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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

safl~ty compared to conventional underground mining and without the

extl~nsive surface disruption associated with strip mining. The support

mining equipment (pumps, engines, derrick, etc.) is operated from the

sur::ace and only the mining tool is underground, yet the selectivity of

thi:; 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 the 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

tra:~ler 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 ope:rations begin by lowering the borehole mining tool into

the borehole. Ore production begins immediately. The mining tool

simultaneously euts 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 borehole cavities should help prevent surface

sub~;idence 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 Nonmetal Technology Program for mining coal and

urani.um, 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

Cheur.g et al. (1975) and Murman, Yu, and Cheung (1975). The results of

the first coal field test were presented in Cheung et al. (1976).

A reyiew of the economics of hydraulic borehole coal mining was per­

formE:d by Cheung (1977). The addition of a coal crusher to the mining

tool has been started (see Cheung et aI., 1978). The application of the

hydra.ulic borehole mining method to uranium sands was reported by

Archi.bald (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

piles, 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 environmental 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 environmental 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 systE~m 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
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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,

foL_owed 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 oil sands were removed from two adjacent

ISO-foot boreholes in Section 26, Township 32S, Range 23E, Kern County,

California (Midway-Sunset Oil 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 preparatioTIl included grading of the site and adding an access road,

a plastic-lined slurry pond, the boreholes and water wells, a water

supply, and elec.trical power (see Figure 3). The hydraulic borehole

mining equipment included the borehole mining tool (a three-passage

swivel, a 22-foot 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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'../ Antiturn. Device

Figure 4. Hydraulic Borehole Mining Tool Being lowered Through Turntable.
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Fi£lure 6. Crane Supporting Mining Tool in Borehole.
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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-jnch 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 fac.ilitate understanding and does not imply endorsement by
the Bureau of Mines.



Flow Technology Report No. 161
February 1980

-13-

sh.rry discharge (Figure 8) allowed an estimate of the slurry flow rate

by measuring the plume height. The oil 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 OpE!rations

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

removed 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

ope~ation. 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

roc:<s 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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Figure 8. Slurry Discharge.
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Table 1. Operating Parameters

Cutting Jet

Pressure (psi)

Flow rate (gpm)

Hydraulic power (hp)

Nozzle diameter (in.)

Line diameter (in.)

Rotation rate (rpm)

Traverse rate (ips)

Vertical cutting increment (in.)

Angle of cutting arc (degrees)

Depth (ft)

Typical Value Range

400 100-2500

300 100-500

50 10-700

0.62 0.62-0.75

1. 70

10 4-15

60 2-120

2

180 0-360

130 110-150

Jet :I?ump

Pressure (psi)

Flow rate (gpm)

Agitation jet flow rate (gpm)

Hydraulic power (hp)

Nozzle diameter (in.)

Agitation jet diameter (in.)

Throat diameter (in.)

Nozzle line diameter, effective (in.)

Seco::ldary Flow

Flow rate (gpm)

Solids (percent by weight)

Specific gravity

1000

500

90

300

0.70

0.188

2.50

2.5

400

15

1.1

450-1500

350-650

60-110

100-600

2.5-2.9

300-600

0-35

1.0-1.3

Slur:7 Flow

Flow rate (gpm)

Line diameter (in.)

Solids (percent by weight)

Specific gravity

Mining rate (tph)

800 600-1100

3.75

7 0-18

1.05 1. 0-1.15

15 0-45
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Table 2. Oil Sands Mining Sununary

Sand in Tank 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 1 113

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.

-----
n.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

meni:al impact of borehole mining. This was accomplished through site

sur'Teys to determine the degree of ground subsidence and water samples

taken from both monitoring wells and the slurry pond to analyze the

effl:!ct 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

beneh-mark having an assumed elevation of 100 feet. About 30 points

surrounding each borehole were documented weekly between July 23, 1979

(be::ore mining began) and September 24, 1979 (a month after mining

ended) •

Figure 9 shows the location of the Toups Bench Mark (TBM); Figure 10

sho1vs the project site subdivided into grid sections covering the area

overlying the borehole mining area and subsurface cavity. Table 3

suwrrarizes 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 average change in elevation was between 1/4 and 1/2 inch of

subBidence, 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

soi:. compaction caused by heavy vehicles and mining equipment in the

area. Contour maps of the site elevation changes based on Table 3 are

shmm in Figures 11 and 12.
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The small but measureable ground-level subsidence that occurred

over these 500-ton borehole cavities indicates that there would be

significant subsidence over a 5000-ton cavity. Therefore, in a com~

mereial 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 investigation 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

dec:Lded 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 }60 feet but failed to encounter water. It was then decided to

perforate the w,ell 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

summarized 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

ini1:ial 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.

ThiB 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.

Tab:Le 5 is a summary of the analytical results obtained. An evaluation

of these samples could provide some insight into the potential changes

in "liTater quality composition that could be expected from any downstream
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Table 4. Initial Wa.ter Quality Sampling Results - July 16, 1919

Water Used
Const ituent Monitoring We 11 In Mining Process

Calci urr 13 42
Magnesi urn 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 lJissolved

Solids 5,420 4,315
pH 8.6 7.3
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 <0.01
Chromium 0.01 0.06
Lead 0.14 <0.01
Mercury 0.0002 <0.002
Selenium 0.02 <0.01
Silver <0.01 <0.01
Total Organic

Carbon 15.6 17.5
Phosphate 6.0 30.0
Chromium

[hexavalent] <0.01 <0.01
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migration of mining water. A review of these results showed that the

che'nical 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

wer2 found to be acceptable except the one collected on August 13, 1979;

thus, it is not considered to be valid.

The samples collected on August 17 through 24 are considered to

pro'vide the most meaningful data. First, the process water is directly

related to the incoming source water. The incoming source water, in

thi;s 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

wer,: 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

con::;tituents listed in Table 5. As can be seen, the plots tend to

flUl~tuate without any definite trend. However, if just the data from

August 17 through 24 is studied, the plots provide a more meaningful

pici:ure 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

sol:Lds and chloride levels both followed the basic pattern. During

August 17 through 24, the total dissolved solids and chlorine concentra­

tiOllS increased approximately 5 percent while the electrical conductivity

increased approximately 15 percent. Some of the increased concentrations

of BaIts are directly attril;>Utable 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 6,000 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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chlc'ride ions (expressed in terms of equivalent weights) remained

essE~ntially the same. A slight decrease in percent sodium to total

cations was noted in the August 24 sample analysis, but the percent

chlorides to total anions remained essentially the same. This small

char..ge 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

actually 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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Ta.bie 6. Compariso:~ of Sodiu;--~~d- Chl~ride Equivalents*

%Sodium to %Chloride to
Samp'le Date Sodium:Chloride Total Cations Total Anions

7/26 1:30 93 72

8/07 1:39 97 70

8/13

8/17 1:33 94 72

8/18 1:30 94 72

8/20 1:30 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 oil sands provided sufficient

information to project an estimated cost of production based on a Bureau

of Hines tool used at this test site. Certain assumptions were made

concerning the eost of building and operating an oil-sand separation

plant and other miscellaneous 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 klalysis

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 reservoirs, water supplies, slurry

ponels, 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 borehole 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

work 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

sepc:lration plant will be sited within two miles of the mining area. The

sand 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 type 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

Item Bureau of Mines Tool Hypothetical Tool

Ore Body

Cavity radius
Cavity separation
Ore thickness
Overbu:~den thickness
Ore grade
Ore body width
Ore density
Mining arc
Drilling cost

Capital Cost

25
10
25

125
0.50

2,000
118
360

25

25
10

200
200

0.50
2,000

118
360

25

ft
ft
ft
ft
bbl/ton
ft
lb/cu ft
deg
Sift

Exploration cost 2,000,000 2,000,000 $
Capital depreciation period 10 10 yr
Working capital 25 25 %
Mining system cost 1,500,000 1,500,000 $/unit
Slurry and water lines 15,000 15,000 $/unit
Plant I~ost 30,000,000 30,000,000 $
Miscellaneous capital costs 5,000,000 5,000,000 $

Operating

Mine capacity
Average mining rate
Utilization level

Mining unit availability
Reservoirs and water supply
Maintenance supplies
Miscellaneous operating supplies
Fuel
Ore transportation
Plant operating
Tailings disposal

10,000
14
24

330
60

400,000
150,000

1,200,000
100,000

0.40
3.50
1.50

10,000
20,40 or 100

24
330

60
400,000
150,000

1,200,000
100,000

0.40
3.50
1.50

ton/day
ton/unit/hr
hr/day
day/yr
%
$/yr
$/unit/yr
$/yr
$/unit/yr
$/ton
$/ton
$/ton

Labor for Mining (not plant or drilling)

Operat:Lng labor (1. 5 man-level per unit)
Suppor1: labor
Maint~lance labor
Supervisory labor
Payroll benefits
PayroLL overhead

Finance

Local ;:axes and insurance
Royalt:7 payments
Income tax
Depletion allowance

18.00
25
25
20
30
40

2
7

46
None

18.00
25
25
20
30
40

2
7

46
None

$/unit/hr
% opere labor
% opere labor
% direct labor
% total labor
% total labor

% cap. cost
% gross rev.
% taxable income
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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

sys':em 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 ft, as listed

in Table 7. Borehole cavities in oil sands deposits may not be as we11­

forlned as that shown in Figure 1. Oil 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

diseounted cash flow rate of return (DCFROR) on investment has been

ca1eu1ated as a function of value per ton for the two ore body types

foLlowing the procedure described in Section 3 of Appendix E. The

foLlowing definitions and assumptions were made in addition to those

shmm 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 depreciation period.

4.2 Cost 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 ca1cuAated 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 ~;ive a DCFROR of 20 percent. The next three columns are results for
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Table 8. Borehole Mining of Oil Sands - Cost Summary

Hypothetical Tool

Initial Capital Cost Items ($K)

Separation plant
Borehole mining units (number)
Working capital
ExploratiDn
Slurry ani water lines
Miscellaneous

Total Capital Cost

Operating Cost Items ($/bbl)

Reservoirs and site preparation
Drilling
Mining: :E>ayroll

2ayroll benefits
:?ayroll overhead
:Puel
l1aintenance supplies
l1isc. operating supplies

Ore trans)ortation
Separation plant
Tailings liisposal

Total Direct

Indirect Cost Items ($/bbl)

Local tax,=s and insurance
Royalty payments
Federal income tax
Depreciation

Total Indirect

Profit Af":er Taxes ($/bbl)

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

(for DC:PROR of 20%)

Total (Selling Price)

8.37

67.00

6.57

52.00

4.72

38.00

3.55

29.00

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

capital and that the depreciation includes the depreciation on the

worl,ing 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 numbe:r 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 thiekness, overburden thickness, ore grade, and average

minj.ng 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 in 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

(Fi~;ure 23). Ore grade (Figure 24) has a large effect on the economics

(not.e the scale change) as does the mining rate (Figure 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 Oil Sands - Ore Body Summary

Item

Recovery (% of ore in place)
Ore body ~equirements (kilotons/yr)
Ore body length required (ft/yr)
Ore per bnehole (tons)
Borehole required per year
Annual production (bbl/yr)

Bureau of
Mines
Tool

55
6,050
2,051
2,896
1,139

1,650,000

Hypothetical Tool
(All Mining Rates)

55
6,050

256
23,169

142
1,650,000
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5. Conclusions

Hydraulic borehole oil sands mining has been shown to be technically

fea;3ible with minimal environmental impact. A high-pressure water

cutting jet was used to 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 oil 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

coneluded to be negligible in terms of environmental 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

10s1: underground.

A mining cost analysis projects an estimated cost of production

mining at about $38.00 per barrel of oil. This cost includes drilling,

borehole mining, fuel, ore transportation, tailings disposal, royalty

paylnents, taxes, separation costs, and a reasonable rate of return on

the mining and support equipment investment.
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6. Reconunendations

It is recorrnnended that a rock crusher be added to the slurry jet

pump inlet on the mining tool. This reconunendation is based on the only

maj or problem encountered during this proj ect, i. e., rocks blocking the

downward progress of the mining tool.

It is recorrnnended that the underground borehole cavities be back­

filled both to dispose of tailings and to reduce ground subsidence.

It is recorrnnended 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.l Hydraulic Borehole Mining Tool

The mining tool is the heart of the hydraulic borehole mining

syEtem. It carries the high-pressure water down to the cutting jet and

sUfports the jet pump that lifts 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 componentB are given as follows.

The three-·passage swivel is shown in Figure A-I. 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 tool is transmitted from the rotary table to the

mining tool through this section. The Kelly section is 22 feet long,

wit':} a 12-inch diameter. The section contains three conductors, the

sam~ as the standard sections. It has two keys along its length at 180

degrees for drive. Driving keys are on one of the standard sections to

increase the vertical travel capability of the mining tool.

A standard section is shown in Figure A-3. Standard sections are

ins'~alled as the mining section is lowered down the borehole until the

desired mining level is reached. The standard section is 20 feet long,

12-inches in diameter and contains three conductors to transport water

dO~l to the mining section and to transport the slurry up. One water

pasBage, for the high-pressure cutting jet, is a 2-inch pipe. The

slu:~ry 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. ] I~~M [ DESCRIPTION SPECIFICATION

1 SWIVEL ASSY

1 2 PIPE FTG 2 FF-S
1 3 SEAL, CHICAGO RAWHIDE CIR 43051
1 4 SEAL, CHIGAGO RAWHIDE CIR 107551

5
1 6 SEAL, CHICAGO RAWHIDE CIR 68745
1 7 BRG TIMKEN CUP l225818, 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 37509500 9 112 X 10 1/4 X 3/8

12
8 13 BOLT 1 x41/2 1 X 4114 GRADE 8
10 14 BOLT 5/8 X 2 1/2 5/8 X 2112 GRADE 8
1 15 SETSCREW 1/4 X 3/4
1 16 SWIVEL-OUTER 01063-1
1 17 SWIVEL-INNER 01062-1
1 18 SEAL RETAINER C1077-1
1 19 BRG RETAINER C1078-1
1 20 THRUST RING C1079-1

1 21 BEARING, TIMKEN CUP L35701 0, CONE L357049
22

2 23 PIN, SWIVEL B1158-1
2 24 RETAINER PIN B1157-1
1 25 HANGER FTG 01068-1
1 26 CHICKSAN FTG 3207750
2 27 FLANGE ASSY B1160-1
2 28 BOLTS 5/16 X 1 GRADE 3
2 29 O-RING PARKER 2-245
8 30 BOLTS 5/8 X 2 3/4 GRADE 8
1 31 BUSHING 4 X 2 112 STEEL

Figure A-1. Swivel Assembly (Cant.).
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The mining section is the bottom section of the mining tool. It is

6 fe:t 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

tain3 the high-pressure cutting jet nozzle. This section bolts to a

standard section. The lower portion is the pump section, shown in

Figu:re A-5. This section contains the slurry jet pump, with screened

inta:~e ports to allow slurry entry into the pump while preventing entry

of la.rge material that would block the pump. Should the oversize

mate:rial block the intake ports, an aboveground valve is used to stop

the :3lurry flow, thereby back-flushing the intake with the jet pump

driving water. The bottom of the mining section is equipped with a

coni,~al auger • When lowering the mining tool, this auger assists in

movi:lg any material that has filled the void left when the tool was

rais,:d. The auger is also used to help remove drilling chips at the

bott,)m of the borehole when the tool is initially installed. A small

wate:r jet is located near the center of the auger to agitate the

mate:rial at the bottom of the borehole.

A.2 Rotary Turntable

The rotary turntable is a Hacker* Model A-15-T Rotary Table, a

comml=rcially available item used on conventional drilling rigs. Figure

A-6 :;hows 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

moto:~. 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

reve:~sing for an oscillating turntable motion, adjustable from 0 to 360

degrc~es. 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.

*Ref,~rence to specific brands, equipment, or trade names in this report
is Inade to facilitate understanding and does not imply endorsement by
the Bureau of Mines.
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PARTS LIST

OTY. IjIT DESCRIPTION SPECIFICATION
NO.

1 NOZZLE ASSY 01320
1 2 TRANSITION SECTION 01076
1 3 SLURRY TUBE WELDMENT 01314
1 4 HOUSING, MINING SECTION 01315
1 5 SUPPORT, NOZZLE C1314
1 6 O-RING & BACK-UP RING PARKER OR EOUIV.
1 7 NOZZLE C311
1 8 SNAP RING TRUARC N5000-225
1 9 HONEYCOMB ASSY B1456
1 10 NOZZLE TUBE WELDMENT
2 11 O-RING PARKER OR EOUIV.
1 12 PLATE, CONNECTOR 01316

!

i

Figure A·4. Nozzle Section (Cont.).
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~
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HOU) DOWJI NUT
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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 also 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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MIDWAY-SUNSET OIL FIELD
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MIDWAY- SUNSET OIL FIELD
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CALiFORNIA DIVISION OF OIL AND GAS MIDWAY-SUNSET OIL FIELD

LOCATION: Vicinit:' of Taft~ about 28 miles southwest of Bakersfield Kern and San Luis Obispo Counties

, TYPE OF TRAP: Reg:Lonal homocline modified by: anticlinesj anticlinal noses; lithofacies variations; angular unconformities; lenticular sands; fractured
,,-.,> shales

ELEVATION: 600 - .. ,750

DISCOVERY DATA

Zone Present ooerator and well name Original operator and well name See. T. & R. B & M

Initial daily
production

Oil Gas
Ibbll (Mell

Date of
completion

N.A. N.A.

N.A. Jan 1910
N.A. May 1941
N.A. about 190
N.A. Dec 1913

20 Jul 1957
N.A. Sep 1925
N.A. Jun 1947

0 Mar 1953
120 Aug 1945

350 Mar 1928

Tulare

Mya Tar
Top Oil
Kinsey
Wilhelm
Gusher
Calitroleum
Lakeview and Sub-

Lakeview
Potter
Marvic
Monarch
Webster
Mace
Obispo
Pacific
Metson
Leutholtz

Republic

Operator ':lame and well number unknown

Getty Oil Co. No. 101
Operator name and well number unknown
Same as above
Same as above
Chanslor-Western Oil & Dev'. Co. No. 2
Operator name and well number unknown
Mobil Oil Corp. "Lakeview" 1

Exeter Oil Co. Ltd. "Exeter-BACC" 101-15
Mobil Oil Corp. "Marvic" 1
Standard Oil Co. of Cal if. "Monarch" 28
Directors Oil Co. No. 7
Mobil Oil Corp. "~foco 35 11 WT 504
Union Oil Co. of Calif. "Obispo" 6
Mobil Oil Corp. "Pacific ll 4
Tenneco Oil Co. "Metson" 47-24
Gulf Oil Corp. No. 2 - "I.M. Woodward USL"

Shell Oil Co. "Sec. 8" 25

Same as present

Associated Oil Co. No. 101
Operator name and well number unknown
Same as above
Same as above
Chanslor-Canfield Midway Oil Co. No.2 A
Same as present,
Lake View Oil Co. B No. 1

Dominion Oil Co. No. 1
Marvic Associates Ltd. No. 1
Sunset:..Monarch Oil Co. No. 1
Ruby Oil Co. No.7
General Petroletun Corp. "Moco 35" 204
Obispo Oil Co. No. 6
General Petroleum Corp. "Pacific ll 4
Bankline Oil Co. "Metsonll 47-24
Western Gulf Oil Co. No. 2 - "LM. Woodward

USL"
Republic Petroleum Co. No. 25

N.A. MD

2 31S 22E MD 10
N.A. MD N.A.
N.A. MD N.A.
N.A. MD N.A.

6 32S 23E MD 3,000
N.A. MD N.A.

25 12N 24W SB 8,000

IS 315 22E MD 100
16 315 22E MD 72

2 lIN 24W SB N.A.
2 lIN 24W 5B 35

35 12N 24W SB 188
32 12N 23W SB 6,000
32 12N 23W SB 1,078
24 lIN 23W 5B 27
21 lIN 23W SB 1,021

8 32S 23E MD 1,114

N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.

prior to
1894

Jan 1920
N.A.
N.A.
N.A.

Nov 1909
N.A.

Mar 1910

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

of the hole caved in. It was estimated that the .early flow rate was about 68,000 bId and that production amounted to 8-1/4 million barrels oil
of which 3-1/2 million barrel~; was lost by evaporation and seepage.

DEEPEST WELL OAT A

Present )perator and well name
The Superior Oil C,. "C.W.O.D." 58-21

PRODUCING ZONES

Age
early Mio

Oil gravity Salinity of
Class BOPE(ClAP]) or zone water

Gas Iblu) g,lgal _~ reqUi~~

~~I ~m t~!!ri~~
12 260 None

15 - 23 1,490 - None
2,160

14 - 26 1,500 - None
.1,860

14 - 26 1,700 - None
2,100

14 - 26 1,440 - None
1,580

14 - 26 1,620 - None
2,040

21 1,670 None

22 440 III

14 - 400 None

13 40 None
13 - 17 SO - 1,300 None

14 N.A. None

15 980 III
14 - 27 970 III

16 600 III
8 - 12 790 None

IS - 24 550 III
12 - 24 70 III

Maximum
proved

acreage
28,090

Original operator and well name
Same

Average net Geologic
thTckness

Ifeefl I Age Formation

tC~(~ d~!i!~ll ',!1"!!18r!~

150 Pliocene San Joaquin
20 SO Pliocene San Joaquin

15 - 175 Pliocene Etchegoin

100 Pliocene Etchegoin

75 Pliocene Etchegoin

80 Pliocene Etchegoin

20 - 200 late Miocene Monterey

10 - 300 late Miocene Monterey

60 - 500 late Miocene Monterey

200 late Miocene Monterey
50 - 400 late Miocene Monterey

50 - 250 late Miocene Monterey

70 - 450 late Miocene Monterey
SO - 1,500 late Miocene Monterey

50 - 300 late Miocene Monterey
400 late Miocene Monterey

40 - 400 late Miocene Monterey
150 late Miocene Monterey

Marvic
Monarch

Lakeview

Gusher

Potter

Webster

Maco
Obispo
Pacific
Metson
Leutholtz
Republic

Zone

Wilhelm

Calitroleum

Kinsey

Sub-Lakeview

Mya Tar
Top Oil

BASE OF FRESH WATER: None

Cumulative injection Maximum
Type of Date - Water, bbl; Gas, Met; number of wells
project started Steam, bbl (water equivalent) used for injection

ir inj ect ion for 1960 N.A. 24
a fire flood

as injection for 1944 43,302,959 7
pressure maint-

Ienance

G

A

SPACING ACT: Doe:; not apply except at extreme southeast end of field.

CURRENT CASING PROGRAM: Various; depending on zone and location.

METHOD OF WASTE DISPOSAL: Percolation and evaporation sumps; during 1972, 6,222,115 bbl. of waste water was injected into 7 disposal wells.

Type of
Cumulative injection Maximum

Date . Water, blJI; Gas, Met; number of wells
project started Steam, bbl (water equivalent) used for injection

Water flood 1954 20,838,718 15
Steam flood 1963 15,398,177 47
Cyclic-steam 1963 195,087,515 4,870

REMARKS; In a report by W.L. Watts titled "Sunset Oil Claims" in the Calif. State Mining Bureau Bull. No.3 (1894) mention is made of steam.inj~ction into
a well in Sec. 21, T. lIN., R. 23W., S.B.B. & M to reduce the viscosity of the heavy oil so it can be pumped to the surface. Later app11cat1on 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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Century Oil Management, Inc.
P.O. Box 511 3
Oildole, CA 93308

Attention: Mr. Gerold Muth

CORE LABORATORIES, INC.

July 17, 1979 •-.t·.,~~.aliR . ,,'.
~

Gentlemen:

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

Percussi on type sidewall core samples recovered from the subject well
were submitted to our Bakersfield laboratory for anolysis. The results of
these analyses are presented in the accompanying report with a general
lithological description of the samples. The semple weights are also
reported in order that these data may be token into statistical account in
evaluating the sampled intervals.

We sincerely appreciate this opportunity to serve you and hope these data
prave beneficiol in the evoluotion of your reservoir.

Very truly yours,

CORE LABORATORIES, INC.

c=7~~t1~
(

James A.Cusotor
District Manager
California Professional Engineer
P-1176

Enclosure!.
JAC:smc
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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) The c.utting jet nozzle pressure,

(2) The turntable rotational rate,

(3) The depth of the cutting jet,

(4) The vertical increment of the jet cutting pattern,

(5) The r'otational arc of the cutting jet,

(6) The jet pump primary nozzle pressure,

(7) The slurry discharge flow rate,

(8) The solids concentration in the slurry discharge,

(9) The mass flow rate of solids in the slurry discharge,

(10) The tons of oil sands in each slurry discharge tank, and

(11) The slurry tankful number.
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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

cos1:s, the operating costs, and the rate of return on investment for

hydl~aulic borehole mining. Certain assumptions must be made to perform

thiB analysis, and they are described in the main text. The computation

proeedure begins with ore body specifications and cost estimates for

ind:~vidual prOCI~sses. 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.
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E.2 Cost Analysis

Baseline Case

1. Recovery (% of ore in place)
(mined area)
(total area)

2. Ore body requirements (kilotons/year)
(tons per day) (days per year)

(recovery)

3. Ore body length required (ft./year)
(ore body required) (ore density)

(ore thiekness) (ore width)

4. Number of units required
(mining capacity)

55

6,050

256

18

(mining rate) (hours/day) (unit availability)

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

38.6

142

270

642

642

1,496

2,566

23,169

27,000

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

6. Ore per borehole (tons)
')

'IT (radius)'-(thickness)
(ore density)

7. Boreholes required (number/year)
(annual milling capacity)

(ore per borehole)

8. Annual drilling cost ($K/year)

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

9. Capital cost: of mining units ($K)

(mining unit cost) (no. of units)

10. Cost of slurry and water lines ($K)

(cost per unit) (no. of units)

11. Annual opera.ting labor ($K/year)

(labor/unit hr.) (no. units)(hr./year)

12. Annual support labor ($K/year)

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

13. Annual maintenance labor ($K/year)

(operating labor) (ratio of maintenance to operating)

14. /umual supervisory labor ($K/year) 770

(operating + support + maintenance) (ratio of supervisory
to direct)

15. Total annual payroll ($K/year)

(operating ,+ support + maintenance + supervisory)

4,619
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16. Annual payroll benefits ($K/year)

(percentage) (total annual payroll)

17. Annual payroll overhead ($K/year)

(percentage) (total annual payroll)

18. Annual fuel cost ($K/year)

(fuel cost/unit) (no. units)

19. Total capital cost less working capital ($K)

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

20. Annual taxes and insurance ($K/year)

(percentage) (total capital cost)

21. Annual maintenance supplies ($K/year

22. Annual operating cost ($K/year)

(payroll + benefits + overhead + ore transportation +
tailings + plant + fuel + maintenance supplies + drilling
+ reservoir + insurance + miscellaneous supplies)

23. Gross revenue ($K/year)

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

24. Royalties ($K/year)

(percentage) (gross revenue)

25. Depletion base ($K/year)

(gross revenue) - (royalties)

26. Operating income ($K/year)

(depletion base) - (annual operating cost)

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

(capital investment)
(depreciation period)

28. Taxable income before depletion allowance ($K/year)

(operating income) - (depreciation)

29. Depletion allowance, lesser of: ($K/year)

a) (percentage) (depletion base)

b) (50%) (taxable income before depletion allowance)

(must be greater than zero)

30. Taxable income after depletion allowance ($K/year)

(taxable income 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

o
o
o

-2,618
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31. Income tax ($K/year)

(46%) (taxable income after depletion allowance)

32. Working capital (first year only) ($K)

(percentage) (gross revenue)

33. Net cash flow, first year ($K/year)

(operating income) - (income tax) - (working capital)
- (capital investment)

34. Net cash flow, remaining years ($K/year)

(operating income) - (income tax)

-1,204

10,313

-69,569

5,013



Flow Technology Report No. 161
February 1980

-107-

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 0). The rate of return

is cased on the net cash flow for each year. The net cash flow, R, is

defined as the gross revenue less royalties, operating costs, taxes, and

capital costs. The rate of return, i, over the depreciation period,

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

-1 -Z -nPV = R1. (1 + i) + RZ(11 + i) +. .. + Rn (1 + i) = 0

For the mining eost analysis, all capital costs are assumed to occur

during the first: year. Hence,

R1 = net cash flow, first year

RZ' R3 , ••• , Rn = net cash flow, remaining years

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., Englewood Cliffs, N.J., 1961.


