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1. Introduction

The hydraulic borehole mining method allows the removal of under-
ground deposits of oil sands with much less capital cost and increased
safety compared to conventicnal underground mining and without the
extensive surface disruption associated with strip mining. The support
mining equipment (pumps, engines, derrick, etc.) is operated from the
suriace and only the mining tool is underground, yvet the selectivity of
this system allows the removal of small or discontinuous mineral deposits
and minimizes the removal of host rock.

The hydraulic borehole mining method includes site selection, site
preparation, drilling of boreholes, setting up of borehole mining
equipment, mining operations, and backfilling operations. Site selec-
tion is based on exploration drilling and consequent analyses. Site
preparation includes constructing access roads, clearing the site, and
forming a slurry settling pond. Boreholes are drilled below the bottom
of tthe ore zone and cased to the top of the ore zone. A schematic of
the borehole mining system, showing two borehole mining units, can be
seen in Figure 1. Each of the mining tools includes a cutting jet
system, a swivel, tool sections, and a jet pump section. Each mining
trailer carries a mining tool, a derrick, hoists, controls, and a diesel-
powered hydraulic pump. The pump trailer carries three diesel-powered
high-pressure pumps, with electrically powered charge (suction) and
slurry pumps. (Note that the Bureau of Mines borehole mining tool,
described in Appendix A, was used for the oil sands tests.)

Mining operations begin by lowering the borehole mining tool into
the borehole., 0Ore production begins immediately. The mining tool
simultaneously cuts the ore with a high-pressure waterjet (at 500 to
5000 psi) and transports the resulting ore slurry (at 800 to 1200 gpm)
to the surface with a water jet pump. Potentially, the ore could be
transported directly to a processing plant by slurry pipeline. Backfilling
of the waste sand into the borehele cavities should help prevent surface
subsidence and the accumulation of waste material (see Marvin, Knoke,
and Archibald, 1979).

Hydraulic borehole mining systems have been developed and field
tested by Flow Technology Company, a Division of Flow Industries, Inc.,

under the Bureau of Mines Advancing Coal Mining Technology Program and
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the Advancing Metal and Nenmetal Technology Program for mining coal and
uranium, respectively. The application of a hydraulic borehole mining
apparatus to the remote extraction of coal was initiated in 1974. The
development of the first borehole coal mining tool was reported by
Cheurg et al., (1975) and Murman, Yu, and Cheung (1975). The results of
the first coal field test were presented in Cheung el al. {1976).

A review of the economics of hydraulic borehole coal mining was per-
formed by Cheung (1977). The addition of a coal crusher to the mining
tool has been started (see Cheung et al., 1978). The application of the
hydraulic borehole mining method to uranium sands was reported by
Archibald (1978). Backfilling of uranium cavities has also been tested
(see Marvin, Knoke, and Archibald, 1979).

Hydraulic borehole mining promises to be an environmentally attrac-
tive method for extracting oil sands and other underground ore deposits.
It has the advantages of minimizing surface disruptions, waste rock
pilee, damage to ground water quality and hydrology, and surface water
pollution. Surface disruptions are minimal because no overburden is
removed. Waste rock piles are not needed because a negligible amount of
host rock is removed. Impact on ground water is incidental because only
ground water is used for the mining process. No surface streams need be
polluted because a closed-loop water system can be employed.

Flow Technology Company, under contract to the U. S. Bureau of
Mines, has completed a research and development project to investigate
the economic and envirommental aspects of mining shallow oil sands using
a hydraulic borehole mining apparatus. The objectives were to demon-—
strate that oil sands can be mined economically and in an environmen-
tally compatible manner with a hydraulic borehole mining system.
Specific objectives included mining 1100 tons of sand within 45 calendar
days, monitoring the envirommental impact in terms of ground subsidence
and ground water quality, and obtaining sufficient technical data to
refine predictions of the mining and economic performance of a produc-
tion mining system for oil sands.

The project consisted of five tasks. Under the first task, the
equipment required to perform the mining operation was prepared and

transported to the test site outside of Taft, California. Under the



Flow Technology Report No. 161
February 1980

—he

second task, the baseline conditions for ground subsidence and ground
water quality were determined. Under the third task, the hydraulic
borehole mining equipment was set up and used to mine oil sands. Under
the fourth task, the degree of ground subsidence and the changes in
process water quality as a result of mining operations were determined.
Under the fifth task, the technical and economic data were analyzed, and
an economic analysis of hydraulic borehole mining of oil sands was
prepared.

The results of these tasks are presented in the next three sections,

followed by the conclusions and recommendations.
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2. Mining Operation

The objective of the hydraulic borehole mining operation was to
mine a typical borehole cavity in the oil sands to provide technical and
economic data and to simulate the environmental impact of production
mining., Nearly 1000 tons of o0il sands were removed from two adjacent
150-foot boreholes in Section 26, Township 325, Range 23E, Kern County,
California (Midway-Sunset 0il Field). A site location map and a brief
description of the geology and lithology of the area are given in
Appendix B. Appendix C is a property analysis report on core samples
taken from the borehole side walls.

The side benefits gained from the mining operation were experience
in production mining of oil sands and technical data concerning tool

refinements and component lifetimes.

2.1 Equipment Setup

The general arrangement of the borehole mining site is shown in Figure 2.
Site preparation included grading of the site and adding an access road,
a plastic-lined slurry pond, the boreholes and water wells, a water
supply, and electrical power (see Figure 3). The hydraulic borehole
mining equipment included the borehole mining tool (a three-passage
swivel, a 22-foct Kelly section, eight 20-foot standard sections, and
the mining section) and a gasoline~engine-driven turntable unit (see
Figure 4), a de~airing tank, the slurry discharge tanks, the high-
pressure pumping units, an optional water holding tank, and a charge
pump (see Figure 5) which fed water to the tank from the pond. The
miscellaneous equipment moved to the site included a crane to support
the mining tool in the borehole (see Figure 6), a forklift for equipment
loading, a backhoe to handle the ore, an office trailer, and hand tools
for setup, maintenance, and repair work. All of the mining equipment,
in operation, is shown in Figure 7. The Bureau of Mines hydraulic
borehole mining tool and the turntable unit are described more fully in
Appendix A.

As shown in Figure 2, two boreholes were drilled at the test site
in early July. They were created in the following manner. A 36-inch-
diameter hole was drilled to 110 feet (the top of the ore zone). A

20-inch~-diameter casing was welded, lowered into the hole, and cemented
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in place—-20 yards of cement were required for each borehole. A 17-5/8-
inch~diameter hole was then drilled from 110 feet to 160 feet (the
bottom of the ore zone),

Two Halliburton®* HT-400 pumping units were employed, one for the
cutting jet water and the other for the jet pump water., The cutting jet
water was supplied to the top of the three-passage swivel through 50
feet of 2-1/2-inch hose. The jet pump water was supplied to the side of
the swivel through 50 feet of 3-inch hose. The ore slurry emerged from
the side of the swivel and was transported through 50 feet of 4-inch
hose to the backflush valve, the surge tank, the slurry discharge tanks,

and the slurry pond.

2.2 Mining Procedure

The mining procedure consisted of moving the mining tool with the
crane and the turntable while pumping water around two circuits: the
jet cutting circuit and the jet pump circuit. In the jet cutting circuit,
the water (1) was drawn from the pond with the charge pump, (2) was
stored in the elevated tank, (3) was pressurized up to 2500 psi by a
high-pressure pumping unit, and (4) was channeled through the swivel to
the mining tool and out the jet cutting nozzle. The cutting jet water
(300 gpm) eroded the ore and formed a slurry which flowed to the slurry
inlet on the tool. The orientation of the cutting jet was controlled by
moving the tool up and down with the crane and turning the tool with the
turntable, In the jet pump circuit, the water (1) was again drawn from
the pond with the charge pump, (2) was stored in the same elevated tank
as before, (3) was pressurized to 1500 psi by the other high-pressure
pumping unit, and (4) was channeled through the swivel to the mining
tool and out the jet pump nozzle. The jet pump water (500 gpm) en-
trained the ore slurry formed by the cutting jet water and forced it up
to the surface and out the swivel. The slurry then flowed through the
backflush valve (used to occasionally clear the slurry inlet), into the
surge tank (which removed flow surges caused by air sucked into the

slurry inlet), and into the slurry discharge tanks., An upward-pointing

*Reference to specific brands, equipment, or trade names in this report
is made to facilitate understanding and does not imply endorsement by
the Bureau of Mines.
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slurry discharge (Figure 8) allowed an estimate of the slurry flow rate
by measuring the plume height. The o0il sands which settled in the tanks
(98.5 percent of the sand) was measured and removed with the backhoe to
the ore pile, The slurry flowing into the pond was thus relatively
clear.

The typical operating parameters are listed in Table 1. A range of

values is given if the parameter varied significantly.

2.3 Mining Operations

Hydraulic borehole mining of oil sands was conducted from July 25
to August 24, 1979. About 467 tons of ore (about 8000 cubic feet) were
rewoved from Borehole 1 and about 527 tons (about 9000 cubic feet) were
removed from Borehole 2 during that month.

The mining operation is summarized in Table 2 and reported in
detail in the mining test log (Appendix D). Table 2 lists the date on
which the mining occurred, the amount of time that the jet pump operated
(the cutting time is slightly less), the number of tons of ore removed
from the slurry discharge tanks, the tank number, the borehole number,
the mining rate averaged over a tankful, and the cutting jet depth from
which the ore was mined (the slurry inlet is 4.2 feet lower). The
operating time is broken down by tankful and by date. The total operating
time, the total number of tons mined, and the average mining rate are
noted at the bottom of Table 2. The amount of ore in the pond was
measured on September 5 when the pond was drained.

Only one major complication was encountered during the mining
operation. As the mining in Borehole 1 proceeded, it became apparent
that the borehole was being slowly filled with a material through which
the tool could not auger. It was believed that this material was
rocks carried to the borehole by the sand and not pumped to the surface
because of their size. The rocks accumulated around and below the
mining tool until the cutting jet could not be lowered below the bottom
of the casing (110 feet). On July 30, mining in Borehole 1 was halted
for this reason.

A hydraulic motor with higher torque was installed on the turntable
to allow the tool to work down faster and farther into the rocky ma-

terial. Then mining was continued in Borehole 2 while Borehole 1 was
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Operating Parameters

Typical Value

Pressure (psi) 400
Flow rate (gpm) 300
Hydraulic power (hp) 50
Nozzle diameter (in.) 0.62
Line diameter (in.) 1.70
Rotation rate (rpm) 10
Traverse rate (ips) 60
Vertical cutting increment (in.) 2
Angle of cutting arc (degrees) 180
Depth (ft) 130
Jet_Pump
Pressure (psi) 1000
Flow rate (gpm) 500
Agitation jet flow rate (gpm) 90
Hydraulic power (hp) 300
Nozzle diameter (in.) 0.70
Agitation jet diameter (in.) 0.188
Throat diameter {in.) 2,50
Nozzie line diameter, effective (in.) 2.5
Secondary Flow
Flow rate (gpm) 400
Solids (percent by weight) 15
Specific gravity 1.1
Slur:y Flow
Flow rate (gpm) 800
Line diameter (in.) 3.75
Solids (percent by weight) 7
Specific gravity 1.05
Mining rate (tph) 15

Range
100-2500

100-500
10-700
0.62-0.75

4-15
2-120

0-360
110-150

450-1500

350~650
60-110

100~600

2.5=2.9

300-600
0-35
1.0-1.3

600~1100

0-18
1.0-1.15
0~-45
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Mining Rate

Date Time (hrs) (tons) Tank No, Borehole No. (tph) Depth (ft)
7-24 3 0 1 0 -
7-25 1.25 26.24 1 1 21.0 150
7-26 2.35 40.95 2 1 17.4 123-135
- 2,75 34,97 3 1 12.7 121-122
7-27 2.5 40.58 4 1 16.2 118-121
2,0 46.50 5 1 23.2 117-119
1.25 1 118
7-30 1.5 44,00 6 1 16.0 114
1.5 1 i13
8-13 2.1 34.37 7 2 9.5 110-145
2.2 2 126-145
8-14 3.0 39.90 8 2 7.7 130-140
4.3 39.84 9 2 9.3 138-140
2,2 2 122-132
8-15 6.75 42.16 10 2 4.7 108-140
1.7 2 135-136
8-16 1.0 39.10 11 2 14.5 140
2.75 42,00 12 2 15.3 135-140
0.40 2 140
8-17 1.0 37.71 13 2 26.9 125-135
1.25 36,00 14 2 28.8 135
1.25 34.92 15 2 27.9 130
1.25 32,76 16 2 26.2 130
1.1 38.10 17 2 34.6 124
1.2 2 132
8-18 0.75 41,83 18 2 21.5 126
2,25 41,39 19 2 18.4 129
2.25 2 124-126
8-22 3.5 2 106-120
8-23 1.0 42.85 20 1 6.3 105-112
1.0 44,64 21 1 44,6 116
1.25 44,54 22 1 35.6 110-115
1.5 38.41 23 1 25.6 114
1.0 1 112
8-24 1.5 40.35 24 1 16.1 112-113
2.5 34,38 25 1 13.8 112-115
9-5 Pond 7 1 est.
8 2 est.
72.05 993.50 14.2
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partially cleaned out with a bailer, The new turntable motor did help
the tool to work down but did not prevent rocks from again blocking the
borehole. When Borehole 2 ceased to produce,. the tool was returned to
Borehole 1 for more mining (see Table 2}. The addition of a rock crusher
to the mining tool, such as the one being developed for borehole coal
mining, should prevent rocks from filling the borehole and allow more

sand to be mined from each borehole.
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3. Environmental Assessment

Environmental monitoring was performed to quantify the environ-
men:al impact of borehole mining. This was accomplished through site
surveys to determine the degree of ground subsidence and water samples
taken from both monitoring wells and the slurry pond to analyze the
effiect of borehole mining on ground water quality. Testing was performed
before, during, and after the mining operation. Ground subsidence was

found to be negligible; water quality data, however, were inconclusive.

3.1 Ground Subsidence

In order to evaluate the ground subsidence potential, a series of
site surveys was performed during the course of the mining operation to
collect information on site ground elevations, The contour of the area
around the two boreholes was surveyed with reference to an adjacent
bench-mark having an assumed elevation of 100 feet. About 30 points
surrounding each borehole were documented weekly between July 23, 1979
(beore mining began) and September 24, 1979 (a month after mining
ended).

Figure 9 shows the location of the Toups Bench Mark (TBM); Figure 10
shous the project site subdivided into grid sections covering the area
overlying the borehole mining area and subsurface cavity. Table 3
sumnarizes survey results with the change in elevation assumed to be the
difference from the initial survey to the final survey. It appears that
minor ground subsidence occurred and that the amount of subsidence
increased with time and decreased with distance from the boreholes.

Grid selections associated with Borehole 1 (i.e., A through E) experi-
enced more subsidence than those associated with Borehole 2,

The avérage change in elevation was between 1/4 and 1/2 inch of
subsidence, although some points were found to be slightly elevated
rather than depressed. This amount of subsidence is considered to be
neg_.igible since elevation changes of this order could be the result of
s0il compaction caused by heavy vehicles and mining equipment in the
area, Contour maps of the site elevation changes based on Table 3 are

shovn in Figures 11 and 12.
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The small but measureable ground-level subsidence that occurred
overr these 500-ton borehole cavities indicates that there would be
significant subsidence over a 5000-ton cavity. Therefore, in a com-
mercial oil sands mining operation, backfilling the cavities would
provide a satisfactory method both to reduce ground-level subsidence

and dispose of tailings.

3.2 Water Quality

An investipation was performed to determine the location and flow
direction of ground water underlying the project site. Based on this
investigation and information from 80-year-old drilling logs, it was
decilded to locate the monitoring well approximately centered between the
two boreholes and 50 feet distant from them in a roughly southerly
direction (see Figure 2). The well was accordingly drilled to a depth
of 760 feet but failed to encounter water. It was then decided to
periorate the well in a potential aquifer (sand) at 550 feet. The well
was bailed dry of process water and a ground water sample was taken the
next: day. The results of an analysis performed on this sample are
sumnarized in Table 4, which also summarizes the results of an analysis
performed on a sample of the process water.

The test plan called for collecting water samples from the well
every other day. However, no samples other than the initial sample
cou..d be obtained from the well. In fact, it is speculated that the
initial sample was process water forced into the pore spaces of the soil
surrounding the well during drilling. Even though standing process
water left by drilling was removed from the well, it is possible that
some drained back to become the initial sample.

A second monitoring well was drilled in early August to provide
water samples from the horizontal migration of the mining process water.
This second well was cased, cemented, and shot at the depth of the oil
sands (150 feet).

Water quality samples were collected from the slurry clarifier
(Figure 13) on July 26 and August 7, 13, 17, 18, 20, 22, and 24.

Table 5 is a summary of the analytical results obtained. An evaluation
of these samples could provide some insight into the potential changes

in water quality composition that could be expected from any downstream
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Table 4. Initial Water Quality Sampling Results - July 16, 1979

Water Used

Constituent Monitoring Well In Mining Process
Calcium 13 42
Magnesium 1.2 18
Sodium 1,930 1,590
Potassium 87 55
Carbonate 86.9 0
Bicarbonate 412.3 1,088
Chloride 220.7 1,879.7
Sulfate 225 145
Nitrate 708.8 10.6
Fluoride 1.0 2.6
Iron 1.8 0.06
Manganese 0.04 0.03
Arsenic <0.01 <0.01
Copper 0.03 0.01
Zinc 0.11 0.02
MBAS 0.3 0.5
Hardness 37.5 179.2
Total Dissolved

Solids 5,420 4,315
pH 8.6 .3
Electrical

Conductivity 8,280 6,820
Color 40 200
Odor 5 1
Turbidity 4.0 4.3
Barium <1.0 <1.0
Cadmium 0.01 .01
Chromium 0.01 0.06
Lead 0.14 <0.01
Mercury 0.0002 <0.002
Selenium 0.02 <0.01
Sitver .01 .01
Total Organic

Carbon 15.6 17.5
Phosphate 6.0 30.0
Chromium

[hexavalent] .01 .01
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migration of mining water. A review of these results showed that the
chemical composition of the water varied throughout the study. The
samples collected on August 7 through 13 were noted to have the largest
variation from the other samples, A check was performed on the validity
of the laboratory analysis by the electroneutrality balance. All samples
wera found to be acceptable except the one collected on August 13, 1979;
thus, it is not considered to be wvalid.

The samples collected on August 17 through 24 are considered to
provide the most meaningful data. First, the process water is directly
related to the incoming source water. The incoming source water, in
this instance, was waste brine from the neighboring oil recovery operations
and could be expected to vary with time due to the amount and type of
oil recovery operations taking place. For example, it is highly probable
that the higher concentrations of constituents noted in the August 7
analysis was the result of a high concentration of make-up water to the
recirculation pond. Second, the time frame over which these samples
were collected was relatively short and provides a means of observing
any trends in the chemical composition of the water used in the borehole
mining. Figure 14 through 20 are graphic representations of the various
constituents listed in Table 5. As can be seen, the plots tend to
fluctuate without any definite trend. However, if just the data from
August 17 through 24 is studied, the plots provide a more meaningful
picrture of what could be happening. It appears that the total mineral
content of the water increases slightly with time after its contact with
the oil sand material during the mining process. The total dissolved
solids and chloride levels both followed the basic pattern. During
August 17 through 24, the total dissolved solids and chlorine concentra-
tions increased approximately 5 percent while the electrical conductivity
increased approximately 15 percent. Some of the increased concentrations
of salts are directly attributable to the evaporative losses of the

pond.* This is borne out by the fact that the ratio of sodium to

*It is necessary to add an average of 12,000 gallons per day to the slurry
pond to make up its approximately 200,000-gallon capacity. It is believed
that 2,000 to 5,000 gallons per day were lost through evaporation and
2,000 to 14,000 gallons per day through seepage from the borehole cavity.
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chlecride ions (expressed in terms of equivalent weights) remained
essentially the same. A slight decrease in percent sodium to total
cations was noted in the August 24 sample analysis, but the percent
chlcrides to total anions remained essentially the same, This small
charge in percentages may be attributable to available laboratory error.
The results are summaried in Table 6.

Based upon the data available, it is impossible to draw any firm
conclusions with regards to water quality. It appears that no significant
changes occur in the chemical composition of the process water., This
leads to the speculation that the borehole mining process does not
actvally dissolve the mined material, but the data is inclusive. Lack
of a water mass balance over the entire system precludes the possibility
of obtaining an accurate estimate of the quantity of water lost during
mining. Also, because the monitoring well did not penetrate the ground
water table, no information about the possible migration of process

water or its effects on ground water is available,
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Table 6‘.COﬁDaf£soﬁ of Sodiﬁﬁﬁéﬂaméﬁiéride Equivaleﬁisgi. ‘

% Sodium to % Chloride to

Sample Date Sodium:Chloride Total Cations Total Anions
7/26 1:30 93 72
8/07 1239 97 70
8/13 - - -
8/17 1:33 94 72
8/18 1230 94 72
8/20 1330 93 73
8/22 1:28 91 71
8/24 1:24 88 71

* *Sodium and chloride expressed in milliequivalents per liter.
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4, Mining Cost Analysis

The hydraulic borehole mining of o0il sands provided sufficient
information to project an estimated cost of production based on a Bureau
of Mines tool used at this test site. Certain assumptions were made
concerning the cost of building and operating an oil-sand separation
plant and other miscellaneocus costs. In addition, a cost analysis was
performed based upon a hypothetical hydraulic borehole mining tool

(Figure 1) with a higher mining rate and used at a more favorable site.

4.1 Basis of Analysis

The borehole mining cost analysis is based on the following pro-
jected operation plan. First, drilling crews will drill, log, case, and
complete boreholes in an area before the mining operation begins,
Support crews will then prepare reserveirs, water supplies, slurry
ponds, and slurry and water lines to transport the ore to the separation
plant. These crews will also assist the operating crew in moving and
setting up the horéehole mining equipment. The operating crew will mine
with the borehole mining equipment, moving it to new boreholes as
necessary. A maintenance crew will perform all maintenance and repair
worl: and keep a stock of spare parts and supplies on hand. Mining
operation managers will supervise the mining, plan the moves, monitor
the progress, and keep the operation fully manned. A 10,000-ton-per—day
separation plant will be sited within two miles of the mining area. The
sancd tailings will be backfilled into the borehole cavities. The entire
operation will run three shifts per day, 330 days per year,

The equipment required for the Bureau of Mines tool system is
described in Appendix A, i.e., the equipment used for this test. The
percentage of ore recovery, the ore body requirements, the number of
mining units, the number and depth of boreholes, and the corresponding
costs depend on the tvpe of mining tool used and ore body being mined.

A detailed list of parameters used in the mining cost analysis are
listed in Table 7. Those parameters characterizing this tool at the
test site used for this project are the ore thickness (25 ft), over-

burcening thickness (125 ft), and the average mining rate (14 tph).
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Table 7. Basis for Mining Cost Analysis

Ttem Bureau of Mines Tool Hypothetical Tool
Ore Body
Cavity radius 25 25 ft
Cavity separation i0 10 ft
Ore thickness 25 200 ft
Overburden thickness 125 200 ft
Ore grade 0.50 0.50 bbl/ton
Ore body width 2,000 2,000 ft
Ore density 118 118 1b/cu ft
Mining arc 360 360 deg
Drilling cost 25 25 $/ft
Capital Cost
Exploration cost 2,000,000 2,000,000 $
Capital depreciation period 10 10 yr
Working capital 25 25 A
Mining system cost 1,500,000 1,500,000 $/unit
Slurry and water lines 15,000 15,000 $/unit
Plant cost 30,000,000 30,000,000 $
Miscellaneous capital costs 5,000,000 5,000,000 $
Operating
Mine capacity 10,000 10,000 ton/day
Average mining rate 14 20,40 or 100 ton/unit/hr
Utilization level 24 24 hr/day
330 330 day/yr
Mining unit availability 60 &0 %
Reservoirs and water supply 400,000 400,000 $/yr
Maintenance supplies 150,000 150,000 $/unit/yr
Miscellaneous operating supplies 1,200,000 1,200,000 S/yr
Fuel 100,000 100,000 $/unit/yr
Ore transportation 0.40 0.40 $/ton
Plant operating 3.50 3.50 $/ton
Tailings disposal 1.50 1.50 $/ton
Labor for Mining (not plant or drilling)
Operating labor (1.5 man-level per unit) 18.00 18.00 $/unit/hr
Suppori: labor 25 25 % oper. labor
Maintenance labor 25 25 % oper. labor
Supervisory labor 20 20 % direct labor
Payroll benefits 30 30 % total labor
Payroll overhead 40 40 % total labor
Finance
Local raxes and insurance 2 2 % cap. cost
Royalty payments 7 7 7 gross rev.
Income tax 46 46 % taxable income
Depletion allowance None None



Flow Technology Report No. 161
February 1980

-42-

The equipment required for the hypothetical borehole mining operation
will be the system described in the introduction and illustrated on
Figure 1 (the auxiliary equipment for rock crushing is not shown). This
system will have a faster average mining rate (20, 40, or 100 tph) than
the Bureau of Mines system (14 tph) and will be used at a site having an
ore thickness of 200 ft and an overburden thickness of 200 f£t, as listed
in Table 7. Borehole cavities in oil sands deposits may not be as well-
formed as that shown in Figure 1. 0il sands deposits comprise unconsolidated
sedimentary material and cavities in such material may slough and experience
a slow surface subsidence. Backfilling the cavities, however, should
minimize such subsidence.

To assist in evaluating hydraulic borehole mining of oil sands, the
discounted cash flow rate of return (DCFROR) on investment has been
calculated as a function of value per ton for the two ore body types
following the procedure described in Section 3 of Appendix E. The
folliowing definitions and assumptions were made in addition to those

shoun in Table 7:

(1) A straight-line depreciation schedule.

(2) The operating income is the gross revenue less royalty pay-
ments and operating expenses.

(3} The taxable income is the operating income less depreciation.

(4) The net cash flow is the operating income less income tax,
working capital (first year only), and capital investment
(first year only). |

(5) The rate of return on investment is based on the net cash flow

over the ten-year depreciatien period.

4,2 QCost and Ore Body Summary

The initial capital investment and the operating costs of the two
borehole mining systems are summarized in Table 8. These figures have
been calculated from the detailed assumptions listed above (Section 4.1)
and in Table 7 following the procedure detailed in Appendix E.

The second column is the borehole economics code results for the
Bureau's tool (14 tph) with the product value (selling price) adjusted

to give a DCFROR of 20 percent. The next three columns are results for
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Table 8. Borehole Mining of 0il Sands -~ Cost Summary

Initial Capital Cost Items (8K)

Separation plant

Borehole mining units (number)
Working capital

Exploration

Slurry and water lines
Miscellansous

Total Capital Cost

Operating Cost Items ($/bbl)

Reservoirs and site preparation
Drilling
Mining: Payroll
Payroll benefits
Payroll overhead
Fuel
Maintenance supplies
Misc. operating supplies
Ore transsortation
Separation plant
Tailings disposal

Total Direct

Indirect Cost Items ($/bbl)

Local taxes and insurance
Royalty payments

Federal income tax
Depreciation

Total Indirect

Profit Af:-er Taxes ($/bbl)

{for DCFROR of 20%)

Total (Selling Price)

Note: (S$K/year) = 3300 x ($/ton)

161

Hypothetical Tool

Bureau of
Mines Low Most High
Tool Mining Rate Likely Mining Rate
30,000 30,000 30,000 30,000
75,000(50) 52,500(35) 27,000(18) 10,500(7)
27,638 21,450 15,676 11,963
2,000 2,000 2,000 2,000
750 525 270 105
5,000 5,000 5,000 5,000
140,388 111,475 79,945 59,568
0.24 0.24 0.24 0.24
2,93 0.91 0.91 0.91
7.78 5.44 2.80 1.09
2.33 1.63 0.84 0.33
3.11 2.18 1.12 0.43
3.03 2,12 1.09 0.42
4,55 3.18 1.64 0.64
0.73 0.73 0.73 0.73
0.80 0.80 0.80 0.80
7.00 7.00 7.00 7.00
3.00 3.00 3.00 3.00
35.50 27.23 20,17 15,59
1,37 1,09 0.78 0.58
4.69 3.64 2.66 2.03
8.56 6.71 4.83 3.64
8,51 6.76 4,84 3.61
23.13 18.20 13.11 9.86
8.37 6.57 4.72 3.55
67.00 52,00 38.00 29.00
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the hypothetical tool at three mining rates (20, 40, and 100 tph) with

the product value again adjusted to give a DCFROR of 20 percent. As

discussed, some other parameters differ between the Bureau and hypothetical

tool cases. Note that the total capital cost includes the working

cap:ital and that the depreciation includes the depreciation on the

working capital. Also, all operating costs are consistent units ($/bbl).
The number of mining units (indicated on Table 8) is an important

parameter impacting the total capital cost and the labor operating cost.

Also, the number of boreholes drilled per year and other ore body parameters

{(Table 9) have an effect on the operating costs.

4,3 Sensitivity Study
A study of the sensitivity of DCFROR on investment has been prepared

based on the most-likely hypothetical case with a product value set at
$25/bbl. The figures for the baseline case are included as the sample
case in Appendix E. Five figures summarize the sensitivity to cavity
radius, ore thickness, overburden thickness, ore grade, and average
mining rate (Figures 21 through 25).

Each- figure includes curves for two ore grades. This shows that
the sensitivity results do not vary with grade and that good rate of
return values are possible with moderate improvements iﬁ ore grade. A
circle on the 0.50-bbl/ton curve shows the baseline data point. There
is insensitivity to cavity radius over 30 feet (Figure 21), ore thickness
over 100 feet (Figure 22), and overburden thickness under 400 feet
(Figure 23). Ore grade (Figure 24) has a large effect on the economics
(note the scale change) as does the mining rate (Figﬁre 25). If an ore
body exists with fairly high grade (>0.75 bbl/ton), it could be mined

very profitably at 40 or more tons per hour.
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Table 9, Borehole Mining of 0il Sands - Ore Body Summary

Bureau of

Mines Hypothetical Tool
Item Tool (All Mining Rates)
Recovery (% of ore in place) 55 55
Ore body requirements (kilotons/yr) 6,050 6,050
Ore body length required (ft/yr) 2,051 256
Ore per borehole (tons) 2,896 23,169
Borehole required per year 1,139 142

Annual production (bbl/yr) 1,650,000 1,650,000
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Figure 21. Sensitivity to Cavity Radius.
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Figure 24. Sensitivity to Ore Grade,
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5, Conclusions

Hydraulic borehole oil sands mining has been shown to be technically
feasible with minimal environmental impact. A high-pressure water
cutting jet was used te produce an oil-sand slurry that was pumped to
the surface by a slurry jet pump., Mining rates as high as 45 tons per
hour were demonstrated while nearly 1000 tons of o0il sands were mined
during 70 hours of operation.

A slight amount of ground subsidence occurred over the two-month
period during and following mining operations. This subsidence is
concluded to be negligible in terms of envirommental impact. However,
ground subsidence may become significant when larger underground cavities
are developed. ‘

It is tentatively concluded that the mining process does not dissolve
the mined material and that a small percentage of the process water is
lost underground.

A mining cost analysis projects an estimated cost of production
mining at about $38.00 per barrel of oil. This cost includes drilling,
borechole mining, fuel, ore transportation, tailings disposal, royalty
payuents, taxes, separation costs, and a reasonable rate of return on

the mining and support equipment investment.
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6. Recommendations

It is recommended that a rock crusher be added to the slurry jet
punp inlet on the mining tool. This recommendation is based on the only
majcor problem encountered during this project, i.e., rocks blecking the
dowrward progress of the mining tool.

It is recommended that the underground borehole cavities be back-
filled both to dispose of tailings and to reduce ground subsidence.

It is recommended that further testing and operations be performed

to refine the results of the mining cost analysis.
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APPENDIX A: MINING TOOL
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A,1 Hydraulic Borehole Mining Teol

The mining tool is the heart of the hydraulic borehole mining
system. It carries the high-pressure water down to the cutting jet and
surports the jet pump that 1lifts the slurry, generated by the cutting
jet stream, to the surface. Basically, the tool consists of a three-
passage swivel, a Kelly section, standard sections, and a mining section.
Three conductors are provided in the sections; two to carry water down
to the cutting jet and the jet pump, and the other to carry slurry up.
The sections are bolted together. Detailed descriptions of the mining
tool components are given as follows,

The three-passage swivel is shown in Figure A-1. The outer housing
is stationary and is used to support the mining tool, which is suspended
from a crane and moved up and down during operation. The inner part of
the swivel rotates with the mining tool. Passages are provided to carry
water into the mining tool and to carry slurry out. The swivel can be
connected to the Kelly section, the standard section or the mining
section.

Figure A-2 illustrates the Kelly section. The torque required to
rotate the mining tocl is transmitted from the rotary table to the
mining tool through this section. The Kelly section is 22 feet long,
with a 12-inch diameter. The section contains three conductors, the
sam2 as the standard sections., It has two keys along its length at 180
degrees for drive, Driving keys are on one of the standard sectiomns to
increase the wvertical travel capability of the mining tool.

A standard section is shown in Figure A-3. Standard sections are
installed as the mining section is lowered down the borehole until the
desired mining level is reached. The standard section is 20 fecet long,
12-inches in diameter and contains three conductors to transport water
down to the mining section and to transport the slurry up. One water
passage, for the high-pressure cutting jet, is a 2-inch pipe. The
slurry line is a 4-inch pipe. The space around the 2- and 4-inch pipes
and inside the 12-inch housing carries the jet pump driving water. A
groove is provided at the top of each standard and Kelly section for

support during section connection and disconnection,
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PARTS LIST
QTY. 'L%M DESCRIPTION SPECIFICATION
1 SWIVEL ASSY
1 2 PIPE FTG 2FF-S
1 3 SEAL, CHICAGO RAWHIDE C/R 43051
1 4 SEAL, CHIGAGO RAWHIDE C/R 107551
5
1 6 SEAL, CHICAGO RAWHIDE CIR 68745
1 7 BRG TIMKEN CUP 225818, CONE L225849
5 8 O-RING, PARKER 2.268, BUNA N
3 9 BOLT, SHOULDER-MOD B3084-1
1 10 SEAL, NATIONAL 417608, TYPE 41
5 11 SEAL, PARKER POLYPAK 375095009 1/2 x 10 1/4 x 3/8
12
8 13 BOLT1x41/2 1x41/4 GRADE 8
10 14 BOLT5/8x21/2 5/8 x 2 1/2 GRADE 8
1 15 SET SCREW 1/4 x 3/4
1 16 SWIVEL-OUTER D1063-1
1 17 SWIVEL-INNER D1062-1
1 18 SEAL RETAINER C1077-1
1 19 BRG RETAINER C1078-1
1 20 THRUST RING C1079-1
1 21 BEARING, TIMKEN CUP 357010, CONE L357049
22
2 23 PIN, SWIVEL B1158-1
2 24 RETAINER PIN B1157-1
1 25 HANGER FTG D1068-1
1 26 CHICKSAN FTG 3207750
2 27 FLANGE ASSY B1160-1
2 28 BOLTS 5/16x 1 GRADE 3
2 29 O-RING PARKER 2-245
8 30 BOLTS 5/8 x 2 3/4 GRADE 8
1 31 BUSHING 4x21/2 STEEL

Figure A-1. Swivel Assembly (Cont.).
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The mining section is the bottom section of the mining tool. It is
6 fezt long with a 12-inch diameter and it consists of two sections.
The top section is the nozzle section, shown in Figure A-4, which con-
tains the high-pressure cutting jet nozzle. This section bolts to a
standard section. The lower portion is the pump section, shown in
Figure A-5, This section contains the slurry jet pump, with screened
intaxe ports to allow slurry entry into the pump while preventing entry
of large material that would block the pump. Should the oversize
material block the intake ports, an aboveground valve is used to stop
the slurry flow, thereby back-flushing the intake with the jet pump
driving water. The bottom of the mining section is equipped with a
conical auger, When lowering the mining tool, this auger assists in
moviag any material that has filled the void left when the tool was
raised, The auger is also used to help remove drilling chips at the
bottom of the borehole when the tool is dnitially installed. A small
water jet is located near the center of the auger to agitate the

material at the bottom of the borehole.

A.2 Rotary Turntable

The rotary turntable is a Hacker® Model A-15-T Rotary Table, a
commercially available item used on conventional drilling rigs. TFigure
A-6 shows the rotary table separate from the driving mechanism. The
design requirement for the turntable involved a gasoline engine driving
an oil hydraulic pump which supplied hydraulic power to a hydraulic
motos, The motor, in turn, rotated the rotary table. This hydraulic
drive system along with hydraulic controls, solenoid valves and elec-
trical limit switches provided rotational speed control of the turntable
from 0 to 20 rpm. Additionally, this control provided an automatic
reversing for an oscillating turntable motion, adjustable from 0 to 360
degrees. All of these components were mounted on a steel frame, forming
an integral rotary turntable assembly. Figure A-7 shows a hydraulic

circuit diagram of the turntable.

*Reference to specific brands, equipment, or trade names in this report
is made to facilitate understanding and doesg not imply endorsement by
the Bureau of Mines.
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PARTS LIST
QTy. 'L%M DESCRIPTION SPECIFICATION
1 NOZZLE ASSY D1320
1 2 TRANSITION SECTION D1076
1 3 SLURRY TUBE WELDMENT D1314
1 4 HOUSING, MINING SECTION D1315
1 5 SUPPORT, NOZZLE C1314
1 6 O-RING & BACK-UP RING PARKER OR EQUIV.
1 7 NOZZLE c311
1 8 SNAP RING TRUARC N5000-225
1 9 HONEYCOMB ASSY B1456
1 10 NOZZLE TUBE WELDMENT
2 » O-RING PARKER OR EQUIV.
1 12 PLATE, CONNECTOR D1316

Figure A-4, Noazzle Section (Cont.).
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HACKER HEAVY DUTY
HIGH SPEED
OILBATH ROTARIES
MODELS B-10, A-12, A-15 Standard and A-15-T
10", 12"" andl 15%" Table Openings

MAIN TABLE PINION SHAFT PINION SHAFT LOCK NUTS
RING GEAR MACHINECUT TAPERED ROLLERS PINION QUILL BEARING ADJUSTMENT SLEEVE
FLAME HARDENED For TamE SurpoRT
\ CAP SCREW B BUSHING TAPERED TIMKEN GREASE RETAINER SLEEVE
For Bna Gean TAPERED mem No.857

MUD SKAL Pm/ / DRAIN PLUG Jb

HOLD DOWIl NUT LOCKING HUB
BALL HOLD DOWN ‘HRUST LOCKING PIN

LOCKING DEVICE

Figure A-6. Rotary Table.
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The turntable is mounted over the borehole in a mining operation,
where it provides rotational and oscillating movement to the mining tool
which passes through the rotary table down to the high-pressure cutting

jet. The turntable alsc allows vertical movement of the mining tool

while continuously rotating the tool.
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APPENDIX B: SITE LOCATION MAP
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CALIFORNIA DIVISION OF OIL AND GAS

LOCATION: Vicinit:r of Taft, about 28 miles southwest of Bakersfield

~72-

MIDWAY-SUNSET OIL FIELD

Kern and San Luis Dbispo Counties

. TYPE OF TRAP: Regional homocline modified by: anticlines; anticlinal noses; lithofacies variations; angular unconformities; lenticular sands; fractured

shales
ELEVATION: 600 - :,750

DISCOVERY DATA

Initial daily
production
. il Gas Date of
Zone Présent operatar and well name Original operator and well name Se¢. T. &R, IB&M (ubly | (Mef) | completion
Tulare Operator name and well number unknown Same as present N.A. MD | N.A.} N.A.| prior to
1894
Mya Tar Getty 0il Co. No. 101 Associated 0il Co. No. 101 2 31 2ZE| MD 10] N.A.| Jan 1820
Top 0il Operator name and well number unknown Operatox name and well number unknown N.A. MD | N.A.| N.A. N.A,
Kinsey Same as above Same as above N.A. MD | NLA.| N.A. N.A.
Wilhelm Same as above Same as above N.AL MD | N.A.| N.AL N.A.
Gusher Chanslor-Western 0il & Dev. Co. No. 2 Chanslor-Canfield Midway 0il Co. No. 2 A 6 325 23E| MD [3,000| N.A. | Nov 1909
Calitroleum Operator name and well number unknown Same as present . N.A. MD | N.A.| N.A. N.A.
Lakeview and Sub- Mobil 0il Cerp. "Lakeview® 1 Lake View 0i1 Co. B No. 1 25 12N 24W | 5B £8,000] N.A.| May 1910
Lakeview
. Potter Exeter 0il Co, Ltd. "Exeter-BAOC'" 101-15 Dominion 0il Co. No. 1 15 315 22E| MD 106] N.A.| Jan 1910
Marvic Mobil Qil Corp, "Marvic'" 1 Marvic Associates Ltd., No, 1 16 315 22E| MD 72| N.A. | May 1941
Monarch Standard 0il Co. of Calif. '"Monarch™ 28 Sunset=Monareh 0il Co. No. 1 2 11N 24W| SB | N.A.| HN.A.{ about 1502
Webster Directors 0il Co. Ro. 7 Rubry 03l Co. No. 7 2 11N 24W | SB 35} N.A.| Dec 1813
Moco Mobil 0il Cerp. "Moco 35" WT 504 General Petrelewn Corp. "™oco 35" 204 35 12N 24W | 8B 188 20| Jul 1957
Qbispo Upion 0i) Co. of Calif, "Qbispe™ 6 Obispo 0il Co. No. 6 32 12N 23W| SB |6,009| N.A.| Sep 1925
Pacific Mobil 0il Corp. "Pacifich 4 General Petroleum Corp. "Pacific" 4 32 12N 23W | 8B 1,078 N.A.| Jun 1947
Metson Tenneco 0il Co, 'Metson™ 47-24 Bankline 0il Co, 'Metson™ 47-24 24 11N 23W | SB 27 Mar 1953
Leutholtz Gulf 0il Corp. No. 2 - "I.M. Woodward USL" Western Gulf Oil Co. No, 2 - “I.M. Woodward 21 11N 23W | SB (1,021 120 Aug 1945
usL"
Republic Shell 0il Co. "Sec. 8" 25 Republic Petroleum Co. No. 25 8 328 23B{ MD (1,114 350 | Mar 1928

Remarks: A First of over 100 gushers in field and is the first significant production from the Gusher zone. .
"America's Most Spectaculax Gusher" blew out and flowed uncontroiled for 18 months after which the flow stopped probably because the bottom

of the hole caved in.

of which 3-1/2 million barrels was lost by evaporation and seepage.

DEEPEST WELL DATA

It was estimated that the early flow rate was about 68,000 b/d and that production amounted to 8~1/4 million barrels oil

Date Depth At total depth
Present sperator and well name Original operator and weil name started Sec. T.&R. [B& M| {feet) Strata f Age
The Superior Qil C», "C.W.0.D." 58-21 Same Nov 1957 21 328 ZSE] MD | 14,504 | lower Santos | early Mic
PRODUCING ZONES
Average Average net Geologl Oil gravity Salinlty of
depth thickness cologie {°API) ar zone water Ciass BOPE
Zone {eet) {feett . Age Formation Gas (btu} gr/gal __required
“EERI T PiRiGeshe e T B
Mya Tar 150 |[Pliocene San Joaquin 12 260 None
Top 0il 20 - 50 | Pliccene San Joagquin 15 - 23 1,490 - None
2,500 2,160
Kinsey 2,000 - 15 - 175 {Pliocene Etchegoin 14 - 26 1,500 - None
. 3,600 1,860
Wilhelm 2,000 - 100 | Pliocene Etchegoin 14 - 26 1,700 - None
3,000 2,100
Gushexr 2,000 - 75 | Pliccene Etchegoin 14 - 26 1,440 - None
3,000 1,580
Calitroleum 1,500 ~ 80 | Pliocene Etchegoin 14 - 26 1,620 - None
4,500 2,040 |-
Lakeview 2,600 - 20 - 200 late Miocene Monterey 21 1,670 None
3,300
Sub-Lakeview 440 - 10 - 300 Iate Miccene Monterey 22 440 III
' 3,100
Potter 200 - 60 - 500 | late Miccene Monterey 14 S - 400 None
2,500
Marvic 1,000 200 | late Miocene Monterey 13 40 None
Monarch 600 - 50 - 400 | late Miocene Monterey 13 - 17 50 - 1,300 None
2,000
v Webster 1,500 - S0 - 250 | late Miocene Monterey 14 N.A. None
f 1,800
Moco 2,150 70 - 450 | late Miocene Monterey 15 980 I11
obispo 3,600 50 - 1,500 | late Miocene Monterey 14 - 27 970 11
, Pacific 3,700 50 - 300 | late Miocene Monterey 16 600 II
¢ Metson 1,250 400 | late Miocenme Monterey 8 - 12 7906 None
‘ Leuthoitz 3,200 40 - 400 | late Miocene Monterey 15 - 24 550 I1I
Republic 1,300 ~ 150 | late Miocene Monterey 12 - 24 70 ITT
4,900
N PRODUCTION DATA (Jan. 1, 1973)
. i 1972 Production P}:Zezd Average mimber Cumulative production Peak oil production Total numhber of weils M;’;m'#"
o O (bbt) ] Nt gas {(Mcf) 1 Water (bbi} acreage producing wells Qil (bhi} | Gas (Mchh Barrels | Year [ Dritled Completed f agreage
: 34,575,424 | £,810,674 j 66,810,031 24,370 5,549 1,157,831,025 [ 500,583,502 34,579,424 | 1972 E 10,318 ] 9,486 [ 28,080
STIMULATION DATA {Jan. 1, 1973)
B Cumulative injection Maximum Cumulative injection Maximum
Type of Date - Water, bol; Gas, Mcf; number of wells Type of Date - Water, bbl; Gas, M¢f; aumber of wells
preject staried Steam, bb! (water equivalent) used for injection project startet Steam, bbl (water equivalent) used for injection
Water flood 1954 20,838,718 15 Air injection for| 1960 N.A, 24
Steam flood 1963 15,398,177 47 a fire flood
Cyclic-steam 1963 195,087,515 4,870 Gas injection for| 1944 43,302,959 7
pressure maint-
enance

SPACING ACT: Dees not apply except at extreme southeast end of field. BASE OF FRESH WATER: None
P CURRENT CASING PROGRAM: Various; depending on zone and locatiom.
A METHOD OF WASTE DISPOSAL: Percolation and evaporation sumps; during 3972, 6,222,115 bbl. of waste water was injected inte 7 disposal wells,

o REMARKS: In a report by W.L. Watts titled "Sunset Oil Claims" in the Calif. State Mining Burcau Bull. No. 3 (1894) mention is made of steam_inj?cticn into
a well in See. 21, T. 1iN., R. 25W., 5.B.B. & M to reduce the viscosity of the heavy oil so it can be pumped to the surface. Lz‘iter.apphcatmn and
' ! refinement of this method of reservoir stimulation was a significant contributing factor toward attaining the peak oil production in 1972.
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REFERENCES: Anderson, D.N., Monarch 10-10 Pool of Midway-Sunset 0il Field: Calif. Div. of 0il and Gas, Summary of Operations--Calif. 0il Fields, Vel. 50,
No. 1 (1964).
Amnold, Ralph and H.R. Johnson, McKittrick-Sunset 0il Region, Kern and San Luls Obispo Countlies, Calif.: U.$. Geel. Survey Bull. 406 (I1810).
Borkovich, G.J., Northernmost Portion of Midway-Sunset 0il Field: Calif. Div. of 0il and Gas, Summary of Operations--Calif. 0il Fields, Vol. 47,
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Zulberti, J.L,, Santiago Area of Midway-Sunset 0il Field: Calif, Div. of 0il and Gas, Summary of Operations--Calif., Qil Fields, Vol. 44, No. 1 (1938}.
Zulberti, J.L., Thirty-five Anticline of Midway-Sunset 0i1 Field: €alif. Div. of 0i1 and Gas, Summary of Operations--Calif. 0il Fieids, Vol. 45,

Ne. 1 (1959).
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APPENDIX C: CORE SAMPLE PROPERTY ANALYSIS REPORT
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CORE LABORATORIES, INC.

July 17, 1979

Century Qil Manogement, Inc,
P. C, Box 5113
Oildole, CA 93308

Attention: Mr., Gerold Muth

Subject: Core-Anolysis Dota
Sec 26 #3W Well
Midwey Sunset Field
Kern County, Californic

Gentlemen:

Percussion type sidewall core somples recovered from the subject well
were submitted to our Bokersfield loboratory for enolysis, The results of
these anclyses ore presented in the occomponying report with o generol
lithologice!l description of the semples, The somple weights ore clso
reported in order that these dota moy be token into statistical cecount in
evoluoting the sompled intervals,

We sincerely oppreciote this opportunity to serve you ond hope these data
prove bereficial in the evoluotion of your reservoir, :

Very truly yours,

CORE LABORATORIES, [INC,

C e O Qo T
/Jomes A. Cusotor
District Monoger

Colifornic Professional Engineer

P-1176

Enclosures
JAC:sme
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APPENDIX D: MINING TEST LOG
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D,1 Mining Test Log

Following is the log book of the field operations. The eleven

columns of data are:

1
(2)
3
(4)
(5
(6)
(7
(&)
(9)
(10)
(11D

The
The
The
The
The
The
The
The
The
The
The

cutting jet nozzle pressure,

turntable rotational rate,

depth of the cutting jet,

vertical increment of the jet cutting pattern,
rotational arc of the cutting jet,

jet pump primary nozzle pressure,

slurry discharge flow rate,

solids concentration in the slurry discharge,

mass flow rate of solids in the slurry discharge,
tons of 0il sands in each slurry discharge tank, and

slurry tankful number.

161
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APPENDIX E: MINING COST ANALYSIS
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E.1 Introduction

The following is a computation procedure for finding the capital
costs, the operating costs, and the rate of return on investment for
hydrraulic borehole mining. Certain assumptions must be made to perform
this analysis, and they are described in the main text. The computation
procedure begins with ore body specifications and cost estimates for
ind:ividual processes. After adding labor and other operating costs, the
information for the rate of return calculation is generated. The rate

of return is then found by the interval bisection method.



E.2

10.

11.

12.

13.

14,

15.
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Cost Analysis

. Recovery (% of ore in place)

(mined area)
(total area)

Ore body requirements (kilotons/year)
(tons per day){(days per vear)
(recovery)

Ore body length required (ft./vear)
(ore body required) (ore density)
(ore thirkness) (ore width)

Number of units required
(mining capacity)
(mining rate) (hours/day) (unit availability)

Effective mining rate required (tons/unit/hr)
(mining capacity)

Baseline Case

(number of units) (hours/day) (unit availability)

. Ore per borehole (tons)

9
1 (radius)“ (thickness)
(ore density)

Borcholes required (number/yvear)
(annual milling capacity)
(ore per borehole)

. Annual drilling cost ($K/year)

(no. boreholes) (drilling cost) (depth + 20 ft.)

. Capital cost of mining units (3K)

(mining unit cost) (no. of units)

Cost of slurry and water lines (SK)
(cost per unit) (no. of units)

Annual operating labor ($K/vyear)
(labor/unit hr.) (no. units)(hr./year)

Annual support labor ($K/year)

(annual operating labor) (ratio of support to operating)

Annual maintenance labor ($K/year)

(operating labor){ratio of maintenance to operating)

Annual supervisory labor ($K/yéar)

55

6,050

256

18

38.06

23,169

142

1,496

27,000

270

2,566

642

642

770

{operating + support + maintenance) (ratio of supervisory

to direct)

Total annual payroll (SK/vear)

(operating + support + maintenance + supervisory)

4,619



16.

17.

18.

19.

20.

21,
22.

23.

24.

25,

26.

27,

28.

29.

30.
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Annual payroll benefits ($K/year)
(percentage) (total annual payroll)

Annual pavroll overhead (8K/year)
{percentage) (total annual payroil)

Annual fuel cost ($K/year)
(fuel cost/unit) (no. units)

Total capital cost less working capital ($K)

(plant -+ mining units + lines + exploration
+ miscellaneous)

Annual taxes and insurance ($K/vear)
{percentage) (total capital cost)

Annual maintenance supplies (SK/year

Annual operating cost (8K/year)

{payroll + benefits + overhead + ore transportation +

tailings + plant + fuel + maintenance supplies + drilling

+ reservoir + insurance + miscellaneous supplies)
Gross revenue ($K/year)

(annual mine capacity) (value/unit of product)
(units/ton of ore)

Royalties (5K/year)
(percentage) (gross revenue)
Depletion base ($K/year)
(gross revenue) - (royalties)
Operating income ($K/year)
(depletion base) - (annual operating cost)

Depreciation of capital investment less working capital
($K/year)

(capital investment)
(depreciation period)

Taxable income before depletion allowance ($K/year)
(operating income) - (depreciation)
Depletion allowance, lesser of: (8K/year)
a) (percentage) (depletion base)
b) (50%)(taxable income before depletion allowance)
{(must be greater than zero)
Taxable income after depletion allowance (SK/year)

(taxable dincome before) - (depeltion allowance)

1,386

1,848

1,800

64,270

1,285

2,700
34,553

41,250
(at $25/bbl)

2,888

38,363

3,809

6,427

-2,618

-2,618
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31, Income tax ($K/year) -1,204
(467%) (taxable income after depletion allowance)
32, Working capital {(first year only) (S$K) ' 10,313
{percentage) (gross revenue)
33. Net cash flow, first vear (SK/year) -69,569
(operating income) - {income tax) - (working capital)

- {capital investment)
34. Net cash flow, remaining years (8K/year) 5,013

(operating income) -~ (income tax)
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E.3 Rate of Return on Investment

The rate of return on investment to the end of the depreciation
period is computed from the net present value (1). The rate of return
is based on the net cash flow for each yvear. The net cash flow, R , is
defined as the gross revenue less royalties, operating costs, taxes, and
capital costs. The rate of return, 1 , over the depreciation period,

n , is adjusted to make the net present value (PV) equal to zero:

L R, (1 + D2 R (1 + =0

PV = R, (1 + i)”
For the mining cost analysis, all capital costs are assumed to occur

during the first year. Hence,

Rl = net cash flow, first year

RZ’ R3, cres Rn = net cash flow, remaining vyears .

The zero present value is found by the interval bisection method.
Upper and lower values of rate of return are chosen such that the upper
gives a positive present value and the lower gives a negative present
value, thus surrounding the zero present value. The present value is
then calculated at a rate of return equal to the average of the upper
and lower rates of return, bisecting the interval. The new rate becomes
either a new upper or lower value, depending upon whether the present
value is positive or negative. The interval containing the zero present
value is reduced in this manner until the rate of return is known to the

desired accuracy.

1. Curtis, A, B. and Cooper, J. H. "Mathematics of Accounting," 4th
Edition, Prentice-Hall, Inc., Englewcod Cliffs, N.J., 1961,



