRINT NON Oft PRESS (SEIUPTO 10 00 RSCT. TO THE MEtW. 0 6 0

ACCUNULATEC TIKE * I1C> OAYE 
CONCENTRATION MAP IN PPM

PARTICLES • 167

COORDINATES ARE IN FEET

\
RCCC'fflLATSC TIME = i.’E OAt- 
COHCENTRAIION MAP IN TPM

PftP.TlC = II:
CDQl

23 * * * *
22 -- . 63 * 25
21 5o * - * * * * * 21 : ' * 76 252 76 «■ 25  ̂ *
20 298 * ♦ * * * * * 20 ! * * * ICI 28 38
19 * * 149 247 111 * 25 • * * • 17 : * * ICO 50 75 75 25 » *■
10 345 184 74 * * * * * IB ! * * 75 200 299 75 25 f
17 * * 74 343 3TI • 21 * * * * 17 1 * * 75 147 299 ti; * ‘
16 537 54-Î 133 9? * * * * 16 ; 99 1T2 74 4- 6 *
15 359 291 109 24 * * * • !5 ; * * * 49 11! Its 74 f ♦
14 * * * 97 509 151 40 * * * * 14 1 * * * * 74 ut 74 * ♦
13 * * * 96 109 253 49 * * • * i: ! * * * * 110 37 147 + ♦
12 * * * « 72 288 72 * * * *
11 * * * * 36 251 72 * ► * * 11 : * * * * 37 37
10 * * * * * 143 190 * • > • 10 : * * * $ 12i - *
9 * * * * * • 142 * * ♦ * 9 1 * * * + 72 IB ‘
8
7 7 :
6 6 ' » * * ♦

fi 9 1 1 1 1 1 1 1 1 ! ■i 7 ! i 1 t I 1 1 I
0 1 2 3 4 5 6 7 9 1 : 4 5 b ' a

PO!NATES APE IN FEET

DO A SCREEN PRINT WON Oft PRESS 'RE I URN TO GO mCK IS THE MENU. UO'J 00 A Cl,TEEN PRIXI NON OR FfESS (RETUFN 10 'CO PACT TO THE MENU. TAb»
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ACCUmiLAtED TIME • »;■ DArS ft-ütKLES » il 
COIICEMTRATION HAP IN PPM

CECRD1NATE3 APE IN FEEI

ACCUMULATED TIME • 34v OATS 
tONCENIRATJON MAP IN PPM

PARTICLE: = ID:

EChIROINATES ape IN FEET

21 4 4 4 2t 40 20 4
23 4 11 4 21 176 118 66 18 4 » » »
22 * ♦ SI ISA 51 IS 17 4 » 4 » 22 10Î 101 I‘j5 St 4 4 . »
I I ♦ t 228 202 70 SB 21 4 4 77 U'T 77 115 26 4 » » »
20 ♦ ♦ 151 SOI 76 lit 20 » 4 19: 26 19 4 4 4
IT * t t 151 75 58 19 4 4 4 SI 76 76 51 4 4 » »
IS ♦ ♦ + ISO 106 75 25 4 » 4 4 18 4 4 » SI 76 76 25 4 4 4 »
17 ♦ T ♦ 50 187 11: SO 4 4 4 » 17 4 4 76 25 4 4 , .

H 4 4 4 50 187 154 25 4 * 4 4 10 4 4 4 4 76 76 50 4 4 4 »
IS SO S7 17 50 4 4 4 4 IS 4 4 4 50 28 50 19 4 4 »
I t 4 4 4 50 17 111 » 0 * $ * It 4 4 4 25 4 » » »
IS 4 T 7t 11 4 4 » » 15 57 75 4 4 » »
12 4 4 7t t1 4 » 4 » 12 4 4 4 4 4 4 99 4 ,
I I 4 4 4 4 4 » 7t 4 » * » II 4 4 4 25 4 ,  4 .
10 4 4 4 4 4 4 2t 4 4 » 4 10
1 4 4 4 4 4 4 t1 4 4 4 4 9 4 4 4 4 4 4 4 4
B 4 4 4 4 » » 24 4 4 4 » 8 4 4 4 2t 4 » » »
7 4 4 4 4 ». « 7 4 4 4
A 4 4 4 4 * * 0 *■ 4

S 9 1 1 1 1 1 1 1 1 1 j  9 1 ! 1 1 1 1 ! 1 !
0 1 2 3 t 5 6 7 s ') 1 I 9 5 6 7 9

to  A SCREEN PRINT NON OR PRESS .RETURN. IB DO PACK ID THE NEW. FES K N StPEEM PRINT NON OFi PRESS .RETURN ' TO CO PACT. TO THE MENU. APR

AK'fflOlATEO TIME • ÎÎO OATS 
CONCENTRATION NAP IN PPM

\

PARIICLES • 101

COORDINATES ARE IN FEET

2t , , 4 4 4 4
23 4 4 4 69 39 » 9 4 4 4
22 4 4 4 :c't 127 51 4 4 4 4
21 4 4 74 101 228 152 » » 4 4
20 4 4 4 50 l it 20 25 4 4 4
19 4 4 4 151 US 38 25 4 4 4
18 4 4 4 50 263 301 25 4 4 4
17 4 4 4 4 75 ISO 75 4 4 4

16 37 » 25 4 4 4
15 4 75 25 4 » »
It 57 111 5Û 4 4 4
IS » 4 25 4 4 4
12 4 4 7t 4 4 4
11 4 4 123 4 4 4
10 4 » 99 4 4 4
9 • 4 49 4 • 4
8 4 4 24 4 4 »
7 4 4 » 4 4 4
6 • * • 4 4 4

8 9 1 1 1 1 1 I 1 1
I 5 i

BO A SCREEN PRINT NON OR PRESS 'RETURN TO CO SAC). TO THE NEW. HAP
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ACT.
(EMPTY

LOC.
VS. SIM. Cl CONC. IN ppm WITH RANDOM-WALK* 
COLUMN SPACES REPRESENT NO DATA COLLECTION)

MAY JUNE JULYACT. SIM. ACT. SIM. ACT. SIM.MW3 1 144 1 124 391 411 2640 2078MW4 638 560 660 344 1040 1160MW5 14 41 64 127 100** 150MW6 O <50 15 17 211MW7 0 0 30 128 152 200MW0 <34 0 <50 0 <36 0MW 16 200 126 373 255 500MW17 <34 0 0 0 65MW 19 0 0 27 21 32MW20 94 411 602
LOC. AUG. SEP. OCT.ACT. SIM. ACT, SIM. ACT. SIM.MW3 2764 2370 306 201 227MW4 1254 1201 865 658 449
MW5 225** 410 275 166 185MW6 <36 83 16 23MW7 123 188 200 204 283MWB 16 O 0 O

MW16 560 700 606 475MW17 63 68 99 144
MW19 124 34 68 140
MW20 1056 738 626 559
LOC. NOV. DEC. JAN.

ACT. SIM. ACT. SIM. ACT. SIM.
MW3 100** 140 71 72
MW4 400** 284 300** 108 200** 72
MW5 150 95 36 36
MW6 <34 24 24 73
MW7 150 250 132 195 41 98
MW0 0 0 0

MW 16 779 96 97 683 109
MW17 122 148 34 149 149
MW19 61 108 21 125 100
MW20 527 503 405 145 405 109

LOC. FEB. MAR. APR.
ACT. SIM. ACT. SIM. ACT. SIM.

MW3 14 48 40 49 4 24
MW 4 21 73 29 70 8.2 25
MW5 21 24 0 110 0
MW6 49 25 14 50
MW7 81 50 77 37 51 50
MW8 27<?> 0 30 20(?) 11.4 30(?>

MW16 527 49 398 24 248 37
MW17 91 150 91 50 51 51
MW 19 34 37 29 75 29 38
MW20 345 49 257 91 200 37
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♦ ALL VALUES USED IN ACT. COLUMNS ARE ESTIMATED BY S^^^TRACTI 
20 ppm FROM CONC. AS BACKGROUND AND ANY RESIDUAL Cl CONC. 

♦♦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: 
(AREA OF EACH ZONE) X (.25 POROSITY) = AREA OF WATER (ft̂ )
(AREA OF WATER) X  (MONTHLY VELOCITY) = MONTHLY WATERVOLUME PER ZONE

(ft̂ )
3
4

CONVERT ft"* INTO LITERS
(MONTHLY WATER X  (MONTHLY Cl mg/1) 
VOLUME PER ZONE)

5. (ADD EACH BLOCK OF Cl LOAD PER MONTH)

6. (ADD EACH TOTAL MONTHLY Cl LOAD)

= MONTHLY
Cl LOAD (mg Cl)

= TOTAL MONTHLY Cl 
LOAD (mg Cl)

= TOTAL YEARLY Cl 
LOAD (mg CL)

7. SUBTRACT BACKGROUND Cl LEVELS OF 20 mg/1 FROM TOTAL
8. CONVERT mg OF Cl LOAD PER YEAR INTO kg AND lbs OF Cl
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BLOCK SITE 
Al 
A2 
A2 El 
B2 
B3 Cl 
C2 
C3

CROSS SECTION DATA WELL DATA CHEMISTRY 
MW 5s 
MW 4s 
MW 19s 
MW 5 
MW 4m 
MW 6
MW 5/BACKGROUND MW 4d
MW 6/BACKGROUND

BLOCK AREA 
200 
380 
280 
200 380 
280 
550 
1045 
770

GROUND WATER VELOCITY DATA 
MONTH VELOCITY fft/dav^
JUL
AUG
SEP
OCT
NOV
DEC
JAN
FEB
MAR
APR
MAY
JUN

5
5
4
4
3
2
2
2
2
2

6
3
7
5 
2 
9 
9
8
6
4

5.6
5.9

Cl CONCENTRATIONS (* = ESTIMATED)

BLOCK AUG SEP OCT
A1
A2
A3
B1
B2
B3
Cl
C2
C3

225*
1060
120*
30
650
37
20
106
30

300*
1270
100*
52
895
30
30
36
25

250*
1000*
95*
45*
400*
28*
28*
36*
20*

186
678
88
40*
88
24*
25*
35*
20*
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CONT. Cl CONCENTRATIONS
b l o c k
AlA2
A3
B1
32
33 
Cl 
C2 
C3

NOV
170400*
81
34
61
22
24
34
20

DEC
150*
300*
41
30*
47
20*
22
30*
20*

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

FEB
120*
100*
54*41
41
21*
20*
30*
20*

BLOCK MAR APR MAY JUN
A1A2
A3
B1
B2
B3
Cl
C2
C3

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

130
80*
50
60
28
34*
25
25
22*

34658
47
50*
30*
30*
25*
25*
25*

84890
56
45
40*
40*
30*
35*
28*
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