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ABSTRACT

This report provides a systematic method for assessing the
commercial feasibilify of applying true in situ copper mining at a
selecteﬁ site. Procedures and algorithms are provided for developing
design specifications and costs for wellfields and a surface pfocessiné
facility, and then conducting a DCF/ROR cash flow analysis. This report
also describes thé environmental requirements to permit an in situ
copper mining operafion inlArizona, including procedures and monitoring
and restoration requirements and costs. Also included are descriptions
of tests to obtain site specific input data that are réquired to conduct

a commercial design.
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CHAPTER 1

. INTRODUCTION

A long-term objective of the U.S. Bureau of Mines is to maximize
the probability of the domestic production of copper by the private
sector using in situ mining. An initial step in meeting this objective
is to provide industry with this generic design manual for in situ
copper mining. This manual provides a systematic method for assessing
the commercial feasibility of true in situ copper mining at a selected
deposit. The manual contains:

o A listing of the site-specific parameters that must be
quantified to conduct a commercial design and a description of
laboratory and field tests to measure these parameters.

o A listing and description of the design elements and procedures
for each component of an in situ copper mining system, and a
method of costing individual components.

¢ A method of identifying the best of 42 possible mining scenarios
vhich maximizes the DCF/ROR for commercial operation for a
specific site.

o A cash flow model and computer program to conduct a DCF/ROR
economic analysis incorporating all capital and operating
expenses associated with the wellfield, a electrowinning/solvent

extraction plant, and environmental permitting.

o A description of the environmental procedures, specifications,
designs, and costs for permitting, monitoring, and restoration.
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CHAPTER 2

OVERVIEW OF IN SITU COPPER MINING

2.1 DEFINITION OF COHMERCiAL TRUE IN SITU COPPER MINiNG

The c¢riteria for a commercial true in situ copper mining have been
established by the U.S. Bﬁreau of Mines fdr this contract.

In situ copper mining is defined as the exclﬁsive‘extraction,
through leach solution injection, of the mineral values of an ore body
based4upon the contact between a leaching solution and the inplaée min-
eral values. In a true in situ operation, the bulk of the rock between
boreholes is in its native geologic state. Hfdraulic fracturing and
borehole blasting should only be considered as method§ of increasing
solution flow into and out of vells. A commercial mining operétion will
contain a minimum of 100 million boﬁnds of acid-soluble copper in the
gfound, averaging 0.2 percent or greatef at a depth of less than three
thousand feet belov the surface, regardless of the initial hydrologic

regime in which that deposit exists.

2.2 DEFINITION OF Iﬁ SITU COPPER MINING SYSTEM

=4

2.2.1 Technolegy Involved

In situ copper mining involves the recovery of copper values from
the native ore by circulating sol;;nts through the ore in its native
geoiogic state. In coﬁtfast,-conventional mining processes the ore
through rock breakage and-transport. The solvent used to recover copper
oxide is an acid.

An in situ copper mining operation combines the operation of both

surface and sub-surface facilities.
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o Chemicals used to dissolve and maintain copper in solution are
first processed through the surface facility.

o A set of injection wells is used to force the solvent into the
pores or fractures of the rock by using a pressure in excess of
the hydrostatic pressure in the deposit.

o Solvent travels through the rock and reacts with the copper
mineral, transferring the copper value to the liquid phase.

o A set of production wells is used to create a low pressure sump
where the copper-enriched solution can be collected for trans-
port to the surface.

o The produced solutions are processed for both copper recovery
" and acid make-up for an additional trip through the pores in the
rock.

o The solution will make multiple trips through the ore body
before the copper in a given well pattern is depleted.

2.2.2 Economic Incentives and Technical Criteria for Success

The cost advantage in using this‘process lies in not having to mine
Or move enormous quantifie§ of rock, and thaf the porosity of the leach
- mass is maintained low. The latter item is a significant consideration
as high porosity holds up solubilized copper solufion resulting in an
initial negative cash flow. Low porosity does not.necgssarily result in
low permeability, as is often perceived. Porosity reflects total void
space; permeability is related to the size of fractures or intercon-
nected pores making up the void space. At a given porosity, many small
fractures result in lov permeability. Few large fractures result in |
high permeability. The key elements to successfﬁl implementation of the

process are:

o Sufficient flow must be achieved through the natural fractures.

o Copper mineralization either exists in the main flow fractures
or inside fractures that are "fluid” connected to the main flow
fractures
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o

A wellfield can be'designed and installed that encompasses
sufficient copper; ensures that the main flow fractures connect
to injection and production wells; provides sufficient residence
time to obtain high copper loading at the production well; and
maintains that Ioadinglfor high percentage copper recovery.

- Sufficient experience exists to indicate that the above can be achieved.

Heap and dump leaching function to a great extent by diffusion
of acid into rock interiors and diffusion of copper out to the .
rock surface through a fluid path. The interior fractures of
the rubble very likely existed under in situ conditions.

Over the past 15 years, several true in situ copper mining
projects have demonstrated the technical feasibility of
achieving the key elements discussed above. -References
describing this work are listed below.

+ Tucson Daily Cifizen, July 22,. 1975, Kenneco;f‘Tryihg Mining :
by Liquid. :

+ Mining Englneer1ng, November 1977, Oxymin Detalls Plans For
In Situ Leaching PrOJect in Arlzona

+ Arizona Republic, January 12, 1976, Mining Firm Plans Blast
at Miami. . )

+ Wall Street Journal, June 7, 1979, New Ways to Extract Hetals

Are Found as Dep051ts Thln Out and Prlces Stay Up.

+ Arizona Silver Belt, December 13, 1979, Miami Town Council
Will Decide Fate of Oxymin Drilling’Petitions.

+ Report Submitted to Miami, Arizona Town Council by 0cc1dental
Minerals Corporatlon, December 18, 1979.

+ Englneerlng and M1n1ng Journal June 1983, Codelco A1m for
1 Million mt/yr of Fine Copper at Chugui by 1990s.

+ 0U.S. Patents

- 3,917,345 ' - 4,125,289
- 4,045,084 - 4,438,976
- 4,079,998 - 4,386,806

4,116,488 - 4,342,484,
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2.2.3 Factors Affecting Design Specification and Costing

In situ copper mining technology is a simple concept, but involves
the integrated design, specification, costing, and operation of numerous
surface and sub-surface components. Technical and cost input is

required from multiple disciplines:

0 Petroleum engineering o Hydrological

0 Process engineering o Hydrometallurgical
0 Geological and geochemical o Environmental.

o Mining engineering

This input must consider numerous factors related to design,

specification and costing, such as:

o Annual copper production rate and selling price

o Size and configuration of surface extréction plant

o Preparation and reconstitution of lixiviant

o Collection, processing, and distribution of yell fluids

o Copper concentration in pregnant liquor and recovery factor
o Number and spacing of injection and production wells

o Design, installation, completion, stimulation, operation, and
recompletion of wells

o Abandonment and replacement of wells
o Control of underground movement of £luids
o Effective removal of metal values from the deposit

o0 Understanding and minimizing (to extent p0551b1e) the
consumptlon of reagents

o Controlling deleterious effects of gangue dissoclution by the
leach fluid

o Assessing suitability of existing underground entries

o Designing shafts, declines, and drifts
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0 Understanding permeability and other factors relating to fluid
flow and assessing matrix modification with a view to
- enhancement of fluid flow
o' Estimating costs for various elements of the installation

o Preparing cash flow sheets and assessing the economics of the
installation :

o Environmental assessment, permitting, monitoring, and
restoration.

2.2.4 Factors Affecting Economic Performance.

A final design for an in situ copper mining operation requires
specification of the following parameters: total production capacity of

the plant, the plant life, the pregnant copper concentration; number of

g operating wells, well spacing, frequency of well pattern additions, and

environmental monitoring systems and wellfield restoration plan. It is

- likely that several combihétions of the above, involving trade-offs of.

s . . L . . - . |
initial capital investment versus operating costs and future invest-

ments, will provide ¢omparab1e economic performance as measﬁred by
DCF/ROR.

There are four major éreas-of'caéital investment: surface facili-
ties for acid and‘copper leach solution handling; wellfields; pﬁmps,and
piping; and well pattern start—up; As wouldlhe expected, the level of
copper concentration in the pregnaht 1i§uor has a significant impact on

capital costs.

¢ Surface Facility - An in situ copper mining operation also
entails a hydrometallurgical plant and cannot be any more
economical than the limits of that plant. Plant costs have tvo
components: one related to total production capacity (tons per
year}, and the other to the total rate gallons per minute (gpm)
at vhich solution is circulated through the system. At a fixed
level of production capacity, the gpm related investment
declines.as copper concentration increases, as smaller volumes
of solution can. be processed to obtain a fixed tonnage per year
of metal. Thus, from the standpoint of surface facility



27

capital, it is desirable to achieve a high effluent copper con-
centration. From the standpoint of fixed costs per unit pro-
duction capacity, these are likely to be lower the higher the
production capacity. .

0 Wellfield - Total well costs are related to individual well
costs, which increase with depth, and the number of wells.
Since the individual production capacity of a well is propor-
tional to the product of flow rate and metal concentration in
solution, it is desirable to have a high copper concentration to
minimize the number of wells. The flow rate of a single well
increases as permeability and depth increase as a result of
higher rock flow conductivity associated with the former, and
higher working injection pressure associated with increasing
depth. For wellfields completed in underground workings, costs
of shafts, raises, drifts, and crosscuts must be included.

0o Pumps - Pump investments usually increase with both the volume
of solution processed and the pressure head against which the
fluid must be pumped. High effluent copper concentration
results in low solution volumes, while the pressure head is
proportional to well depth.

o Well Pattern Start-up - The pores of the rock in the well pat-
tern are initially filled with water. Each time a well pattern
operation is initiated, the solubilized metal is diluted by the

- pore fluid, requiring at least one exchange of the volume of
vater in a well pattern (one pore-volume) to attain full pro-
duction capacity. Prior to this time, operating costs are
likely to exceed revenues resulting in a negative cash flow.
Since the time required to achieve this one-pore volume dis-
placement increases as the total flow rate of the system is
reduced, the negative cash flow of start-up will be higher at
increased levels of effluent copper concentration, as the pro-
duct of total gpm and copper concentration is a constant for a
given production capacity. Well spacing is another design
parameter that impacts this cost. The larger the spacing the
longer the start-up time. However, larger spacings also reflect
longer life or less future investment for well pattern replace-.
ments. . The impact of environmental wellfield restoration costs
on DCF/ROR will be affected by the same design parameters that
control start-up costs. ‘

Major operating costs are labor, utilities, and acid make-up.
Total labor costs are not likely to differ significantly from the
solvent extraction/electrovinning plant, as the wellfield operation is

not labor intensive.. Utility costs will be primarily related to total

production capacity, and the rate at which solutions are moved through
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~ the system at a given pressure level. The latter are governed by copper

~concentration and deposit depth, respectively. Acid make-up costs are

related to acid reaction with copper and gangue minerals. The former is

2 a process given, while the latter always detracts from profitability,

and if low can be a key factor in making cash available for initial and
future well investments. This is' especially important at low

permeability, where increased well density is required.

2.3 KNOWN CANDIDATE DEPOSITS

In Arizgna as'in‘ofher states and in other countries, several dif-
ferent types of copper deposits bécur."These include porphyry, exotic,
stratabound, and other. All types can be sulfide, oxide, or mixed
copper occurrences (1).

For this study, oﬁly the_oxide occurences are considered. In this
regard, genesis of oxide depbsits is pf interest. IE fs_thought that
oxide deposits develop as a resqlt of oxida;ion‘of gﬁlffde‘méneral-
ization. This presupposes that the sulfide host rock had paleo-

permeability and that oxidation resulted from percolation of meteoric

- water. The sulfide mineralization when oxidized generates acid and, if

produced in sufficient quantities, the copper ‘could be mobilized.

: Movement of the éopper would depend upon the acid conéumption by the

~ host rock and country rock. In the case where insufficient acid is

generated, the copper may not be mobilized at all and a resultant oxide

‘:"cap would be developed. Where an intermediate quantity of acid is

- generated, a secdndary enrichment zone may develop. Lastly, if a large;

v quantity of acid is generated the copper may be removed from the host

rock into the country rock where an exotic deposit may occur.
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Many porphyry type deposits exhibit oxide caps. Some have secon-
dary enrichment, and exotic deposits are known in Arizona and elsewvhere.
In addition to the large copper occurrences associated with porphyries,
Arizona and other states have stratabound deposits of copper (2),(3).
These generally are much smaller copper occurrences but may repregent
suitable targets for in situ leaching'(ISL). A compilation of the
larger oxide deposits is given in (4) and (5). These include: Santa
Cruz, Casa Grande West, Lakeshore, Safford, San Manuel, VanDyke, Blue
Bird, Johnson Camp, and the stratabound deposits at the White Mesa

Mining District.

2.4 DESIRABLE GEOLOGIC SETTINGS

A number of features will impact the design and therefore the
economic attractiveness of a deposit for ISL. These features include
surface topography, depth of burial, ore geometry, liquid saturation,
porosity, and permeability.

Surface topography may range from virtually flat to mountainous.
Mountainous topography will present difficﬁlties for designing and
installing roads and well locations when wells are to be installed from
the surface. When mountainous terrain is encountered, the engineer
should consider installing a group of wells from a single drill location
and, as necessary, use directional drilling techniques to place the
wells where desired within the ore zone.

The distance from the surface to the top of the ore zone has both a
positive and a negative impact on the economics. Greater access costs
are associated with increased depth of burial; however, it also permits
a greater applied differential pressure which increases fiow rate and

permits wider spacing of wells which can reduce costs.
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Ore geometry will often dictate the configuration of well instal-
.~lation. A tabular geometry will require more wells and a greater well
&ost per unit of p:oduction than a geometry of a vertical cylinder.,

. Further, it is likely that by using vertical wells the dgposif will be .
retreat mined, that is from the bottom up. Therefore it is desirable to
havelhigh-grade ore near the bottbm'of the deposit.

Coﬁtrol of fluid movement in undergfound porous media can only
occur if the deposit is saturated. It is suspected that some deposits
in the arid southwestern part of the United States will not be saturated
.with groundwater. 1In this case, added costs will be associated with the
‘injection of fluid to fill the pore spaces of the ore with liquid. This
- of course is a more difficult problem than it first appears. Ifhthe
pores do ﬁét cohtainﬁliduidf'then-in"théir initial state thgy are fillea
" with air, nitrogen, or some. other gas. Air and nitrogen are only
slightly soluble in équeous liquids‘and will not be displaced. from thé
. pores in é piston—iike fashion. If thé'gas is not displaced or ‘
dissolved during the productive lifetime of the operation, thé gas wili
prevent lixiviant from Eontacting‘a fraction of the ore and vill fesult
in a smaller fraction of copper recovery.

Porosity and permeability are rock properties that will impact the
design and economics of a project. Porosity is a measure of void space
in the rock, whereas permeability is a measure of the rock’s ability to
transmit fluid. A rock may have porosity and no permeability. However,
it cannot have permeébility without porosity. The bore spaceé-ﬁust be
interconnected to facilitate the transmission of fluids. The magnitude
of porosity will impact the volume of lixiviant required to fill the |

pore spaces and will impact the time'requirgd for the fluid pumped into
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the injection ﬁell to arrive at the production well. On the other hand,
permeability will impact the rate of fluid movement through porous and
fr&ctured‘media. A higher permeability will enhance the rate of flow

between the injection and production well.

2.5 LITERATURE REVIEW

The literature review is confined to those projects that have been
operated in a true in situ copper mining mode. For a general review of
all in situ leaching, reference the U.S. Bureau of Mines bibliography

(6) and (6A).

2.5.1 1In Situ.Leachingﬁof‘A Nuclear Rubblized Copper Qrebody, USERDA
' Report NV0-155, June 1975

This report summarizeé the results of a joint'study by the U.S.
Energy Research and Development Administration, Kennecott Copper, and
Lavrence Livermore Laboratory. This study investigated the technical
and economic feasibility of using nuclear devices to rubblize a deep
lying copper orebody for the purpose of recovéring copper by in situ
leaching. Although this work does not correspond to a true in situ
mining operation, and the economics are based on acid leéching of sul-
fide .ore, there is sﬁfficient economic commonality with a true in situ
copper oxide acid leach to warrant review of the results of the economic
sensitivity analysis with regard to production capacity (tons per year |
‘(TPY) copper prodﬁction), and costs associated with environmental
monitoring and restoration. Components common to true in situ leaching

of oxide ore are:

o The base case production rate is 42,300 TPY copper for 25 years.

© The ore grade to be mined is 0.5 percent copper.
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The pregnant liquor feed to the surface plant is 4.6 grams per

. liter (gpl) copper.

The ore body depth considered is 2700 feet deep and the ore
interval is 1200 feet thick.

' Injection well costs are (drilling, casing, and completion) $78

per foot of depth; production well costs are $121 per foot.

During production, a total of 40 wells (injection plus pro-
duction) are in operation and, starting with the third year of
operation, a set of 40 new wells are brought into producticn
every three years through year twenty-one ($230/Annual Ton (AT)
investment per well set). :

The surface facility components included long distance piping;
well head plant; liquid storage and pumping; 11qu1d ion
exchange; electrow1nn1ng, and offsites.

Environmental activities and costs 1nc1ude initial hydrologic
assessment, environmental studies, and six water barrier wells.

Operatlng costs include raw materlals, utilities, labor, and
G&A.

Components not common to those considered in this manual are:

0

0

Radioactivity decontamlnatlon and oxygen plants (24% of surface
facility investment)

Emplacement wells and nuclear devices (45% of wellfield costs)

Operating costs associated with monitoring radiocactivity, ahd
depreciation of capital (28% of total operating costs) ’

Tax rate of 50 percent.

The results of the economic analysis indicate:

o}

A 17.8 percent‘DCF/ROR at 70 cents per pound of copper at a
total operating cost of 30.6 cents per pound at 42,300 TPY
copper production rate

Less than a 0 percent DCF/ROR for productlon rates under 12,000
TPY o :

Above 40,000 TPY productlon rate, doubllng the TPY provides only
a 38 percent increase in DCF/ROR

Total environmental related costs in 1974 $§ were estimated at
$66/AT, which -adds 1/2 cent/lb to the copper selling price at a
15 percent' return on-investment.
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It is anticipated that at higher copper loadings {the order of 10
to 15 gpl) positive values of DCF/ROR may résult at production rates
less than 12,000 TPY. Even with cost inflation, a significant level of
inflation in environmental activities and constraints coqld be tolerated
without compromising economic attractiveness. A more important envi-
ronmental constraint is likely to be the impact of the time frame of the:

permitting process on project initiation.

2.5.2 Kennecott In Situ Mining Project, 1970-1978

Reference materials pertaining to this project are available from a
U.S. Bureau of Mines Report (3), a newspaper article (Z); and a number
of U.S. ﬁatents(g),(2),(;9),(51),

The key points obtained from the reference material are summarized

below.

o This was an R&D project conducted by Kennecott’s Ledgemont
Laboratory at the Safford, Arizona, deposit.

o The deposit contains 2 billion tons of ore, averaging 0.41
percent copper, approximately half of which is enriched oxide
ore; mineralization is over 1600 feet thick and lies between 3500
to 1300 feet below the surface.

o The project covered mineralogy, petrology, leaching chemistry,
laboratory leaching, permeability testing, geophysical logging,
groundwater tracers, directional drilling, blasting, 5-spot
pattern leaching, plant design, and economic analysis.

o Through 1975, expenditures totaled $8 million, which included
2-hole testing, using 10-inch diameter injection and production -
vells to depths of 5000 feet. Additional funding of $4 to S$6
million was projected for 5-hole testing. The technology was
developed for sulfide leaching but could readily be applied to
oxides. -

0 Field test results reported in the patents indicated that a
permeability of 2.4 md was measured over a 70-foot thickness of
ore; that horizontal communication of solvent and leached copper
vas obtained over a distance of 70 feet between injection and
and production wells; and that production wells in ore averaging
3 percent porosity; and that increased injection pressure, below



34

the fracturing pressure, dilates fractures vhich provides for
increased permeability. .
o The patents also discuss an example commercial design; chemical
"and hydraulic methods of increasing well flow rates (perme-~
. ability stimulation); and adaptations of oil well completion
¥ techniques for in situ copper leaching.

2.5.3 Occidental Minerals In Situ Leaching Project, 1976-1980

Occidental Minerals (OxyMin) acquired an option for the VanDyke
copper deposit ét Miami, Arizona, in 1968(12). It began an exploration
- program shortly thereafter and by 1975 about 40 holes had been drilled
i throughout the deposit. Dfiliing delineated about 100 million tons of
) copper oxide mineralization_having an ;verage grade of about 0.5 pe£~
| cent. The top of the mineraiization ranges froﬁ 1000 to 2000 feet below
) the surface. Because of the low grade and deptﬁ of burial, éonventional
mining did not appear attractive. This prompted OxyMin to conside; in
situ leaéhing (ISL). |
In January 1976, OxyMin commencéd an ISL piiot test by drilling 2
holes 75 feet apart from the surface to aldepth of slightly more than
1000 feet. One well was‘hydraulicaiiy fractured with-wate; and the
induced fracture connected to the second well. Obsérvations suggested
_ that the fracture was horizontal. Subsequently a dilute sulfuric acid
3 solution was injeéted through one hole int§ a selected portion of the
oxide zone and ret;ieved at the other hole. |
-In an effort to stimulate fluid injéction and production rates,
OxyMin prbposed éonducting fracturiné by using a sméiilamount'of‘con—
t:olled liquid explosive:(lé). The test indicated éhéf blasting was not

necessary and that it did more damage than good' (14). The OxyMin ISL

process (13),(16) consists of drilling two or more wells into a mineral
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deposit; casing, cementing, and perforating the wells; and installing a
hydraulic fracture in each well. These frgctures are at different ele-
vations and one is used for a leachant introduction manifold and the
other is used for a solutionvwithdrawal ﬁanifold.

OxyMin had planned to build a demonétration facility consisting of
four injection wells, nine production wells, and two monitoring wells to
determine the economic feasibility of its ISL process. The facility
would haQe been located within the town limits of Miami. Failure of
OxyMin to obtain permits in a timely fasﬁion resulted in the termination
of the project (ll); Hovever, frém the outset through December 1979,
OxyMin expended in excess of $11 miliion. If the demonstration facility
had been installed,IOxyMin would have spent an additional $16 million to

install and operate the facility. ‘ | .

2.5.4 Dowell And Asarco In Situ Leaching Project

A brief discussion of this work appears in reference (18). Dowell;
a division of Dow Chemical, fofmed a 50-50 joint venture with Asarco to
use techniques developed in the oilfields to exploit a deposit at
Florence, Arizona. This deposit contains 300 to 400 million pounds of
'copper at a grade less than 1 percent. It is at a depth of about 1100
feet underground. 7

At the time the referenced article was written, Dowell had started
drilling five holes on the site. The holes were to be completed with H
stainless steel pipe. Four holes vwere for injection and the fifth was
for production. Wells were to be hydraulically fractured with vater at

pressures. around 1000 to 1500 psi. Key design factors were:

o 3 percent acid would be used for leaching.

o A flowrate of 40 to 60 gpm was expected.
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o O0ilfield triplex pumps were to be used for injection‘of fluid.

0o Pregnant liquor was to be shipped by truck to Asarco's San
- Xavier plant

o 60 percent of the copper was expected to be recovered in 20 to.
25 years. - -

The literature does not indicate to what extent the project was carried

out.

2.5.5 Codelco-Chile In Situ Leaching Project; 1982 to Present

Although no technical information has beenvpublished on the Codeleo
ISL project, it has been reported (19) that after 1986 the firm will

concentrate on four leaching techniques one of which is ISL of north and

south extensions of Mina Sur. Later the company Vill consider ISL for:

Chugqui Norte. This deposit contain§_242 million of 0.7 percent ore.



37

. CHAPTER 3

DESCRIPTION OF CONTENTS OF GENERIC DESIGN MANUAL

3.1 MINING SCENARIOS TO BE EVALUATED
To provide the user with the capability to evaluate a . broad range
of deposits, the design manual contains procedufes to develop commercial
design specifications and costs to evaluate 42 distinct mining scenar-
ios. These are combinations of seven methods of accessing the ore
(deposit access) for placement of wells, three methods of altering the
permeability of the rock in the vicinity of the well (matrix modifica-
tion), and two ‘initial states of the hydrolegic setting of the ore body.
The elements making up these three cafégories are listed below. A
specific mining scenario consists of a combination of one element from
each of the three major categories. Each element is identified by the
number or letter designaticn shown below.
o Method of Deposit Access
+ + Drilling from the surface - 1
+ Drilling from existing underground entries - 2
+ Development of new underground entries with drilling from
those entries - 3
Combinations of Type 1 and 2 - 4
Combinations of Type 1 and 3 - 5

Combinations of Type 2 and 3 - 6
Combinations of Types 1, 2, and 3 - 7

+ + o+

0 Method of Matrix Modification
+ No modification - A
-+ Modification by hydraulic fracturing - B
+ Modification by using explosives in the borehole - C

o Initial Hydrologic Setting of the Orebody o
+ No hydrologic modification (saturated) - i
+ Hydrologic modification (unsaturated) - ii
An example of a mining scenarioc designation would be 1.A.i, that is

drilling from the surface, no matrix modification, and an orebody that

is initially saturated.
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The generié deﬁign manual contains procedures to develop design
specifications and éosts for a given mining scenario, and then conduct
an economic analysis of a commercial operation.‘}Site—specific technical
‘ input parameters are used to develop design specifications for the
wellfield, surface plant, and environmental monitoring and restoration
practices. Based on these;specifications aﬁd input economic parameters,
capital and operating costs are derived and scheduled, and a DCF/ROR
cash flow analysis is carried out. |

Thg DCF/ROR does not include sunk costs, such as exploration and
property acquisition; fixed costs, such as royalties and.taxes; and
depletion allowances, depreciafion and salvage value. These are user
. specific. Examples of input parameters, design specifications, anq

costs are listed below:

o Input Parameters
+ Technical Parameters
- Depth of deposit
- Thickness of deposit
- Permeability of deposit
- Saturated/unsaturated condition of deposit
- Solution grade versus time (laboratory generated data)
+ Economic Parameters. '
- Price of copper per pound
- Cost factors per unit
o processing plant costs
well drilling, casing, and completion costs
reagent costs
pover costs
labor costs ,
surface pipe costs
shaft costs
-underground development (drifing costs)
surface and downhole pump costs

00000000

¢ Design Spec1f1cat10ns
+ Well System Design
- VWell drilling and ca51ng parameters
" - Well spacing and pattern type
- Well depth and leach solution inflow/outflow interval
- Number of injection and production wells for commercial
production
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- WVell casing materials

- Vell cementing materials

- Ore zone completion techniques

- Recovery well pump specifications

- Surface fluid distribution line diameter and material

- Shaft and access drift specifications (depth, length,
dizmeter)

- Leach solution injection pressure and flow rate

- Matrix modification specifications

+ Solvent Extraction-Electrowinning (SX-EW) Plant Design

- All components of the processing system for pregnant solu-
tion inflow to lixiviant rejuvenation for reinjection into
the well field ,

- Design specifications for evaporation ponds, if required

- A process flow sheet

+ Environmental Monitoring and Restoration Design

- Number of monitor wells, spacings, locations, depths

- Monitor well drilling, construction, and completion
methods and materials

- Methods and designs for monitoring unsaturated conditions

- Mine site restoration design requirements and procedures

¢ Capital and Operating Costs
+ Capital Cost
- Process equipment
- Equipment 1nstallat10n/31te improvement
- Building
- Initial wellfield development
- Restoration system
- Permitting
Monitoring system
+ Operating Cost Analysis
- Wellfield replacement
- Labor
- Reagent
- Utilities
- Maintenance
- Make-up wvater
- General and administrative.

3.2 STRUCTURE OF DESIGN MANUAL

The design manual is organized by the three major functional design
categories. In each section, in'addifion to the description of the
technology, factors involved in sizing and selecting design options are

discussed. Following the discussion of functional design categories,

optimization of the overall ISL system and the method' of economic
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. analysis are deséribed. Detailed information such as computer program

listings and a summary of various design and costing algorithms is
contained in the Appendices.

In situ leaching technology encompasses th;ee major subsystems.
This manual provides a quantitative framework fof evaluating numerous
design choices and the ﬁeans to conduct an economic»evaluation of the
integrated systems. What appear to be "best" desigh choices from a
subsystem point of view are often not the optimum choices for the

integrated operation. The three major functional design categories are:

o Sub-Surface Facilities (Well System)
o Surface Processing Facilities

o Environmental Permitting.

Among these functional categories, only the surface processing
facility iﬁvolves a mature technology. As a result, there are fever
uncertainties in'the design relative to sizing.and costing, and
subsystem configuration is vell defined, as discussed in Chapter 5. A
number of obtions exist for the design of the sub-surface systems.
These are discussed in Chaptér 4 with fegard to design specifications'
and costing. A description of the environmental permitting process in
the State of Arizona is included in Chapter 6. The environmental
requirements have not yet been esfablished for ISL copper. |

The factors involved in selection of an "optimal" mining method are

discussed below:

o Selection of commercial design basis. ~This involves an
" evaluation of ISL from a business point of view. These consid-
erations.are not the major thrust in this effort; however, they
are briefly discussed.in Section 3.4
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0 Selection of mining access and orebody modifications. The
various options to be evaluated are described in Section 3.1.
Relative ranking of different mining access methods may be
determined by the methodology outlined in Chapter 9.

o Selection of flow pattern. Four distinct flow patterns for
leaching are considered in this manual. A description of these
patterns and quantitative pressure drop-flow rate relationships
are discussed in Section 4.2. The selection of a flow pattern
among these choices and sizing of wellfield spacing involves
optimization per considerations outlined. in Chapter 9. Final
selection of design options, and selection of design parameters
such as wellfield spacing will be based on the economic evalu-
ation. The single determining parameter may be the pre-tax
selling price or pre-tax DCF/ROR. The method of economic
analysis, the mathematical algorithms for design and costing,
and the information flow network is described in Chapter 8.

The method of using the manual and the steps involved in coenducting
a commercial design'are discussed in Section 3.5. The information on
orebody characteristics; copper leaching characteristics; business
decisicns of annual produétion rate; and ROI needs to be compiled before-
a design and economic analysis can be undertaken are discussed in
Sectlon 3.3. Computational details such‘as computer listings, typical
inputs/outputs, cost data, and equipment design considerations that are
the basis for algorithms and base values of constants are summarized in

the Appendices.

-3.3 INFORMATION REQUIRED FOR COMMERCIAL DESIGN
The following process information is required to size and then cost’

the components of a commercial in situ copper mining operation.

Tons per year copper production

Total plant operating life

Total system flow rate

The well spacing

The flow rate per well

The maximum injection well pressure and production well
fluid head to be lifted

QOO0 000
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o -

Geologic and deposit characterlst1cs
Depth

Ore thickness

Permeability

Porosirty

Average grade of copper

Initial water saturation of porosity
Total tonnage of recoverable copper
opper leaching characteristics
Injection liquor acid strength
Acid consumption per unit copper production.

++ O+ + o+ o+

Various combinations of the above are used to develop system design

. specifications, and then capital and operating costs.

The combination of recoverable copper and plant life sizes the
production capacity.

The production capacity sizes the EV. component of the surface
plant.

The combination of injected acid strength and net acid con-
sumption specifies the pregnant liquor copper concentratioen.

The combination of copper concentration and production capacity
specifies the system.flow rate which sizes the SX component of
the surface plant

The maximum injection well pressure and production £fluid
head to be lifted are related to the depth of the overburden.

The horsepower requirements for pumping wellfield injection and
production fluids are related to the combination of depth and
system flow rate. .

The injection flow rate is derived from combinations of
permeability, injection pressure, ore thickness, and well
spacing. : .

The number of operatlng vells is a function of the total system
flow rate and the injection well flow rate.

‘A combination of ore thickness, ore grade, vell spacing, flow

rate per vell, and copper loading relates to well pattern
operating life. C

The number of well pattern replacements is determined from the
plant life and the well pattern life.

The start- up tlme or hold-up time of a well pattern is. a
function of the porosity, well spacing, ore thickness, and well
flov rate.



43

o The quantity of well pattern make-up water is related to the
well spacing, ore interval, porosity, and initial water
saturation. ‘

Average deposit characteristics and geomgtries as wvell as the
levels of the major operational design parameters that can be selected
as mining strategies at a specific deposit can vary over a wide range.
Generic design procedures have to be formatted to account for these
variations. Unit cost factors must reflect sensitivity to changes in
production capacity, system flov rate, and depth of ore burial in order
.to derive capital and operating costs for economic analysis of a generic
design.

However, it is not possible for a generic design manual to provide
procedures for dealing with variability within a deposit, or various
business strategies for mining a deposit. These are site- and company- *
specific, but,can'be developed by using components of the manual. The
folloving serves as an example.

0 Assume that deposit access by surface drilling vertical wells
has been identified as the best m1n1ng scenario for a 600-foot
vertical section of ore.

o It is likely that along this 600-foot zone of ore both permea-
bility and copper grades vary, and not necessar1ly in the same
way. This variation will be site-specific,

o The design procedures in the manual can be applied to sub-
sections of the 600-foot ore zone to obtain a number of com-
mercial designs and associated economic performances. This )
analysis is used to determine which option is best, from both a
technical and business point of view, for the specific copper
producer involved.

3.4 COMMERCIAL DESIGN BASIS

The first step in developing a commercial design and economic

analysis involves sizing the production capacity for in situ mining.
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This is a business decision which will be both site- and company-
specific and requires providing information on tons per year production
capacity, mine life (recoverable copper tonnage), and minimum return on

investment. Two of the factors that are jinvolved in this decisicn

process are discussed below.

o _Experlence indicates that production life beyond a ' 20-year time
frame is not likely to improve the DCF/ROR, and that 20 years
represents a v1ab1e llfe for the SX/EW plant

o The maximum productlon rate is given by the total recoverable
. copper divided by the chosen life. However, only a percentage
of this capacity may be produced in a 20-year period for a

number of reasons:

+ The operator may not have sufficient capital to construct the

. larger facility. '

+ The greater production rate may not be consistent with the
operator’s share of the market, or it may distort the market
and adversely affect the price of the commodity.

+ The operator may be utilizing in situ production to supple-
ment production at a specific site. In this case an SX/EV -
facility may already be in place, and the economic analysis
would be used to calculate a transfer price for copper .

. produced from the in situ operation.

+ The initial in situ operation may be targeted for a high
grade portion of the ore body.

The procedures ptovided-in this manual can be used to aid in this.
decision process by using them to conduct an economic sensitivity
analysis as a function of production capacity, either as a stand alone

operation. (with SX/EU plant) or as a supplemental production (SX/EV

plant in place).. ‘The minimum productlon capacity is 2500 TPY, whlch is

‘derived from the Bureau of Mines definition of tne 100 million pounds

minimum recoverable copper assumed to be recovered in 20 years. Once a
design basis is arrived at as a base case, the manual can also be used
to conduct sen31t1v1ty analyses for ail the key process parameters.

This 1nformat10n can be used to. prlorltlze field tests to obtaln the
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data that has the greatest impact on economic performance, and to rank

geologic properties for exploration purposes.

3.5 METHOD AND STEPS INVOLVED IN CONDUCTING COMMERCIAL DESIGN
There are two methods available to the user of the manual for
completing a commercial design. Worksheets may be used with manual
caleulations to conduct a commercial design. The other option is to
utilize the computer program which acompanies the manual to conduct the
calculations. The proéram is available for the IBM PC/AT computer.
The major steps involved in conducting commercial design are as
follovs:
o Compilation of Information Required. The input information
outlined in Section 3.3 has to be compiled. The geologic data
on the orebody in the absence of detailed exploration activities

may be incomplete. 1In case data is not available, that
parameter has to be estimated. '

o Selection of Design Options. Design options of interest should
be determined. This includes selection of a method of mining
access (surface or underground), type of flow pattern selected
for leaching, and pregnant sclution copper loading.

o Selection of Design Parameters. Select values of design
parameters such as piping diameter for injection and production
wvells, well spacing, leach interval height, and well diameters.

o Conduct Economic Analysis. Utilize either the worksheets or the
computer program to conduct econcmic analysis and determine
either copper selling price or ROR. The overall information
flow network is shown in Figure 3.1. The compiled information,
selected design options, and parameters form the inputs to:
various functional design and costing algorithms. The costs of
various items are compiled into either a copper pre-tax selling
price or a DCF/ROR depending on the user’s choice.

0 Iterate Economic Analysis. Evaluate the economic analysis and
various calculated design parameters such as wellfield life,
injector well flow rate, etc., to determine whether additional
economic evaluations at different design options or parameter
values are to be conducted. Repeat economic analysis steps
until all desired alternates have been determined and "best"
choice design selected.
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Conduct Sensitivity Analysis. Review compiled information to
determine levels of variability in a parameter (e.g., changes in
permeability or ore grade within the deposit of interest). Also
reviev the compiled information te determine level of uncer-
tainty in the data. Conduct economic analysis to determine the
effect of uncertainty and variability on the overall economics
and the design. Select the "best-choice" design. '
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CHAPTER 4

SUB-SURFACE FACILITY SPECIFICATIONS AND COSTS

4.1 DEPOSIT CHARACTERIZATION

Prior to initiation of a design for a commercial facility, it is
necessary to obtain adequate information éoncerning the deposit.
Obtaining such information has been termed deposit characterization.
This includes information on permeability, porosity, water saturation
and quality, geology, mineralogy, topography, geometry, underground
workings and matrix modification. In this regard fiéld tests will be
required to obtain in-situ flow related data and an evaluation of
geologic and topographic data from an ISL perspective will be needed.

Flow related properties are primarily porosity, permeability, and
liquid saturation. Each of these three properties influence either flow
rate, residence time, or iixiviant contact with mineral values. Field
measurements of these properties provide the data for the design and
economic assessment. Tests to obtain field data are discussed in
Chapter 7.

The ore body geometry and size required for in situ leaching (ISL)
can be aobtained from geologic studies for conventional mining opera-
. tions. However one will often find that ISL mining ore resefves, unlike
conventional mining ore reserves, are more closely related to geologic
ore reserves. One of the more useful maps for deposit characterization
" is the grade-thickness contour map. These can be developed for various
ore-grade cutoffs.

Miner#logy studies should address not only the various copper

minerals but also the gangue minerals, particularly the lixiviant
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consuming minerals. It is important to evaluate acid soluble ore grade
as opposed to total ore grade, when considering ISL for copper oxides.
Further, lixiviant consumption should consider consumption as a result
of lixiviant flowing through the pore space as opposed to lixiviant
consumed by crﬁshed ore {wvhich often exposes more consumers than
othervise would be encountered).

Although a saturated deposit completely bounded by impervious
barriers is desirable, these conditions are unlikely to occur. The
engineer should determine the quality and quantity of fluid in and about
the deposit. Seldom would the deposit'associated with a porphyry be
deemed aﬁ aquifer because of the low porosity and permeability of the
host rock. Frequently the surrounding country rock will likevise have
low porosity and permeability. It is incumbent upon the engineer to
make those characterizations concerning the hydrologic system. Field
tests described in Chapter 7 will be useful.

- Surface terrain characterization can be accomplished by a site
visit and procurement of a surface topographic map.

Underground wvorkings often occur in formerly mined or currently
mined deposits. Should accessible workings be present the engineer will
find it necessary to evaluate design options that these.workingﬁ
present. Even though accessible workings may not be availabie the
engineer will want to evaluate the alternative of installing workings
and developing the well field from undergrpund in addition to installing
wells from the surface.

Ha;rix modification, also called well stimulation, consists of
several techniques to ehhance the flov of fluids into or out of the

deposit. These techniques include hydraulic fracturing, acidizing and
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» wellbore shooting, or explosive stimulation. The engineer may find in
his design that the injection or production rate per well is
insufficient to permit an economic operation. .At this stage the
designer should consider the application of well stimulation. Key
factors that influence selection of a particﬁlar‘application are:
natural geolbgic_structures and orientation; total depth; depth of ore
belov any aquifers; initial water séturation; and rock fraéturihg
properties.

‘Deposit characteristics outlined above are‘;equired priorzto a
- commercial design. These impact‘ﬁellfield and well design.  Perme-
¥, abiiity, depth of burial of deposit, and ore intercepted by the well
relate to flow rate per well. This in turn translates into number of .
wells required'at any one time to provide the required flow rate to the.
surface plant. |
| Porosity is related to the inventory‘Of lixiviant that must be
,injécted into the deposit prior to breakthrough of pregnént liquor.
Porosity and flow rate translate to residencé time of the lixiviant.
Residence time must be sufficient to maximize copper loading but-hot 50
long.as to cause depletion of the acid and cause precipitation of the
‘metal values. |

The deposit must be saturated with liquid to perhit control of

fluid movement. Saturation of less than 100 pércent of the deﬁosit
is associated vith less control of fluid and lower copﬁer recovery.
Native water quality, porosity, and»permeability‘will impact how the
ldéposit:is designated with regard to a source of underground drinking

-vater-and will .translate into permit and monitoring requirements.
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Geology, geometry, and depth of burial are related to wellfield
design and well design. Geometry and mineralogy translate intec well
.replacement frequency, and mineralogy to cost of lixiviant.

| Topography translates into well pad design, selection of well
vinstallation procedures, lo;ation 6f surface plant location, and layout
of.fluid transmission lines, road location and power distribution.

Underground workings (existing) result into reduced deposit access
costs and reduced well costs. Newly installed underground workings will
translate intb greater deposit access coéts. |

Matrix modification provides, higher flow rate per well. This in
turn translates into fewer wells per wellfield and reduced wellfiéld

costs.

4.2 VELLFIELD DESIGN

The purpose of the wellfield is to inject and recover leach fluids ™
from an ore deposit in a cost effective manner. The primary determin- .
ants of the wellfield design are flowrate, depth, fluid type, well
spacing and fluid flow regime. Flow rate fequirements determine well
equipment diameter, hence well size; depth determines operating pres-
sures, hence equipment type and, to some extent, size. Fluid com-
position determines materials of construction, primarily as related to
corrosion resistance. Well spacing is determined by installed well
costs relative to recoverable metal value within the well pattern, in -
additidn to other rock properties. The latter consideration often

dictates an iterative approach to wellfield and well system design.

Fluid flow regime dictates the type of well completion required.
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The. manual addresses mining ffom‘the surface as well as from
underground workings. The types of well patterns-discussed include:

0 5S-spot patterns pf large diameter vertical wells drilled from
the surface or underground workings. Using this type of pattern
design procedures are provided for two flow regimes, radial and
axial flow. Axial flow can be achieved with horizontal or
vertical hydrofracing, depending on deposit depth.

¢ Fan patterns of smaller diameter wells drilled aIbng underground
crosscuts. , -

The equations used in wellfield design are derived in Appendix A.
These generalized equations havelbeenwwritten‘to describe flow rate per
well, ‘number of wélls, wvell pattefh life and total‘plan area. Different
groups of terms can be substituted into these équations for the various

patterns. These relationships are summarized in Tables 4.1, 4.2, 4.3

and 4.4.

4.2.1 Vertical Ueil Patternsr

" Vertical wells can bé drilled from either thé surface or under-
ground workings. The felativé positioning of these wells by injector
and producer forms a specific well pattern; 5-spot; 7-spot, 9-spot, etc.
For é*diséussion of the pros and cons of using these different patterné
under prbducti&n conditions refer to Craig (gg). Since this manual only

considers wellfield design on a generic basis for homogeneous deposit

properties, the 5-spot pattern is used as the basis of design as it

minimizes the total number of wells in a large array of vells. The

. manual design procedures algorithms can be adapted to other patterns

when sufficient site specific data is available to define deposit

variability.
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Within the 5-spot configuration design procedures are provided for
three types of flow regimes: radial; axial using horizontal fractures
by hydrofracturing; and axial using vertical fractures by

hydrofracturing.

4.2.1.1 Radial Flow

In the radial flow geometry fluid leaving the wellbore reméins,
confined to the injection interval spreadiﬁg over a continually
increasing two-dimensional area, Figure 4-1. The pressure declines
| logarithmically with the distance traveled by the fluid away from the
wellbore, and the fluid velocity decreases inversely with the distance
traveled. This flow regime has been utilized in uranium in situ
leaching and is common practice in oil fiel& vater flooding and enhanced
0il recovery produgtion operations.

The flow rate may be increased if desired by stihulating the
injection and production wells. In the radial flow case, stimulation
refers to increasing the effective wellbore radius. For the purpose of
fluid flow caiculations and costing ;he wellbore radius is assumed to be
increased to 8 feet. This provides approximately a 3-to-1 increase in
- flow rate using a fracture radius that is small compared to the well
spacing.

In actual practice, several methods are available for stimulation.
Hydraulic fracturing can be used to create short, propped hydrofractures
in the injection and production intervals of interest.. These fractures
do not change the permeability of the rock mass but provide conduits
(usgally planar) for fluid flow away from the wellbore. The fractures
are only of vaiue when their conductivity is much greater than that of

the rock mass.
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Figure 4-1. Radial Flow Geometry

Enlarged Wellbore
From Stimulation
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Explosive or propellant stimulation is another method that méy be
used to improve flow. In this case fractdres are again ﬁreated near the
vellbore to provide conduits for fluid flow. In an ideal case numerous
small fractures could be created which would essentially improve the
permeability of the rock in the immediate vicinity of the wellbore.
Again the maximum improvement in flow can be calculated by guantifying
 the stimulation as a larger wellbore radius, with an infinite
permeability in the fractured zone. |

While stimulation may improve the flow rate, its cost may not be
justified. If the actual wellbore radius is used in flow calculations,
flow will be calculated for the unstimulated case. Because the dif-
ferent stimulation techniques have widely varying éosts, the model
allows for user cost specification for stimulation. Overall economics
must consider whether the increment in flow rate with stimulation is
worth the cost increment for stimulation.

Flow rate for the radial case is calculated using the 5-spot radial
flow equation. The equation assumes steady state conditioas and
hydraulic confinement of the ore zone to be leached. In most. copper .
orebodies, this confinemenf exists onlj to a limited extent. The
algorithms for the radial flov regime are derived and described in

Appendix A, and summarized in Tables 4.1, 4.2, 4.3, 4.4, and 4.5.

4.2.1.2 Axial Flow

The axial flow concept may be utilized to obtain acceptable flow
rates in cases where radial flow rates are too low. Hydraulic fract-
uring is used to develop planar fractures that are used in pairs, one

serving as an equipotential high pressure plane for injection, the other
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TABLE 4.1 SUMMARY OF ALGORITHMS FOR WELL FLOV RATES

'qI = injectioh rate per well, gpm
. C;kﬂPT ' , gpm - cp k - = permeability, md :
q, = G,, C, = 3.34x 1077 ———— 4P = pressure drop, psi
" u md-ft-psi  u = viscosity, cp
G, = Well pattern geometry factor, ft'

1

Axial flow horizontal fractures

vell spacing, ft
leach interval per fracture palr, ft

5
G, = — H

1 -8

. Axial flow veritcal fractures

4HS H total ore thickness, ft
[ ] S, = well spacing perpendicular to
S1 : fracture, ft

well spacing parallel to fracture, ft

[}
1}

w0
L}

Radial flow

nH

r, = vellbore radius, ft
G, = —_—

1 - 0.619
",

For the case of wellbore r, =8 feet <8
enlargement by small
. hydrofractures or borehole blasting

Fan Vells

nh 1 ‘
G, = h = well length, ft

2 d n + @ S} d distance between fan
- |- - 1ln |[—1| faces, fr - .
: 4 n 4rw -

o For the combination of (d/h) 'and (©&/n) that maximizes'fhe flow
rate per module per unit cost of the module (eVn) 1/10, or 11
wells per fan face, and (d/h) = ‘

o Drilling a fan well over 100 feet long is not practicai

o G, = 192 £t, for r, = 0.167 and h = 100 feet



TABLE 4.2 SUMMARY OF ALGORITHMS FOR NUMBER OF WELLS

0=z

Number of injection wells or patterns
Total number of wells
Values obtained from Table 4.1

Number of injection wells or patterns

Total 5-spot wells

Total fan.wells

HF

o ]

number of wells per fan face
NINTF

number of . = H/h
vertical units

dyl/?
number of = (NI)I/2 Eri

crosscuts H
per vertical unit

p h2 1/2
number of = (lt‘ll)l‘/2 Fi—i
fans per crosscut dH

57
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TABLE 4.3 SUMMARY OF ALGORITHMS FOR WELL LIFE
well life, years

[ Qu ] [ESELERFC] [(1oo-¢)pb } o
| X,
) C koP, E 2x10M kY § 0 °

P

"
n

(ad
[}

Cal
[}

well pattern life geometric factor{ ft’

Axial flow horizontal fractures

X, = HMH

Axial flow vertical fractures

>
1}

S, 74

Radial flow

- .619

A VP

W

0001

X, = 6237 £t?, for h = 100 feet, d = 60 feet, which .

is a minimum cost fan module

Fan pattern

s
[}

E, = X sweep efficiency $ = % porosity ,
E, = % leach efficiency - p, = grain density 1lb/ft

E, = % recovery efficiency v = tons per year copper
Ep = % on stream plant time production rate

F_ = Z ore grade o Q = total plant gpm
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TABLE 4.4 SUMMARY OF ALGORITHIMS FOR WELLFIELD PLAN AREA

2

b
]

plan area of wellfield, ft

Qu
w [RL]
CokAPT :

well pattern area geometric factor, ft.

P
|

e}
1}

Axial flow horizontal fractures

. Axial flow vertical fractures

Radial flow

- .619

—1I|1ln

nH
{2:

w

o]
II

'Fan pattern

o
it

4dh] [dn e 8
. —_—| }— ¢ = 1ln |—
nH 4 n 4ru
6237, for h = 100, d = 60 feet, which is

H
minimum cost fan module

-
]
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TABLE 4.5 UELLFIELD-SPECIFICATIONS COMMON TOQ ALL PATTERNS

Wellfield Water Make-up Requirements -

GA = gallons required'to saturate wellfield pores

GA

7.48 x 107%A H¢ (100-s)

Vellfield Hold-up Time

t,y = years for one pore volume displacement in the
wellfield '
t,, = 1.42 x 107°a H¢’ [E_"]

Q

" Number of Wellfield Replacements

N

Number of wellfield replacements over life of

wR .
mine
tP

Nog = — -1
t

W

Total Wellfield Plan Area Over Plant Life

| E 1
Ay = 21070 x Yt L = ][ ] ,
‘ E,EF, |[(100-4)p,

STLTR

n
o

% initial water saturation .
% of one pore volume used in hold-up time
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as an equipotential low pressure plane for production. The pressure
declines linearily between the two equipotential planes. Depending on
the depth below the surface at which the fracturing is carried out the
fractures may be horizental or verticél.‘ At shallower depths horizontal
fractures are expected. The depth at which the orientation switches
from horizontal to vertical will vary from deposit to deposit. As a
general guideline for depths below 1000 feet the probability of
obtaining vertical fractures increases. Well paftern flow geometry
designs are provided for both horizontal and vertical fractures, Figures
4-2 and 4-3. Fdr additional information on fracture orientation see
references (21). Regardless of the orientation, if the fracture planes
overlap the deéired manifold effect can be obtained. Flow rates using
this concept can be estimated by using Darcy’s law for flow between the
planes. The di#;ance between planes is an input variable in the model
somevhat analogous to well spacing. The flow betweenvplanes must be
substantially improved over the radial case in order to justify the
additional expense ofAtﬁe fracturing concept. However, tﬁése fractures
will permit a‘wider sﬁacing.betweeh wvells. Pressure drop due to
friction also occurs in the fracture, and is a function of the fracture
width and the conductivity of the fracture proppant. At high flow
rates, pressure drop within the fracture may be a result of turbulent
flov. The generic design does not account for friction drop. Also
complete fractpre overlap is assumed. These assumptions are made to
reduce the complexity of the algorithms. Design specifications and
costing pfocedures are provided for fractures. In the model the user
has a choice between fractures that are completely vertical, and

fractures that are completely horizontal. In the horizontal case the
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)]

Plan View .
Horizontal Fractures

ORE

Vertical View
Horizontal Fractures

Figure 4-2. Axial Flow Horizontal Fractures

Mined -
Sequentially
Upward
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overlapping fractures are repeated vertically until the ore tﬁickness
has been leached.» The manual contains fracturing éost algorithms, which
allows for an economic comparison between axial and radial flow.

'ﬁéll pattern design algorithms are summarizéd in Tables 4.1, 4.2, .

4.3, 4.4, and 4.5.

4.2.2 Fan Well Patterns

This design is a method using fan patterns arilled radially from
crosécuts, see Figure 4-4. In the faﬁ concept, ggéll diameter holes afe
.drilledvradially from stations in’parallel dfifts running underneath thé
‘ore zone to be leached. Fluid is injected in one fan face (A) and flows
parallel to the crosscut to another fan,féce'(B). .Leachate is collected
by gravity from the fans and the crosscut. In ore bodies having a con-
siderable vertical thickness of ore, one §r more additioqal levels is '
used to gain access. A pfactical Height to drill a fan well:is 100 ft.
A faﬁ module consists of face A and face B.

Fluid flovw rate between fans is calculated by using the radial flow
equafion for pressure drop in the immediate vicinity of the injection |
and production holes. Linear flow is used to predict pressure drob
between thérfans. Algorithms pertaining to well pattern specifications
are derived in Appendix A and summarized in Tables 4.1, 4.2, 4.3,.4.b,5
and 4.5. Flow variables include the number of holeS per fan, the
distance between fans, and the.applied pressure differencé (expressed
again as a function of fracture gradienf). ‘In Appendix A a procedure is

developed which minimizes cost per-unit flov rate.



Face Ag

One Fan Module

_ M

N e
1 g%

Vertical Stacking
of Fan Moduies

Figure 4-4. Fan Pattern Flow
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4.2.3 Design Criteria

Ihe maximum‘well pattern ﬁloy rate occurs at an injectioﬁ pressure
equal to the fracture gradient. The valug of the fracture pressure
gradient has a rénge between 0.7 and 1.0 psi per foot of depth. This
fracture gradient is a user input variable. The production well is
assumed to be ﬁumped off so that essentially no pressure exists in this
well. In an aétual mining operation, a small amount of hydrostatic
column exists in the production well, since the pump is normally set

above the producing interval and some Net Positive Suction Head (NPSH)

~ is required to prevent pump cavitation. The total injection pressure at

AW

e

the interval of interest is the sum of the h?drost#tic‘column of fluid:
to the surface pius any’head supplied by injection pumps.’ The user will
choose an injection pressure gradient below_the‘fracture gradient for
leaching.

The procedure fof estimating the best mining scenario outlined in
Chapter 9 can be used to determine which method of debésit access is
likely to be lgast Expensive, and what range of copper loadings are most
likely to maximize DCF/ROR. If the best mining scenario does not
involve fan wells then a selection of radial.versus axial flow is
required. This first involves geologic and engineering input with
regard to the practicéli;y of installation. All things being equal the

final criteria for selection is which pattern provides the least cost

per flow rate per wvell.

Next well spacing can be chosen. In the axial flow case, the
distance between fractures is chosen. With all other variables chosen,
the model can be run and iterations. made to help determine an optimum

vell spacing. These calculations are independent of sweep efficiency
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(percent of rock in well pattern swept by fluid)}, so the user must base
estimates of copper recovery on sweep efficiency associated with the
pattern design, to some extent.

In the radial flow case it is apparent that the well spacing
determines the capital cost per unit volume of rock, the flow rate (as a
~log function), and the residence time of the fluids. Based on past
experience, in low permeability rocks, in situ copper leaching well
spacings are designed in a range from 50 to 150 feet.

In the axial flow case the well spacing is determined by the cost
of fracturing, the fracture conductivity, and the fracture shape and
orientation. Prior experience egists for designing and installing
horizontal fractures of 50 to 100 feet fadii in copper deposits (13).
Experience developed in the o0il industry vould suggest that fractures
vith greater radii could be induced. In the cese of vertical fractures
experience is limited. Several vertical fractures have been installed
in one deposit but only one measurement was made to determine jts
vertical extent. The vertical extent was about 100 feet. It is
probable that a greater vertical height could be obtained. However one
would expect the fracture to be initiated near the top of an interval to.
be fractured. It is not clear whether a vertical fracture as it
develops will grow upward or downward in a copper deposit. A fracture ’
induced in stages may be more readily controlled.

During the past 15 years a concept of ﬁassive hydreulie‘fracturing
(MHF) has been developed 'and many installed. These fractures often have
been induced in low permeability gas sands having a long vertical.
intercept. Design procedures (22) have been developed. MHF can be

designed to have vertical heights between 100 and 350 feet and lengths
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between 1000 and 2500 feet. It is not clear that MHF is suitable for °
ISL of low permeability copper deposits.

After a pattern flow rate has been calculated, the number of pat-
terns needed forlmining is estimated by dividing the total plant flow
rate by the pattern rate. The number of wells is then given by the
number of patterns, assuming a square wellfig}d geometry.

Based on any given pattérn‘design, it is necessary to estimate the
overall recovery of copper that is expected from leaching the pattern.
For this purpose, thé model utilizes an overall recové;y factor
comprised of individual factors called sweep,rleach, and recovery
efficiency. - These faétprs,'when multiplied together give the overall
recovery. |

Leach efficiency can be defined as the copper recoverable from core
sized specimens leached in the 1aﬁoratory. If copper grade is only
exéressed in terms of acid soluble assay, then leach efficiency may be
influenced by such factors as qdarti filling, gangue mineralogy (wad,
clay, zeolites) and natural fragtpre'lbéation'with respect to the ore
minerals. |

Sveep efficiency can be defined as the degree of gbntact between
ore and moving lixiviant. Because copper deposits are not really homo-

geneous it is probable that some quantity of ore is not swept by the

'moving fluid. This factor represents the percentage of rock contacted.

It is essentially a meaéure of permeability anisotropy. Typical

geologic causes include fault and shear zones, cemented and clay.filled

areas, localized lack of fractures, etc. It is also related to the
degree of confinement in a well pattern, where stream lines travel
variable distances hetween injection and production wells, even in a

homogeneous deposit.
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Recovery efficiency refers to the peréentage recovery of leaching
fluids. 1In some cases, hydraulic confinement of the orebody may not
exist, leading to the escape of copper in the fluids. The recovery
efficiency must be high, because fluid control in the wellfield design
must limit excursions for high economic performance. Water makeup is
calculated in the model based on the recovery efficiency. Water losses.
may also occur from a plant bleed stream, but these are independent of
recovery efficiency.

For purboses of the model, the user must estimate the copper
loading that is expected as an average grade of the pregnant liquor.
This is best approached by examining acid consumption. The assumpt{qn
can be made first that almost all acid is consumed in the ground. This
is necéssary in actual practice to prevent poor equilibrium during
solvent extraction. In actual practice, flovw rate must be low enough
and distance between wells far enough for this to occur. The acid
consuming nature of the rock is anofher variable that must be
considered. Some idea of acid consumption can be obtained from column
and core leach tests. Consumption is normally expressed on a pounds

acid/lb copper basis, and is affected by:

0 Acid strength , o Nature of gangue
o Injector-producer distance and - o Grade of copper (oxide)
flow rate

Net increase in copper loading per pass of solution through the
vellfield is determined by the initial acid strength and the acid
coﬁsumption. For example, if the initial acid strength is 20 gpl and
acid consumption is 4 1b acid/lb copper then an average copper loading

of 5 gpl results.
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It is apparent that copper loadings can be increased by using

stronger acid strength for leaching. Increasing acid strength also

‘gives a higher acid consumption on a-bound for pound basis. Thus an

-~ economic tradeoff exists. Normally acid concentration in the range of 2

" to 10 percent may be considered for practical operations. Acid

e

concentrations greater than 10 X rapidly corrode 316 stainless steel if

copper or iron (III) are not present as inhibitors.

f‘4.3 DEVELOPMENT OF UNDERGROUND WORKINGS

The main functions of the underground workings are to provide

A access for drilling and workover equipment, and to provide for power and
. fluid transportation to the mining areas. A small amount of muck

* haulage is anti¢ipated from development headings after production has

started.

In the case of mining using vertical drilling from underground

~'stations, a mine level is chosen above the ore interval. Drill stations

" are excavated over each drill hole. Stations are constructed along

pafallel crosscuts, which are connected to drifts. The drifts provide

-access to shafts or declines leading to the surface. It may be

desirable to provide a separate mine level under the station level to

- separate fluid pipihg, vehtilation, and power distribution from the muck

haulage and drill rig mobilization. PregnantIliquor‘éOIIection could
then be by‘gravity., A pump station would be pfovidgd:fo lift pregnant
liquor to\éﬁe surface.

For the case of the fan drilling, a mine level wdu;d.be placed

directly under the d:ebody, with the fan patterns driiled.upward,into

" the ore. The holes would be of nominal & inch diameter, drilled with a



down-the-hole hammer rig. Hole depths would be approximately 100 ft,
and about 11 holes would be drilled éer fan. Injection holes would be -
equipped withltubing and packer, but production holes would not have any
equipment. Drill rigs for percussion drilling of the fans are expected
to be smaller than the rigs used for the vertical patterns. Drift sizes
of 12 fr = 12 ft and 10 fr x 10 ft are thoughf to be reasonably sized
drifts for vertical drill development and fan pattern development,
respectively. Cdllec;ion of pregnant liquor is then by gravity drainage
frém the fan'patterns and the back and ribs of the crosscuts. Again a
utility level may be considered below the level for the fans to allow
for collection of fluids, power distribution, ventilation and escape.

Costs are categorized by access to the ore interval and those asso-
‘ciated with the well patterns. Mine development costs for the leaching
areas are calculated by totalling costs per pattern and are then a func-
tion of the number of patterns developed. For example in the case 6f
vertical drill hole development (axial/radial), cost per péftern for
crosscut, pipe and drill station are summed. Total costs then for all
patterns are found by simply multiplying by number of patterns. In the
fan leaching case, crosscut cost per ft and piping cost are summed per
fan pattern. This is discussed in 4.4.3 and 4.5.3.

Total capital costs for access include:

‘0 Access to ore body depth o Mine Plant (at surface)

o Ventilation o Power

For both vertical or fan pattern leaching, shafts are sunk or
declines are driven to reach the bottom depth of the orebody. Drifts

are driven horizontally to reach the orebody. Because some orebodies
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. are dipping, the mine plan may include declines or multiple levels to

follow the ore.
To estimate costs for development workings (not in the mining area)

in the model, the user can draw up a mine plan and estimate the footage

-0f the followving workings:

+

1. Declines . ' : 3. Raises
2. Shafts . » 4. Adits and Drifts and _
Crosscuts used to reach the

mining- area

. The average cost per foot is estimated for each type of working,

e

" 4.3.1 Development of Access

including ground_suppoft costs.

- b

To develop a generic cost algorithm to estimate access costs it is
assumed that two shafts are required to be sunk to depth and that one

raise will be required for ventilation.- Additionally, a 2000 ft drift

. is assumed to connect the vertical workings to the mining areas.

Ventilation requirements will be largely set by the diesel equip-

ment used for drifting, drilling, and other mine development. This

.. capital cost item includes fans, bulkheads, refrigeration, etc. Mine

workings are not included in this hategory.

The mine piang includes items such as headframe, hoist house, com-
pressors, shops and offices. It also includes miniﬁg eqﬁipment that is
not accounted ﬁor in the‘toét,of advancing wofkings. It is a separéte
item from the SX/EV plant, and wellfield pover and piping. Mine plant
costs are based on data qbtained from the Mining Cost‘Service, Western

Mining Service, Sbokane, Washington, 1986.



Mine power on the surface will be required for hoisting, air com-
pressors (if needed), lighting and miscellaneous uses. This powver is
separate from SX/EW requirementé. Pover underground will be required
for the pumps and instruments. Drilling equipment may‘also be run using
electric power.

Piping for lixiviant and pregnant liquor could be polyefhylene for
collection lines and plastic lined steel for injection pipe. In cross-
cuts with fan patterns 316 ss pipe is a likely choice for injection pipe
because of the potential for external corrosion from dripping pregnant
liquor. In fan patterns leaching ditches could be used to collect the
liquor from the mining areas. Pregnant liquor Ean drain to a collection
pump station for transfer to the surface. Pipes used for carrying

solufions in and out of the underground mine will probably be lined

steel.

4.3.1.1 Shafts and Raises

Costs for shafts, raises and crosscuts used to develop access are
described in generic format as follows:
o Shafts and raises for vertical wells are assumed to penetrate
from surface te the top of the ore interval, with costs given by
(4.1).
ES = (D-H)(2C_+C_)+(DR)C,, (4.1)

o Shafts and raises for fan wells are assumed to penetrate to the
bottom of the ore interval, with costs given by (4.2).

ES = D(2C_+C_)+(DR)C,, ' (4.2)

4.,3.1.2 Mine Equipment

o Fixed costs are equal to the sum of the mine plant,
ventilation, and electrical equipment.

73
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+ Mine plant capital costs consist of surface structures such-
as headframe, hoist, maintenance shops, and fans. Costs are
given by EM, which is estimated to be $2,500,000.

EM = $2,500,000 | (4.3)

+ Ventilation costs consist 6f fans, air doors, and bulkheads;
costs are by given EV, which is estimated to be $120,000.

EV = $120,000 (4.4)

+ Electrical equipment costs are those associated with the mine
plant and ventilation costs are given by EE, which is ‘
estimated to be $200,000.

'EE = $200,000 | | (4.5)

4.3.2 WVellfield Drift Costs

It is assumed that for each vertical layer of crosscuts that two
drifts are required to service the crosscuts. For_é vertical well
system crosscuts are only required at the fop of the ore inter?al,.since
the wells are drilled through the totél length of  the ore interval.
Should a fan pattern be used in conjunction with-an'qte thickness in
excess of 100 feet, then multiple vertical layers,of gfosscuts will be‘
required, each layer containing two drifts.

Total drift costs afe cdmputed‘bylmultipiyiﬁg a unit driffing cosf
(S/foot) by the total feet of drift in the wellfield. The latter equals
tyice the‘uﬁit distance between cross#uts; S for vertical welis and 2h
for fan wells, multiplied by the number of crosscuts per layer multi-
plied by the number of vertical layers. Cost associated with‘vertical
vells are expressed by (4.6). and for'fan vells by (4.7). de‘is

incurred each time a new wellfield is brought into production.

o Vertical wells

BV, = 2(N,)'/?sC,, = 2(0/q,)"/sC,, (4.6)



o Fan vells

d 1/2
EW, = 2N, N, (2h)C,, = 4(0/q)*"? L—HJ BC,, (4.7)

HC HV

4.3.3 Vellfield Crosscut Costs

The total crosscut costs are computed by multiblying a uﬁit
crosscut development cost (5/foot) by the total footage of crosscut in
the wellfield. The total footage for the 5-spot patterﬁ of verticél
vells equals the well spacing S times the number of rouvs of injectors
multiplied by the sum of the rows of injectors and producers. The total
footage for the fan pattern equals the unit distance between fan faces d
times the total number of fan units. Cosf algorithms are expressed by
<(4.8) for vertical vells and (4.9) for fan wells. EV_ is incurréd each

time a new wellfield is brought into production.

o Vertical wells

EW

<

[2(0/q,) + (Q/q,)'/?1sV, | (4.8)

o Fan wells

EV, = (Q/q,)dV, - | (4.9)

4.4 WELL DESIGN

4,4.1 Vertical Wells Drilled from the Surface

‘ Well design is best initiated by determining well equipment size
requirements, based on flow rate and depth. To provide flexibility to
wellfield operations, it is assumed that all wells within the wellfields
are of similar size, and may be equipped to act as either producers or
injectors. Usually recovery pump diameter is the limiting determinant

of well size.
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‘Upon defining equipment siies, the vell casing may.then be
designed.‘ In addition to accommodating injection and prodﬁction
equipment, the casing must.withstand forces associated with casing
installafion, cementing, Qell stimulation and fluid injection oper-
ations, and must aléo resist corrosion by process fluids.'

The well drilling program is based primarily on casing size,
cementing program, vell depth'ﬁnd géologic conditions. Hole diameter is
based on casing outside diameter pius an allovance for the cement
sheath, Drilling mechods are baséd primérily on ecohoﬁics. Selection
'of‘the girculating fiuid used is.based-largely'upon its predicted‘effect
éf minimizing near-wellbore ore permeability damage.

Vell cémenting provides a seal égainst fluid leaking between the
well casing and” the dri11Ed1holé;;in;addition to providing mechanical
supporf for'the casing. The cement grout must be compatible with pré—
vailing geologic cond;tions, ieaching fluids, and qaﬁing materialsf . The
grouting proéess and equipment should also provide a good seal and good
casing support. h

Well completions refer to the means by‘which fluids are transmitted
into and out of the well, ‘and well stimulation (matrix modification) |
techniques to methods used to promote higher flow rates to or from the
formation. The type of well completion and stimulation method used is
interrelated and dictated by the wellfield design chosen for use.

Well logging may be utilized for several purposes in ISL mihing.

"~ An initial application in the well system design is for fqrmation
logging of the open drill hole. .This.is carried out td gather ge010gi§
data and obtain drill hole information for all phases of developing an

operating well. Other logging applications include measuring the
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quality of cement bonding to the casing and formation, and measurements
related to pressures and fléw rates inside the well which are used fér
testing and diagnostic purposes.

The sequence of well design functions is listed below. The reason
for selecting this sequence is that the flow per well and depth are used

to size the equipment which in turn sizes the diameter of the hole to be

drilled.
1. Drill Site Preparation 5. Cementing
2. Well Equipment 6. Completions
3. Vell Casing ~ 7. Logging
4

. DPrilling

4.4.1.1 Drill Site Development

+ Drill site-development involves creating a sufficiently large level
area from which drilling and other well installation and service oper-
ations are conducted. Included in this space are requirements for: the
drill rig and drill rods and equipment; pits or other drilling- fluid
handling and treatment equipment; caéing storage; and room for
cementing, logging and other contractor equipment and operations. These
area requirements depend on many factors, including scheduling, and are
expected to vary within the range of 3000 to 20,000 square feet. Cost
of obtaining the leveled area is extremely site specific, being affected
by factors such as rock or soil conditions, topography, climate,vvege—
tation, regulations, and existing structures and utilities. The cost

per well is represented by C,, which is assumed to be $2,400.

$ for site development = C, = $2,400 ' {(4.10)
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4.4.1.2 Weii'Equipment

An uppér limit range for the flow rate per well of 200 to 300 gpm
is pbtained by using the radial and axial flow equations to estimate
vell injection rates. Based on experience and knowledge of copper oxide
deposits it is unlikély.that a deposit exists with an ore column of over
1000 feet thickness and 10 md permeability, at.a-depth greater than 3000
feet. Based on theﬁe assumptions, radiai flow in a S-Spot pattérn is
calculated not to exceed a flpw‘rate per weil of 255 gpm.‘ For axial
horizontal fracture flow between fracture pléhés éeﬁarated‘by 30 feet,
using a horizontal hydrofracture radius of 100 feet the maximum expected
" flow is 265 gpm. |

Composition of the lixiviant js dilute sulfuric”acidrwhiéh contaiﬂs
‘amounts of various cations ‘(including copper) resulting from recycling
of fluids. Leachate composition contains less free acid and morejcopper

than the 1ixi§iant. In leaching copper chloride minerals, such as
Atacamite, chlorides are expected to exist in the leach fluids:
Operéting temperatures are expected to be ambient or slightly highef,
unless the deposit is' in a geothermally active area.. '
Suitable materials of construction for handling these fluids
include both metallics/and non-metallics. Choice of m#ferials dependsl
on strength, elasticitf, size requirements, and-the expected service
life of the application. 1In general, metallics are more expensive than
‘nonfmetallics. A wide variety of mgtéllip aﬁd non-metallic materials
are available, suitable for use in the proposed diluté sulfuric acid
environment. For site specific design it is common to test a variety of
materials in the actual leach solutions to optimize material selection.
For the purpose of genericldeéign‘the following general information and

references are provided.



0 METALS

The following common forms of metal attack (23) are expected to be

important in the proposed ISL environment:

1.

2'

Uniform corrosion ~ Attack of the entire surface area,
uniformly.

Crevice corr051on and pitting - Localized severe attack, caused
by buildup of H' and Cl™ concentrations in stagnant areas. This
mechanism is self-accelerating and can occur in absence of
noticable uniform corrosion.

Stress corrosion cracking - Crack formation in corrosive envi-
ronments, perpendicular to direction of applied stress. Common
in some stainless steels in presence of chlorides and oxidizers.

- Galvanic corrosion - Caused by electrical coupling of two metals

of dissimilar E.M.F. potential.

Intergranular corrosion - Attack of metal grain boundaries,
usually due to concentration or depletion of elements at the.
grain boundaries.

Select1ve 1each1ng - Selective removal of one element from an
alloy, by corrosion. -

Erosion - Directional grooves, waves, holes, and gullies caused.
by fluid movement, usually at high velocity, from: abrasion;
removal of dissolved ions and passivated layer; and removal of #
solid corrosion products.

Methods for preventing the above inelude:

1,

2.

4.

5.

Eliminate critical environment, such as stagnant fluids,
crevices or aggravating chemical elements, if possible.

Use cathodic protection, either by supplying electrical current
or sacrificial metal cathodes. (This does not work fer
passivated surfaces, such as stainless steel which may be
protected anodically.)

. .Use a more resistant metal alloy.

Lower mechanical stress, in the case of stress corrosion
cracking.

Use corrosion inhibitors where possible.

In the case of ISL operations, .item 3 above is often the only

practical alternative.
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Corrosion resisténce of stainless steel generally results ffom
formationiof a non reactive, or passivated layer covering the métal
surface. This layer may form and exist under a wide‘Qange or only a
narrow'range of fluid conditions such as concentragion! cpmpdsition'and
temperature. ‘ : - - a _ %

Since it‘is'not'entifely clear what causes these profectivellayerg

to form and disappear, it is sometimes impossible to predict the best

_alloy for a given environment. Data collected through testing and
~operating experienée in somewhat similar eﬁvirdnménts'may be applicable

to ISL coppef, (gﬁ),(g;). However, since none of the‘referenced

- environments are exactly like the proposed ISL environment, it is

uncerctain that.specific metals will perform as described in the
published data. Lixiviant/metallic systems will require testing and
evaluation under site specific operating conditions.

Within the stainless stéel alloys, it appears that increasing Ni

content resists stress corrosion cracking, increasing Cr content resists

. the effects of chlorides and oxidizers, and increasing Mo content

" resists the effects of chlorides.

0 NON-METALS
Non-metals are subject to three typés of damage:
1. Swelllng or weight gain - Sometimes resu1t1ng in delamination of
layered materials.

2. Strength loss - Sometlmes resultlng in plastxc flow, permanent
deformation or cracking.

3. Disintegration or dissolution.



These mechanisms are primarily dependent on the environmental variables

listed below:

1. Chemical environment - Concentration, composition.

2. Temperature - Usually all 3 types of damage are accelerated by
increasing temperatures.

3. Physical environment - Mechanical stress, abrasion, fluid

velocity.

A survey of nonmetallics test data(24) indicates a vide selection
is available, suitable for the proposed temperature and concentration
ranges proposed. The primary limitations to use of non-metalliecs are
physical properties, such as lowv tensile strength, elasticity or some-
times brittleness, which make most of them unsuitable for high pressure
fapplicatibns.

o Materials Recommendation

Based on pricr experience with copper ISL projects, those materials

listed in Table 4.6 are recommended to provide adequate corrosion resis;
tance. Physical characteristics and commercial availability in product
form restrict uses of many of the materials to low pressure applica-
tions, often on the surface. Presence of chlorides in the fluids at a
concentration above approximately 0.1 to 5.0 grams per liter is thought
to require a higher allof than AISI 316 stainless steel, depending on
the application and expected lifetime. Components of 316 alloy
requiring long lifetimes should only be used at the lower chloride.
concentrations.

Coatings. such as plastic or paint on carbon steel were‘not con-
sidered, due to corrosive attack of the structural (steel) member in the

very likely event of even minor physical damage to the coating.
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TABLE 4.6 RECOMMEND MATERIALS %OR COPPER ISL

Material Comments

Metals

- AISI 316 17% Cr, 12% Ni, 2.5% Mo
- AISI 317 17% Cr, 13% Ni, 4.3% Mo
- 904L 20.5% Cr, 25% Ni, 4.7% Mo
- Incolloy 825 HMo 21% Cr, 42% Ni, 4.5% Mo
- Inconel 625 21.5% Cr, 61% Ni, 9.0% Mo
- Hastelloy C 15.5% Cr, 54% Ni, 16% Mo

Plastics

Teflon

Viton

Penton
Hypalon

Kynar

Dynel

Kal-Rez
Polyurethene
Polypropylene
Polyethylene
A.B.S.

P.V.C

C.P.V.C

; Epoxies

Elastomers

Isoprene

Butyl
Buna N

Neoprene

E.P.R.
Epichlorhydrin " "
Hypalon '

Questionable in CuCl2

Questionable in CuCl2 and Fe(Cl._; _
experience indicates suitabiiity'

DuPont product similar to Viton
Not recommended for Dilute H, S04

Some types questionablé in Dilute H,SO,

"Natural Rubber”; questionable in Dilute
H,S0,

Questionable in Dilute B, S04

"Nitrile"; questionable in Dilute
H,50, and CuCl,, FeCl,

"EIP.D.Ml"
nEcon . ) .
See "Plastics," above
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o - Equipment Types and Design

Various types of production and injection well equipment are shown
in Figures 4.5, 4.6, 4.7, 4.8, 4.9. Equipment specification consists of

the following general categories:

o Tubing | 0 Wellhead
o Packer . o Fluid level instrumentation

0 Recovery pumps'

+ Recovery Pumps

The purpose of recovery pumps is twofold; to lift well fluids to
the surface for treatment, and to maximize drawdown in the recovery
well, which increases the pressure differential between the injectiﬁﬁ
and recovery wells, r

Many types of downhole pumps exist, mostly for applications in
petroleum and water production. The most suitable type for the range bf
depths and flow rates associated with ISL is the electric submersible
pump, from the standpoint of efficiency, capacity,‘drawdown and capital
cost.

Submersible electric pump design parameters include the range of
vell flow rates expected, (individuél pumps do¢ not cover a wide range of
flowrates), total dynamic head, fluid temperature, density and visco-
sity, pump setting depth, corrosive and abrasive nature of well fluids,
and gas content of fluids. An appropriate power supply is assumed to be
available. Tovsimplify the design, it is assﬁmed that wéll fluidslhavel

the characteristics listed in Table 4.7.
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TABLE 4.7. DESIGN PARAMETERS FOR DOWNHOLE PUMP

Viscosity 1.0 cp - 2.0 cp

Temperature 70°-80°F

Density 62.4 1b/ft’ (same as water)

Abrasives nong.(gopper ISL'operating experience verifies
this .

Corrosive conditions see Table 4.6
gas none

Total dynamic head predicted by model, variable up to 1400 psi or
3300 ft of water

Flowv rate Predicted by model, assumed constant over the
life of well. :

To cover the wide rahge of flow rates and depths the generic design
manual will consider a wide range of pumps will be required. Pump and
motor diameters are related to flow rate and head requirements. Small
pumps which fit in 4 inech I.D. wells are limited to the lower flow rate
range of the depth range specified. Cost and effiéiency quickly become
problems outside this range. Similarly; pumps for 6 inch wells provide
the medium range of flow rates, and 8 inch pumps provide fhe high flow
rates. These broad design ranges generally reflect capabilities of
commercially ;vailable pumps made of suitable alloys and materials.
Pﬁmps for certain flow/head combinations may not be commercially
available.

Calculated costs are based on: pump size aﬂd horsepower require-
ments for the motor; horsepower requirements for fluid end; electric
cable; and céntrols. Efficiency of both the pump and motor is assumed
as 70%.) Costs for these items are listed in Table 4.8, and total pump

cost is represented by (4.14).
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N = [N, 17202 | | (4.11)
q, = O/N_ ' - . (4.12)

= 3.61 x 107q_(D-H) (4.13)
= (HP,)(M_+92) + B _ + (D-H)(B,, + B, ) + By + B, (4.14)

TABLE 4.8; DOWNHOLE PUMP AND COMPONENT COSTS

Vell M, B B B q "B

Casing i Elettric  Eledtric , App%ox.r Fixed
Size (S/HP) - (S/Pump) Cable Controls Flowrate Costs
(in) _ S/FT- - (S5)/Pump = Range (gpm) ($)/Pump
4 325 o 1 1100 0- 55 1811
70 - 500 3 1300 50 - 100 1811
8 102 1000 5 2500 100 - 300 1811
+ Tubing

The purpose of well tubing is to provide a mechanicél and hydraulic
connection to'downhole equipment. Tehsile strength, internal préssure
rating, su1tab111ty of connections, and corrosion re31stance are the
przmary de31gn pa;ameters. The tubing must operate up to a flow rate of
255 gpm, at internal pressures up to 2400 psi, at depths to 3000 ft, in~
corrosive fluid environments. Twe fypes of tubing are suitable for this
épplication, fibérglass reinforced plaéf%c (FRP) and stainless steel of
AISI 31§ or higher alloy. FRP tubihg is commercially available from a .
variety of ﬁanufacturers, and at least one tuBing manufacturer is pro-
ducing high-alloy stainless tubulars. " Both types of materlals prov1de |
suitable pressure ratlngs, tensile strength, size range and connectlons

for ISL copper use.



For purposes of costing in the generic model, FRP tubulars were
seléﬁted, based on suitablé operating pefformance and lower unit cost.
One limitation of FRP tubing is its low axial compressive strength,
which requires avoiding use of well equipment which would impose an
axial coﬁpressive load upon the tubing (such as compression-set
packers). Experience indicates that FRP threaded connections are less
prone to damage from repeated use than similar stainless steel con-
nections. To ensure low friction loss over the wide range of proposed
flowrates, it was necessary to base the design on 3 tubing sizes. Table
4.9 lists specifications and costs for these tubing sizes. Well tubing
: sizé is commonly sﬁecified by its outside diameter. Reduced diameter
couplings are available if greater casing-tubing clearance is required

at the tubing joint connections. Tubing costs are given by (4.153).

C,p = B, (D-H) » (4.15)

TABLE 4.9. TUBING SPECIFICATIONS AND COSTS

: B
Nominal Max Internal Tensile Appgox. ‘Flov rate Friction Loss
0.D. 0.D. I.D. Press. Rating Cost/FT Range Per 100’
(in) (in) (in)  (psi) (1b) ($) (gpm) (psi)
2 3/8 3.8 1.92 2500 17,000 5.41 0- 55 0 -2.3
27/8 4.6 2.42 2500 21,200 7.35 © 50-100 0.9-2.5

4 1/2 7.3 4.04 2500 48,000 15.80 100-300 0.3-2.7
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.+ Packers

Packers are'used.té isolate fluids within one or more intervals of
the wellbore. 1In the case pf,ISL, packers are used in conjunction with-
fubing in injection wells to isolate the high pressure lixiviant within
the desired injection_iﬁfe:val, and to avoia exposing the remaining Qe;l
casing\;o_lixivi;nt fluids and ihjection‘pressures. This practice
provides additipnal protection of the well casing from damage, and is
likely to belméndated by,en?ironmental regulations.

Packer selection for ISL purposes is governed by well casing and
tubing size énd type, operating pressures (both internallgqq differ-
ential), and ﬁluid corrosivity. Flow rate is a secondary considér;
ation, since pressure drop across the relafively short packef length is
generally unimportant. Extremely high floy velocity could represent
corrosion problems for some metals. -

A wvide variety of packers exist, most findihg application iﬁ the
petreleum industry(26). Exﬁerience has. shown that only two types of
‘packers are compatible with FRP tubing and well‘casing in addition to
being commercially a?ailable in suitable materials of construction.
Compatibility with FRP tubing imp}ies that éxial loadihg must be neutral
Loer tensilé, compression is unacceptable. Eor‘operation within non-
metallic casing (such aé FRP) under high pressures, use of slips is
inadvisabie due to the possibility of casing damage. (Slips are holdiﬁg
"'.devices which use sharp serrated metal "teeth" to engage the casing and
resist paéker slippage.) Use of opposed cup packers is not fécommendeq
due to the possibility of‘entapgiing the lower cup in voids or debris
associated with casing perforationé or well completions, which

could make the packer difficult or impossible tec remove. Polished bore
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receptacle (PBR) type péckers usually employ slip-type anchors, and are
therefore unacceptable in FRP casing. Most of the above types of
packers are not commercially available in suitable materials of con-
struction. Two packers that are acceptable from a design point of view
are inflatable types, and a tension-set type which engage'the casing at
casing joint connections without use of sliﬁs. Both are available
commercially in 316 ss or higher élloys. The inflatable type packer was
selected for use in the generic model, due to its availability for all
.propdsed well sizes. Experience has shown suitability of use of the
tension-set variety in specific ISL applications. Costs of this type
are somewvhat lower than comparable inflatable types.

Table 4.10 lists characteristics of infiatable packers for the

3 vell sizes used in this design manual. The cost per well is given by

(4.16).
Cpp = BK + BI (D-H) (4.16)
TABLE 4.10. PACKER SPECIFICATIONS AND COSTS
Differential B, B, Inflation

Casing Packer Uninflated . Pressure Cost per Tube
Size, I.D. 1.D. 0.D. Rating Packer Cost
(in) (in) ~(in) (psi) ($)/Packer (S/7£t)
4 1.25 3.5 2000+ 3000 1.00
6 2.0 5.25 2000 5000 1.00

8 2.5 6.5 2000 7000 ' 1.00
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In appliéations requiring greater than 2000 p.s.i. injection
“preSSure, the differential préssuré may be reduced sufficiently by
ﬁater-filling the tubing-casing annulus. A small high-pressure tube
‘must be ruh outside the production tubing,'to inflate the packers.
Other inflation'ﬁechods using tubfng pressure.require a more complex
mechanism.

+ Vellheads

The wellhead includes‘equipmgnt'which holds ﬁhe downhole tubing
string in place and provides pressure sealing and control of the tubing-
casing annulus (the‘casihg head). Additionally, wellhead equipment
includes the various pressure gauges, instruments, valQes, fittings and
pipes associated with controlling flow into or out of the weli, mea-
suring pressures, and flow rétes and sampliﬁg fluids.

Schematig diagrams of typical injeétion and recovery well wellheads
are shown in Figures 4.7 and 4.8. Since instrumentation and piping
costs ére widely variable over the models, flow rates, and pfessure
ranges. considered, wellhead costs vere éstiﬁatéd'qn the basis of a
standard casing head qoét'and an additional cost which includes piping,
instruments, valves, etc., and are listed in Table 4.11. Commercially
available p;inted‘carbon'steel qilfieid type casing heads have proven
édequate to resist corrosioh uhder normal operating conditions, and hé;e

adequate strength for proposed pressures and depths. The cost is‘CPw.

PW h

C.. =B - ' ‘ (4.17)
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TABLE 4.11. VELLHEAD SPECIFICATION AND COSTS

Vell B B
Casing Caggng vel1fgad B,
Size Head Equipment Total
(in) o (3$) S ($)/VWellhead
540 + 200 = 1,240
6 : 540 + 700 = 1,240
712 + 1,000 = 1,712

+ Fluid Level Measurement

During ISL operations it is necessary to monitor fluid .levels in
the casing/tubing annulus of production wells in order to maximize
drawdown while—maintaining the net positive suction he;d required by the
pump. In injection wells, changes in anrnulus fluid levei indicate mal-
functions of the packer, tubing, or casing.

For normal operations it is not necessary to know these fluid .
levels to a high degree of accuracy. Pressure gauges on injection well
tubing/casing annulus are usualiy sufficient. Primary design parameters
are depth, fluid characteristics, and cost. -‘Common types of fluid level
measuring devices are:

1. Electric sensors which indicate fluid levels b; conducting

electric current through the fluid or, alternatively, reduce
measured resistance in proportion to submergence in well fluids.

2. Piezometric downhole pressure gauges, which use electric wires
to conduct pressure data to a surface readout unit.

3. Sonic devices which measure travel time of a pressure pulse
through air in the annulus as it is reflected by the air-liquid
contact.
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4. Pfessure tube devices which measure the gas pressure required to
displace well fluid from a small downhole tube extending from
the surface to belov the liquid levels.

Most of these devices can be used for control of pume operatiens,:
elarming, etc., if properly connected. Experience with opefations in.
highly conductive end corrosive ISL fluidlenvironments has indicated the
pressure-tube devices to be most reliable and economic within the
aceuracy range desired. Sonic devices are onlyveccurate within approx-
imately the‘lengfh of one tubing joint (approximately 30 ft), and cannot
conveniently be connected to pump controls. Electrical devices are
prone to corrosion and short-circuiting.
| For most applications, a high pressure regulated gas source
(typically nitrogen) and a emali high pressure plastic tube fastened to
the well tubing string, connected to suitable valves‘end,pressure
gauges, is sufficient. Costs associated with fhis monitoring device
involve surface equipment estimated at $250 and downhole tubing esti-
mated at SO 10/ft. This cost is represented by (4.18) and is 1ncluded

in the cost-of the production pump.

C

e = 250 + 0.1 (D-H) ' o L (4.18)

+ Flow meter
" The injection well is equipped vith a flow meter, the cost is

represented by C .,

= $2,000 o (4.19)
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+ Summary of Well Equipment Costs

Vell equipment costs are for injection and production wells are

summarized by equations (4.20) and 4.21).

Cygr = Cpp + Cpp + CP“.+ Cpm (4.20)

Cuep = Cap + Cyp + C (4.21)

WE?P RP PW

4,4.1.3 Well Casing

Well casing acts as a conduit for well equibmenf in addition to
isolating well fluids from formations overlying the ore which are
penetrated by the well. Casing design parameters depend primarily on
well depth, equipment -sizes, well fluid properties, and temperature.

Well equipment desién is based on three casing sizes for the flow
rafe ranges considered, and vell depths to 3000 feet below the surface,.
Fluid properties dictate suitable materials for resisting corrosion
during the projected well life, which usually varies between several
' months and several years. (See Table 4.6.) Depth related design
parameters are internal pressure, collapse pressure, tensile strength
and compressive strength. Internal pressure results from fluid
injection and matrix modification operations. The internal pressure
resistance of casing is greatly increased by attaining a good external
cement sheath, as described in the following section. Collapse pressure
may arise from hydrauiic forces associated with cementing (both hydro-
static and dynamic), and from certain geologic conditions such as
expanding clays or plastic salt beds. Tensile forces are usually a
product of casing string weight and length, but may also arise from
cementing operations. Compressiée forces (along the casing axis) may

result from cementing operations in which a low density casing is
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cemented with standard density (or more dense) cement which, in.turn, is
displaced with a low density fluid such as water. These conditions may
result in a net buoyant force on the casing, which is normally anchored
at the surface, thus causing an axial compressive stress on the casing
string. Metal casing materials are normally sufficiently dense and
heavy and have sufficient compressive strength that buoyancy is not a
problem. Lightweight casing materials such as FRP and PVC, especially
with large diameters in deep installations, may be adversely affected by
buoyant forces during cementing operations. For the depth range consid-
ered in this model, assuming a geothermal gradient of approximately 1°F
per 100 ft. and a 70°F ambient temperature, a maximum bottom hole
temperature of 100°F is calculated. ' This témberature is insufficient to
cause problemsﬁin most common types of casing, except PVC, which is
. structurally weakened by a relatively small increase in temperature.
Vell éasing is available in several ‘materials. of construc;iop
including carbon steel, highéélloy steels (usually special-order),
PVC, ABS, and FRP. From a corrosion resisitan;e standpoint, only carbén
steel is unaéceptable. (Coafings are not considered to be an acceptabie :
design consideration.) High alloy metal casing is economically very
unattractive in comparisbn vith the other materials; In addition it is
not readily available. At the greater depths addressed by this manual,
ABS and PVC become structurally inadequate, primarily from the collapsé
resistance and tensiie strengfh standpoints. For thqse reasons, FRP
casing vas selected for exclusive use in the design manual. Site
specific designs may be improved by qéing other casing types, including
combinations of‘two or mdre, Designlfor PVC wvell casing is adequatelyl

described in the literature(27). FRP casing is commercially available



from a variety of manufacturers in standard sizes, various pressure
ratings, utilizing a variety of thread forms and seals. Table 4.12

lists the characteristics selected for the design manual.

TABLE 4.12. CASING SPECIFICATIONS

Casing  Joint 1Internal Collapse Tensile Dead = Compressive

Size 0.D. Pressure Pressure Load Weight Load Joint

d_ (in) {in) (psi) (psi) (1b) - .(1lb/ft) (1b/ft) Type
4 5.9 1800 5670 115,000 5.4 ° Not A.P.I.
6 8.3 1400 2990 193,000 8.9 Recom- 8~round
8 11.3 2000 2250 130,000 17.2 mended threads

In addition to the production casing string described above, other

required casing equipment includes:

o0 Conductor Casing: A short (approx. 20 ft.) joint of carbon

" steel casing which is cemented in place to prevent surface
caving during following operations. The conductor casing I.D.
must be sufficiently large to allow all drilling equipment to
pass through it. Corrosion is not a consideration.

o Cementing equipment items that are attached to the casing during

the cementing operation are included in the casing design and
costs:

+ Centralizers, which center the casing within the drilled hole

thus promoting a uniform-thickness cement sheath and aiding
in efficient drilling fluid removal during cementing. These

are proposed to be placed at 90 ft. intervals, (corresponding
to every third casing joint). To simplify the generic model,

it is assumed that centralizer costs for all three casing
sizes are equal. '

+ Float equipment consists of two, one-way check valves
designed to prevent displaced cement from flowing back into
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the casing after pumping operations end.

This allows fhé

casing internal pressure to be relieved during cement

setting.

This prevents formation of a "microannulus," (a

very small annular void between the casing and cement sheath)
vhich results from maintaining pressure on the casing while
the cement is setting, and subsequently releasing the
pressure, thus allowing the casing to elastically return to’

its unpressurized diameter.

One of these check valvés is

called a float valve, and is located several feet above the

end of the casing string.
-and 'is attached to the bottom of the casing.
bottom end facilitates installing the casing.-

The other is called a float shoe
Its rounded
Two valves are

used for redundancy.

+ Pup Joints are short casing joints used to obtain the correct
casing string length and to separate the float valve and
float shoe (to aveid filling an entire full length joint with

cement).

Pup joint costs per foot are higher than full

length casing joints, and several are usually required for

spacing application.

It is assumed for the generic model

that a uniform fixed cost will purchase sufficient pup

joints.

Also included is a short pin X pin threaded top

joint to'allow direct connection to the casing head box
threads.

Table 4 13 llsts the parameters used to develop vell ca51ng costs.

The cost per well is calculated from equation (4. 22) - R., averages
130 ft/hr. |
TABLE 4.13. WELL CASING COSTS
B B. B B B.. . B_. B
Casing Central- Float . Float Conductor Pﬁp To¥§1
Vell Cost . izers Valve . Shoe - Casing Joints Fixed Cost
Size (S/Ft) (S/ft) ($ Ea) (S Ea) = (%) &)) (8)/Vell
4" 15.00  0.56  180.00 + 265.00 + 200.00 + 1,400.00 = 2,045
6" 26.00 0.56 180.00 + 265.00 + 200.00 + 1,400.00 = 2,045
-8 35.00 0.56 . 180.00 + 265.00 + 200.00 + 1,400.00 = 2,045
By
C_=D B, + — + B_| + B, (4.22)
R
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4.4.1.4 Drilling

Drilling provides the hole into the ore body, in which well caéing
and cement and-Equipment are installed. Many site specific variables
dictate selection of drilling methods, equipment, fluids and drilling
schedule, in addition to hole sizes and related specifications resulting
from equipment and casing design. This section provides an overview of
drilling design parameters and generic methods of costing. Site
specific drilling designs should be based on local drilling experience,
and are often and significantly influenced by equipment availability,
water sources, transportation conditions, etc.

Drilling design primarily addresses the following:

1. Hole diameter . 4. Drilling method

2. Hole depth 5. Circulating fluid
3. Hole straightness/deviétion 6. Type of drilling equipment

Hole diameter is determined by casing size (see previous section),
and cementing considerations.

Generally, cementiﬁg requires a hole diameter approximately 2 to 3
inches larger than the outside casing body diameter with sufficient
clearance for the outside coupling diameter. Drill bits are available
in a wide variety of standard sizes and types.

Hole depth is slightly greater than the proposed casing depth,
typically by 10 to 20 fget, to provide a void for debris which may
sloﬁgh off‘the hole wall or settle out of the drilling fluid during
casing operations.

Hole straightness is a measure of the well’s radius of curvature,

or rate of change of hole direction. Hole deviation is an indication of
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s, displacement of the hole from its surface (tollaf) iocaxion at a given'
" depth, usually expressed as an Anglé relative to a vertical line passiﬁg
through the‘gollar location. Hole straightness is a consideration in. °
drillipg to avoid "keyseats," which are small slots worn in the hole
wall by rod abrasion, vhich cause difficulty in drilling and rod
removal. In casing opéfations these "keyseats" can cause cééing
sticking_or'damage and excessive well curvature may result in damagevto
large-diameter items such as pumps during installationp Hole deviétioﬁ
is of concern in‘wellfield design because fluid flow control between
adjacent weils requires a given spacing. Oftenvall or most wells
drilled in a wellfield will deviate in similar directions and distanceé,
ihereby somevhat minimizing the Bottom;hole vell spacing varia:ion; ;n a
.. well pattern. With good drill string design and drilling practicés, i{
is usually‘bossible to achieve vertical hble-angles of less.tﬁah 2
degrees, At greater depths it may be necessary to use directional
drilling techniques to keep bottom hole locations within specifications.
Down hole surveying methods are used to determine hole straightness and
deviation. | | |
Drilling method tefers-to the category of drilling operation
utilizeda 0f the yariety'available, including rotary, percussion and
cable tocl, only the firét two are normally cost effective. ﬁotary
methods usuallf utilize a drill bit which derives its cutting action
from weight and rotation, which is supplied either through rotating
. drill rods or by a hydraulically driven downhole motor. 'PerCUSS;on,
methods employ a bit which derives its cutting action by impacting fhe‘
rock. Theselbits‘are most commonly driven by a downhole air hammer, or

a reciprocating string of drill steel attached to the bit. Some more



exotic drilling methods which utilize thermal phenomena, ceramic
"bullets" and other techniques are in experimental stages but not in
commercial application at this time.

Circulating fluid serves to cool and lubricate the drill bit and
rods, remove cuttings from the vicinity of the bit ("cleaning" the bit),
and transport cuttings to the surface for disposal, in addition to
providing hole support. Drilling fluids in common use include bentonite
and polymer based ("mud")‘systems, vater, air, foam (water and a foaming
agent), and "stable foam" (a carefully controlled foam system utilizing
back pressure control methods to optimize cuttings transport properties
of the system.) Any of these circulating systems may suffice for dril-
ling purposes. For ISL purpeses, bentonite mud systems should be
avoided if possible due to-likelihcod of neaf-wellbore permeability
impairment by invasion of the mud into the formation. Polymer muds may
be removed by use of a suitable "breaker" chemical following drilling,
thus making them suitable. Air and foam systems usually do not cause
significant formation damage, but may not provide adequate hole support.

Drilling equipment includes bit type, fluid circulating system,
drill string equipment, and rig characteristics. Bit type is selected
on the basis of formation characteristics such as hardness, clay
content, and abrasiveness. In the hard abrasive rock types usually
associated with copper oxide deposits, rotary bit selectioﬁ is usually
{(but not necessérily) limited to hard formation mill-tooth or carbide
button bits. Air hammér percussion bits also utilize carbide buttons.
If the deposit is contained within or overlain by softer formations
(especially if containing clay lenses or layers), more than one bit type

or drilling method may be most economical. Rotary drilling of large
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diameter holes‘requires considerable bit weight.and drill rig hoisting
capacity. - Choice of a circulating fluid and system is governed
pfimarily by permeability damage #nd holeléupport considerations. From
this standpoint, depending on drilling experience near a specific site,
either polymer based mud s&stems or foam systems are logiﬁal choices.
In areas expected to produce high water inflow rates, in weak fofma—
tions, foam drilling may ﬁot provide adeduate hole support and may
require abnormally higﬁ air pressures and flowrates to remove the vater
during_drilling. Often, femedial steps such as cementing water inflow "
zoneg (outside the ore zone) wiil alleviate these problems. Water is
seldom uéed in drilling iargé deep holes due to high rages of loss, low_
viscosity (for cuttings transport) andfpoor'lubricating properties. |

Circulation may involve flowing the drilling fluid down through the
drill pipe and bit and Eéck up the hole-drill rod anpulps ("regular"
circﬁlation), or pumping it down the annular space between tubes in
special double-walled drill rods,.up past the bit and inside the drill
-rod inner tube (“reversé" circulation).  'Reverse circulation has the
advantage of avoiding hole erosion, and is supefior in chip sampling
accuracy. |

A primary consideration in circulation system design is to assure
fluid velocity/viscosity combinations high énough to transport cuttings
out of‘the“hole, wﬁile maintaining velocities belov a level vhich bausés
_erosion. Design_fules are available in the_literafure'for these
considerations.

Drill string equipment, excluding the drill bit (preQious section),
includes drill rdds, collars, stabilizers and reamers, downhole hammeré
~ and. mud motors.r A brief explanafion of these items follows; additional

information exists in the literature.
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o. Drill Rods serve to suspend the drill bit and equipment from the
rig, transmit torque for bit rotation, and to conduct circu-
lating fluids. Drill rod 0.D. must be considered in designing
circulating fluid velocity.

o Drill Collars are thick, heavy drill rods, used to provide
necessary wveight on the bit for optimum penetration rates. Most
of the drill string, including the rods.are suspended in tension’
during drilling in order to achieve a straight vertical hole by
the "pendulum effect." Rotary drill bits typically require 5000°
to 9000 1lb. per inch of bit diameter; air hammer bits require
considerably less, on the order of 500 pounds per inch of bit
diameter. Since 20 to 30 percent of collar weight should be
held in tension to promote hole straightness, considerable total
collar weight is required. Drill collars typically are located
immediately above the bit and, due to their stiffness, tend to
promote hole straightness.

o Stabilizers are devices inserted in the drill string at various
locations, usually to assist in maintaining hole straightness.
Stabilizers are usually one to several feet long and have an
outside diameter only slightly smaller than the hole diameter,
to assure contact with the hole wall in the event of drill
string bending, thus promoting hole'straightness. They are

.available in a variety of sizes, lengths, and materials. Some
types rotate with the drill string while other types employ
bearings to avoid abrasion of the hole walls by preventing
stabilizer body rotation. Straight or helical flutes are
usually employed to permit passage of drilling fluids and
cuttings around the stabilizers.’

The generic design is based on the following assumptions which

reflect drilling‘experience in ISL copper applications.

o Hole Depth: maximum of 3000 feet

o Hole Diameters: As required by casing design and cementing
practice, 7, 10, and 12 inch diameter. :

o Hole Straightness: Minimum approximate curvature radius for
various size holes are: 7 .in. = 200 ft. radius; 10 in. .= 300
ft. radius; 12 in. = 400 ft. radius (Based on FRP casing
limitations). ) T

o Hole Deviation: Within one degree of vertical is assumed; more
or less deviation may be allowable at a given site, for a
specific wellfield design.

o Drilling Hethod: Downhole air hammer drillng is assumed.
Operator input allows cost estimates to reflect other drilling
methods and circulating fluids.
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o Circulating Fluid: Air or foam is assumed. No problems related
.to circulation-are assumed.

o Drilling Equipment: A rotary drilling rig equipped to perform
air drilling with a suitably designed downhole hammer, bit and
drill string for the specified geologic environment. Operator
input of hourly drilling costs and average drilling rates in the
cost algorithms reflects site specific conditions. For purposes
of the generic model, the following inputs are suggested as
being representative: ' '

Table 4.14 lists basic constants used to calculate drilling costs. The
cost to drill a well is represented by equation (4.23).

C, = B,D/R, . - (4.23)

Table 4.14 Drilling Costs

1

d_ d .. B, ‘ - Well Screen
Casing Size Hole Size Drill®Cost  Drill Rate  Unit Cost B,
(in) " (in) (8/hr) R (ft/hr) ($/£t)

4 7 in. 175 30 15
6 10 in.. . 200 . 20 | 32
8 12 in. 250 15 45

4$.4.1.5 Cementing

Vell casing:is cemented into the drilled hole to provide mechanicai
support for the casing (in both vertical and radial diréctions) and to
prevent fluid floﬁ in the annular space betwéen the casing and hole.

Several methods of weil/éémenting are known, but for the range of
debths described by the genéfic model, conventional oilfield.cementing
methods are assumed. Cementing procedure involves Qirculatiﬁg various
fluids dan the well and up the casing-hole anﬁulus in order to con-
dition the_well for cementing. Placement of a calculated volume of
cemenf_slurry info the casing is followed by introduction of a cementing

plug into'the,césing. This plug is pumped to the bottom of the casing



by a displacement fluid, thus forcing the cement slurry into its desired
location in the casing-hole anﬁulus.

Primary cement design parameters for copper ISL wells include
casing and hole specifications, and corrosion.consideratiohs and site
geologﬁ. In addition, drilling fluids used, geologicai/hydrological
systems, hole size variations, hole straightness, and regulatory
requirementé must also be considered.

A brief discussion of design parameters follows, with subsequent
discussion of design procedures and cost estimating.

o Design Parameters

+ Drilled Hole

- Diameter and size variations for calculating cement volume
and correlation with drilling and logging data to indicate
intervals of fluid loss, caving, etc. Hole size variation
is detected by wireline caliper logging metheds and
dictates to some extent location of centralizers on the
casing string.

- Hole depth, in conjunction with the local geothermal
gradient and the cement density determines bottomhole
temperature and maximum hydrostatic pressure bearing on
the casing and hole walls. Well depth and temperature, in
conjunction with cementing procedures, determine the
minimum length of time the slurry must remain pumpable
("thickening time"). Hydrostatic pressure, in addition to
the dynamic component of pressure associated with fric-
tion, bear on design of slurry viscosity, casing burst and
collapse pressure ratings, displacement fluid density,
slurry fluid loss additives and (in conjunction with for-
mation fracture gradient), likelihood of losing cement to
the formation by unintentionally-induced hydraulic :
fractures.

+ Casing specifications

- Collapse pressure rating indicates the net differential
pressure between the inside and outside of the casing
which will cause the casing to collapse. (Associated with
depth, cement and displacement fluid density, and friction
pressure.)

- Burst pressure rating (or internal operating pressure
rating) indicates the net differential pressure (as above)
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wvhich will cause casing damage by splitting or (in the:

case of F.R.P. casing) leakage by "weeping." In cementing
operations this could ‘be caused by an instantaneous pres-
sure surge caused by the cementing plug seating on the
float valve at a high pump rate, or an obstruction in the
casing- hole annulus during cement displacement.

Tensile strength spec1f1cat10ns, combined with internal
casing cross sectional area dictate the maximum allowable
pressure which can safely be applied to suspended, closed
ended casing without causing tensile failure. Maximum
allowable suspended string length also depends on ten511e
strength.

Casing weight and density, in combination with cement and
displacement fluid density and casing volume, determines
net buoyant force on the casing during cementing opera-
tions. Cement slurry density may be adjusted within
approximately the range of 9 to 15 1b. per gallon using
various types and amounts of weight reducing additives.
Higher density cement is generally not desirable, but
could be achieved by addition of weighting additives to

- the standard 15 1b. per gallon neat cement slurry. The

magnitude of casing buoyancy at various stages of the
cement job, particularly the final displacement phase,
determines if the casing is in tension, neutral or in
compression (axially). This must be considered in casing:
material selection and operation planning to assure the
casing is not damaged or "floated" out of the well during
cementing operatlons

Casing compressive strength (axially) is important only in
consideration of buoyant forces which may arise during
cementlng, as described above. If subject to sufficient
compressive forces, the casing may "buckle" or the casing
material may be sufficiently damaged to cause leakage or
even parting. (P.V.C. casing is more prone to buckling,
vhereas FRP is prone to material damage; metal casing
seldom suffers from buoyancy-related problems due to its

.much greater weight and strength.)

Corrosion. Resistance

Cement corrosion in a sulfuric acid environment occurs by
dissolution of components of Portland type cements,
resulting in loss of strength and weight. A coating forms
on corroding cement surfaces during this process, thus
retarding the corrosion rate. Acid strength, flow
velocity and cement composition are the primary variables
in this process. Corrosion of the cement sheath around
well casing in ISL operations is generally confined to
areas in the immediate vicinity of flow into or of the
formation, generally through perforations or slots which
penetrate the casing, cement and formation. This does not



pose a flow control problem, since flow across the

‘casing/cement boundary is desirable at these points.

Experience in operations of ISL test wells has indicated
that cement sheath corrosion does not occur at .a rate

.sufficient to affect fluid seal or mechanical integrity of

the cement {except possibly near perforated or settled
areas which are exposed directly to flow of leaching
fluids), during periods associated with the expected well
life. These observations have been supported by
geophysical logging and pressure transient analysis. For
these reasons more exotic and expensive cementing
materials such as "synthetic cements" are not considered
necessary for proper cement performance. in this environ-
ment, over the required periods of time for I.S.L. mining.
Some types of cements, notably Portland type V, are more
resistant to attack by sulfates than other types. Casing
corrosion resistance is covered in the preceding section
("Casing Design").

+ - Geologic factors

Cement loss to the formation by means of natural or
induced fractures. Drilling experience and geophysical
logging may indicate presence of high conductivity natural
fractures. Additives (fluid loss and density), careful
pressure control, cement baskets and stage cementing are
methods which can be used to alleviate this problem.

Whole cement is not leost to the formation through porous
high permeability zones, (as true liquids may be) due to
the formation of a "filter cake" of cement partlcles on
the permeable zone.

Knowledge of the formation‘s hydraulic fracture gradient

is desirable, in order to avoid exposing the formation to
pressures in excess of this gradient, which may result in
cement loss to the induced fractures. As a general rule,
fracture initiation gradients vary from as high as 3.6 psi
per ft. at shallow depths to as little as 0.7 psi/ft. at
greater depths. For ISL design purposes, a gradient of
approximately 1.0 psi/ft. can be used in most cases, if
the actual gradient is unknown. Methods of preventing
this type of cement loss are similar to methods for
avoiding loss to natural fractures. Low density cement
and low displacement rates and pressures are commonly
specified.

Water inflow experienced during drilling is usually an
indicator of high permeability zones which may present a
cement loss problem, as discussed above. Due to the
relatively greater density of cement compared to water,
cement hydrostatic pressure is likely to be greater than
vater (formation) pressure, thus diminishing the chances
of significant cement dilution.
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Clay layers, if composed of swelling or plastic clays may
expand into the hole and either form a seal' in the
casing-hole annulus, or damage the casing (or both), prior
to cementing. Formation of such a seal would prevent flow
of cement past the annular obstruction, possibly resulting -

'in excessive displacement pressures and/or having the

casing partially filled with cement which could not be
displaced. This problem is best avoided by avoiding use
of fluids which would cause clay expansion during dril-
ling, and performing casing and cementing operations as
soon as possible following drilling. Similar problems and
solutions apply to the case of running (unconsolidated)
sand layers or other types of hole instability.

Drilling circulating fluid usually forms a filter cake or
other coating on the hole wall (even in the case of foam
drilling). .In order to achieve good bonding of cement to’
the hole wall and casing, this drilling fluid and filter
cake must be removed prior to cement displacement. In the
case of mud drilling fluid systems, common practice j
involves circulating the mud, while lowering its density
and viscosity ("thinning") by use of additives or water.
This leaves the hole full of fluid with more desirable
characteristics for cementing operations, in addition to
confirming that no annular blockage exists, to reducing
filter cake strength and thickness somewhat. This-
operation.is usvally followed by introduction of a fluid
designed to remove the mud and filter cake completely.
Since such removal contributes to hole instability, this
fluid volume is kept to a minimum, and followed by a small

" fluid "spacer" or sometimes directly by cement slurry.

The cement slurry is followed directly by the cementing
plug and the displacement fluid, to force.the slurry out
of the casing. From the time the mud thinning begins
until cement displacement ends, it is desirable to
continue pumping. Cement displacement may be designed to
result in turbulent, laminar or plug flow within the

- casing-hole annulus, depending primarily on cement

viscosity, formation fracture gradient and casing pressure
rating.. It is desirable to use turbulent flow if. ’
possible, since it results in better filter cake removal
than the other flow regimes. Reciprocation and rotation

. of the casing are also desirable for filter cake and mud

removal, if practical. Use of volumes of cement in excess
of annular volume requirements helps assure good cement
quality by displacing out of the annulus the initial
volume of cement which may have mixed with mud and other :
cementing fluids. Some of these procedures may be omitted
in cementing a hole drilled with air or foam, which forms
a much weaker filter cake.

"Mix-water quality should always be determined prior to

mixing the cement, since large variations in strength,
setting time and other properties may result from mix
wvater impurities.
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-~ Regulatory requirements depend largely on location, local
hydrology and intended well use. - Regulatory requirements
should be understood prior to cementing design; these may
include items such as cement type, isclation of specific
zones, cement bond logs, casing pressure integrity tests,
etc.

o Cementing Design Procedures

Following is a discussion of cementing design procedures appropri-i
ate to ISL copper mining. These procedures are suitable. for cementing
of wells designed in the range of conditions previously specified in the
generic ISL manual.

Due to the large variety of variables associated with cementing
design, only basic procedures are discussed here. Site specific designs
should utilize the experience and capabilities of specialists know-
ledgeable in this aspect of well installation. The following brdcedures
assume well sizes and casing speéifications described in previous

sections; and geologic conditions which do not pose special problems.

+ Casing equipment, as described previously, is located on the
casing according to hole diameter variatiens, and geologic
conditions.

+ Cementing material is designed to achieve desired density,
setting time, corrosion resistance, viscosity and fluid loss
characteristics. Technical assistance is very valuable here.
The generic manual assumes use of cement with characteristics
similar to Portland type V or API class A or B, depending on
sulfate resistance desired (type V is best) and availability and
cost restraints (API class A or B is less expensive and often
easily available). Corrosion resistance may be enhanced by
addition of small amounts of additives as described previously.
‘Cement slurry density of approximately 11 1lb. per gallon is
assumed in order to avoid placing the FRP casing in compression
by buoyant forces. This low density is achieved by use of
hollow microsphere type additives which are available
‘commercially. (Other less expensive lightweight additives such
as perlite, gilsonite, pozzolan, bentonite, etc. will not
achieve sufficiently low density without greatly sacrificing
strength and/or greatly increasing set time.) Thickening and
setting time can be controlled by use of retarders or
accelerators, as can viscosity and fluid loss characteristics be
controlled by suitable additives. Cost for this cement material
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- is estimated to be within the range of 10 to 20 dollars per
cubic foot, for model purposes. An excess cement volume of 20%
is also assumed.

+ Preflush, spacer and displacement fluids are selected for com-:
patabilty with existing well fluids and site geology. Costs for
these fluids are considered negligable for modelling purposes.

+ Fluid flow regime (turbulent, laminar or plug) is determined,
based on filter cake removal requirements, site geology and
casing pressure ratings, as described previously. Since this is
primarily a matter of pumping pressure and rate, costs associ-
ated with this are assumed to bg incorporated in the average
installation costs as $4 per ft° for blending cement and a fixed
set-up charge of B .-

.+ Cement m1x1ng and sampling are accompllshed by either batch or-
~jet mixing, continuous density monitoring and periodic grab
sampling in suitable containers. Continuous records of density,
pressure, rate and cumulative volume versus time are often
available from cementing contractors. Grab samples are useful
primarily as only general confirmation of cement set .time and
quality, since downhole conditions are much different than
surface conditions during the setting period. :

+ Curing . time ("wait on cement,” or W.0.C. time) is usually
specified as no less than 8 hours and usually no longer than 24
hours, depending on materials and conditions. ™During this time
no work should be done on the well which may affect cement
setting, such as causing shock, vibration or pressure surges
vithin the casing. Casing fluid pressure should be released and
backflow monitored to assure float valve operatlon prior to
leaving the wellsite, as described earlier.

+ Bond logs may be desirable or required by regulation, to confirm
good cement integrity. For the generic model it .is assumed that
only one fourth of all installed wells'will be so logged. -Costs
for this are included in the "well logging" section. :

o Costing

‘Equation (4.24) relates cementlng costs to hole dlmen51ons and unit

‘costs. Refer to Table,&.lé for values\of d, and d as a functlon of.
flow rate per well. Bg values range between SiO'per £t and $20 per
fts, depending on cement type.
IHD 2 2 o g
Co = —— (d, - d2)(B, + 4) + B , R (4.24)
CcH 576 H G o FCs ‘ )
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4.4.1.6 VWVell Completions

Well completions describe mechanical methods of achieving fluid
transmission into and out of the well, and are interelated to "matrix
" modification" techniques applied for purposes of improving the fluid

transmission rate or developing fluid flow patterns ("Flow Regime")

ko

between injection and production wells. The matrix modification methods

are discussed in 4.4.1.7.

Selection of an appropriate well combletion method is a function of
wellfield design based on fluid flow and leaching efficiency, economic
considerations and the wellfield operating plan. For the purposes of
developing a generic design, a variety of assumptions are made which
allow a general mine operating plan to be used. The effect that these
assumptions have on well completion design often dictate leaching of a
large volume of ore by using a single, large-scale completion treatment.
In absence of these assumptions (primarily rock homogeniety, and
isotropy), the preferred approach would usually be to leach similar
volumes of ore in several shorter time periods, utilizing a greater
number of smalier-sizéd completion treatments. The cost differences in
these approaches appears to be small, thus allowing the simplified
approach to reflect reasonable costs and operating schedules for use in
the generic model.

Fluid flow in an ISL wellfield is c§ntrolled b} points of high
pressures {injector well completions) and low pressures {recovery well
completions), distance between these pressure sourcés and sinks, and
properties of the rock transmitting these fluids (primérily perme-
abilty). Two types qf fluid flow geometry are assumed for generic

modeling purposes, those being radial or axial. Radial flow will result
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from merely providing a means for fluid to flow info or out of the well,
and is limited by well dlameter and rock permeability, among other
thlngs Radlal flow may be enhanced by "st;mulatlon“ technlques which
provide an enlarged “effective_vellbore radius," by aitering‘near-

‘ wellﬁore rock permeaﬁility, usually by fracturiné methods. Axial flow -
is established by creating tvo parallel plaees Having higher fluid con-’
ductivity than the surrounding rock, and applyingla pressure difference
between these planes. Nq additional stimulation or "matrix modifica-
tion" techniques are considered for axiel flow compietion. Explosive
stimulatioﬁ of hydrofractqees‘have been berformed and reporied (28), but
are not considered necessary or desi:able for ISL operations.' Borehole
biasting is discussed in 4.4.1.7. | |

- o Open Hole completion is the simplest type of ISL well

: completion, involving only an open hole drilled through the ore
zone, below the well casing bottom. This method is seldom used -
unless the ore is very competent rock, unlikely to cave or
produce fines during operation. A variation of this type of
completion is underreaming, or drilling a larger diameter hole
below the casing point. Underreaming is actually a stimulation
method which serves to increase flow into or out of the well by
increasing the wellbore radius. Since only minor wellbore
radius increases are possible by underreaming, 'and it is an
expensive and risky procedure in hard rock at depth, it is not
included among stimulation methods suitable for the generic
model. The associated open hcle completion costs are included
in the drilling costs of the well.

o Screened completion is a variation of the open heole completion °
in which a well screen is installed below the cased portion of
the well. The screen serves to prevent the open hole portion of
the well from filling up with debris from the formation, and
prevent production of fine particulates with the well fluids.
Screens are often used with a designed sand filter or "gravel
pack” to provide additional hole support and f11trat10n(29)
Screened completion cost estimates for the generic model involve
only well screen cost (B ) and drill rig installation time (B ).
The cost per well is given by (4. 25) B, values are listed 1n
Table 4.14.

C,. = H(B, + B,/R_) (4.25)

sC
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Perforated completions involve opening an interval of cased well
to the formation by means of installing multiple holes through
the casing and cement sheath. Several methods of casing
perforation exist, such as mechanical tools, hydraulic tools
utilizing abrasive slurries, bullet types driven by propellant
charges and jet types, utilizing shaped explosive charges. The
jet perforation method was selected for use in this design. Due
to availability, good penetration (up to 12 inches into the
formation), relatively rapid and economic installation and
acceptable perforation hole size (up to 1/2 inch diameter).
Costs are based on use of 4 jet shots per foot of perforated
casing, using jets which deliver perforation sizes and depths
similar to that described above, and are fired from a hellow
carrier type device to avoid shock-related damage to FRP casing.
Experience with similar systems indicates adequate performance
without detectable casing damage. Costs associated with
perforated completions include jet cost ($6/foot based on
$1.50/jet and 4 jets/foot) and wireline contractor setup costs
(BPS). The'cost per well is given by (4.26).

= 6H + .BPS (4.26)

Matrix Modification

Explosive Stimulation methods rely upon high explosives or
propellants to create a series of fractures extending from the
wellbore to ‘increase near-wellbore permeability. Various
techniques have been developed by the petroleum industry for
application of explosive stimulation in wells. These methods
include nitroglycerin-filled torpedoes, sand-stemmed high
explosive devices (30) (31) and 11qu1d stemmed high explosive
devices (34). The primary difference in these techniques
appears to be the use of either high explosives or propellants.
High explosives are distinguished from propellants by their much
faster pressure rise time, their uncontrolled burn rate
(detonation) and the detrimental effect on well components from
the resulting shock wave. In order to avoid well casing and
equipment damage, high well cleanout and repair costs and to
achieve greater stimulation effects, only propellant based
stimulation methods are considered for the generic model.
Experimental work has indicated that propellant based "high
energy gas fracturing" HEGF techniques can greatly improve near '
wellbore permeability without substantial damage to well g
components. The near-wellbore rock particle crushlng and
associated generation of fine particles which is believed to
reduce permeability in high explosive stimulations is absent in
HEGF stimulations. (32),(33),(34), (33)

The literature indicates that HEGF is likely to provide wellbore
enlargement up to a 16 foot radius. Since no data exists for
the use of HEGF in copper bearing rock an 8 foot radius for



116

wellbore enlargement is used here. The costs cited in this
design are based on an average of the range of depths and well
diameters proposed. Following is a brief description of HEGF
stiumlation procedure. The stimulation propellant charge is
designed based on site parameters such as well diameter, depth,
rock strength and well fluid properties. The device is lowered
into the well on a wireline and positioned opposite the desired
interval. The propellant devices are available in a variety of
lengths, but long stimulation intervals require a number of tool
runs. A calculated amount of well fluid must be present above
the interval to act as "stemming” to confine the resulting gas:

.pressure. Upon initiation of the propellant, pressures rise to

levels sufficient to initiate fractures in the rock. Gas
generated by the propellent flows into these fractures,
extending them radially outward from the well and also
transports some formation particles into the fractures.
Photographs of HEGF stimulated wells (33) and mineback
experiments (32) indicate these induced fractures radiate
outvard from the well in several directions, apparently
unrelated to local rock stress conditions. Only minor amounts
of metallic "junk," resulting from tool d1s1ntegrat10n, remain
in the well following stimulation: In order to perform HEGF
stimulation, the desired casing interval must first be
perforated Perforation costs must be added to stimulation
costs. "~ HEGF stimulation costs per well consist of:  fixed
engineering and wireline service company set up charges,
estimated at $2800; and propellant, labor, and wireline costs
per foot of ore interval, estimated at 3235/foot The cost per
vell is given by (4.27). '

ex EXS

C . =B _ + 2358 - (4.27)

' Short-Radius Hydraulic Fracture Stimulation involves creation of

a number of small propped hydraulic fractures in-the stimulated
interval. The stimulation effect of these fractures is
primarily related to their radius. A variety of methods are
available for calculation of this effect (36), and hydrofracture
design (37) (contractor participation in design is recommended).

The principle of hydraulic fracturing ‘is thoroughly described in
the literature (38). It primarily involves hydraulic pressure to
overcome local in situ rock stress to initiate and extend
fractures into the rock mass. The fluid can alsc be utilized to
transport sand or similar materials into the fracture to prevent
closure upon release of hydraulic pressure. ‘

A procedure for installing a series of short radius hydraulic
fractures in a perforated casing 1nterval involves the following
seguence:

1. Isolate the casing interval to be stimulated by use of
tubing and packer equipment and suitable plugging tech-
niques below the interval if necessary.
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2. Rig up fracturing contractor equipment on the surface.

3. Initiate fracture utilizing proppant-free fluid (often
wvater); record fracture initiation pressure.

4. Following initiation continue fracture extension using
fracturing fluid designed for maximum efficiency in the
site geologic environment.

5. Introduce suitable proppant into the fracturing fluid at
concentrations designed to yield effective proppant
transport and deposition within the fracture.

6. Upon pumping sufficient fluid and sand volume the
treatment is either stopped or sand mixing is stopped and
ball sealers are utilized to block fracturing fluid flow
into perforations which are accepting flow (connected to
fractures), to divert the flow to other perforations.
This sequence is continued until the desired number of
fractures have been initiated. Evidence of fracture
initiation is a sudden drop in pressure, usually shown on
a chart pressure vs. time recorder.

7. Upon completion of fracturing the well is shut in,
allowing fracturing pressure to bleed off over a period of
time. Fluid backflow out of the well is undesirable since
it may remove some of the proppant from the induced
fractures, prior to formation.

8. After a suitable time following pressure bleedoff,
chemicals within the fracturing fluid will reduce its
~viscosity (often by "breaking" polymer chains). At this
time it is allowable to open the well and perform recovery
or injection operations, or flow tests to evaluate
fracture performance. -

The generic model assumes installation of parallel circular
hydraulic fractures of approximately 8 ft. radius, one for each
5 vertical feet of stimulation interval height. For site .
specific designs it is possible that significant cost reductions
would result from altering either of these stimulation designs.
The formula for predicting small radius hydrofracture stim-
ulation cost is given by (4.28). Table 4.15 lists cost data
used to develop (4.28). : s -
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- TABLE 4.15. COST DATA SHORT RADIUS HYDRAULIC FRACTURE

$
COST PER
COST ITEM FRACTURE DERIVATION

MATERIALS |

Frac. Fluid "~ 0.95 0.08%$/Gal x -0.06 Gal/ft x 198 ft

Proppant Sand ©11.52 - 0.06$/1b x 0.97 1b/ft’ x 198 ft?

Ball Sealers - 0.20 | 0.10 $/ea. # 0.5 efflglency
EQUIPMENT | |

Pumping 37.62 0.19 $/£t x 198 ft:

Blending - 19.80 0.10 $/ft° x 198 ft

.. Total Variable Costs 70.09 $/Frac
" Variable Costs 1 Ft. = (70.09 $/Frac) + (5 Ft/Frac) = 14.02 $/Ft.

~ FIXED COSTS:

Equip Setup ‘. 19005/Vell
 Personnel R 600S5/Vell - .
o 25005/VWell = : J
Cys = Bgps + 14H . (4.28)
o Large Radius Hydraulic Fracturing. The purpose of axial flow in

ISL operations is to increase leaching well flowrates in low
permeability rock without reducing well spacing to uneconomic
levels. The concept is to create parallel fractures of high
permeability and large areas, separated by a specific thickness
of the lower permeability ore. The large fracture area exposes
an equally large surface area of ore to leaching fluids and
pressures, while the high permeability of the installed
fractures allows fluids to be conducted into and out of the
fractures at sufficiently high rates. The amount of flow into a
fracture through the ore and out of the adjacent fracture into
another well is a function of fracture permeability, ore
permeability, ore thickness (distance between fractures),
pressure difference across the fractures, and fluid viscosity
(as explained in the wellfield design section of this manual).
This section deals only with installation of the fractures,
comments on their permeability and spatial orientation and cost
predictions.

_ Theiprinciple utilized is hydraulic fracturing. Since this

method is generally believed to produce a single large, planar
fracture, as opposed to many smaller fractures of random
orientations produced by "explosive" techniques. Hydraulic
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fracturing theory holds that since a rock mass has low or no
tensile strength, a fracture may be created by overcoming the
smallest force which holds the rock mass together, by
application of sufficient hydraulic pressure to the rock mass.
Orientation of the resulting fracture plane will therefore be
perpendicular to the direction of the smallest confining force
(least principal stress axis).

In a tedtonically relaxed geologic environment, the least
principle stress axis theoretically changes gradually from
vertical to horizontal at depths between approximately 1000 and
3000 £ft. 1In order to avoid ambiguity and to simplify the
generic model, the fracture orientation is user-specified as
either horizontal or vertical.

Further assumptions utilized in the model include: insignificant
friction drop for flow within the fractures; circular and
symmetrical fracture geometry; and the ability to create
sufficiently large-radius fractures to meet wellfield design
specifications.

High fracture permeability is achieved by installing a thickness
of uniformly sized, well rounded proppant, (sand or other
materials) to prevent closure of the fracture by natural forces.
This proppant layer has much greater permeability than the
surrounding rock.

Installation procedures for large radius hydraulic fractures are
generally similar to procedures described previously for
hydrofracture stimulation. Exceptions are:

1. For horizontal fractures a larger opening into the formation
than the perforations provide is desirable for friction
reduction and fracture localization. This can be a slot cut
through the casing and cement sheath by a hydraulic abra51ve
jet tool

2. Since only cne fracture plane is desired, the process is not
stopped or interrupted by use of ball sealers

3. The large-radius design may require contractor pumping and
blending equipment suitable for relatively larger flowrates
.and (possibly) higher pressures.

Equations (4.29) and (4.30) are used to estimate costs. These
relationships are derived from experience with the formation of
a fracture of radius of 100 feet, where the cost per area of
fracture face was known, see Table 4.16.

) H N
Cic ={BLRS + 0.41 SZJ[-Z-— + —i}, horizontal fractures (4.29)
. H N .
c w
Cyc = Bpps + 0.41S,H, vertical fractures (4.30)
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TABLE 4.16. DERIVATION OF COST ALGORITHM FOR
‘ LARGE RADIUS HYDRAULIC FRACTURING .

Unit Cost

(§7£t%) o _
of Derivation
" Item " Fracture Area (from 100 ft radius.design)
Materials ‘ ‘
Frac. Pluid . . 0.06 (19,000 gal x 0.08 $/gal) + (n 1902)
Sand Proppant . 0.06 (30,000 1b x 0.06 $/1b) ¢+ (m 100°)
Equipment o V
Pumping - 0.19 $6034 -+ 31415 fg’
Blending ‘ 0.10 3108 + 31415 ft
TOTAL 0.41
Fixed Costs L . ' ~ For horizontal fractures the cost
» per well equals the cost per
Equipment Setup = 1900 fracture times the fractures per.
Personnel 600 well [ H N,
Slot Installation - 2500 —_— —
A . V) S
TOTAL o ‘?QOOI;-BLES :

4.4.1.8 Logging
| Uireline'gEOphySiéal logging, in ad&itibn to being used in geoloéic
data gathering, is used in well ﬁrilling, installation, completion, |
leaching, and repair operations, as the principal diagnosfic qﬁalitf
assurance test. - | |
Folléwing is a brief diécussion of the types of loggiﬁg operations

and information which will support a commercial ISL operation.

o Drilling operations are assisted by caliper logs which indicate

: hole size variations which may be associated with caving and
wvashouts or diameter reductions commonly associated with clay
layers. Temperature logs may be used to detect zones of fluid"
loss or water inflow, as may certain other tools. Hole '
straightness and deviation are indicated by downhole directional
survey tools, some of which are commonly run on nonelectric
wirelines. : : :
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Geologic and Hydrolegic information is supplied by a wide
variety of logging tools and methods which measure 'a variety of
responses to active and passive geophysical measurements. A
brief summary of common tocl is provided below and discussed in
more detail in Chapter 7. '

Geophysical Property . Physical Property
Measured Inferred
- Electrical resistance Degree of Fluid saturation
or conductance and fluid characteristics.
- Electrical "Self-Potential" Degree of invasion of drilling

fluids into the rock; rock and
fluid characteristics,
lithology changes.

-  Temperature and Geothermal gradient and
differential temp. changes in gradient.
- Sonic veloeity and 3-D Rock mechanical properties,
seismic fracture density and
orientation.
— Gamma density Rock density, lithologic

change, porosity.

Neutren (thermal) - Fluid saturation, porosity

Downhole flowmeter (spinner) Fluid velocity, entry into
and exit from well.

1

Radio-isotope (Tracer) Fluid flow within and near
well; entry and exit
locations.

Caliper Hole diameter and variations.

Pressure Analysis of pressure
transient data indicates
rock permeability, type of
flow, flow barriers, etc.

.Downhole Televiewer Observe (visually) well
: conditions.

Well Installation utilizes temperature and cement bond (sonic)
logs to indicate quality of cement setting as indicated by
variations in temperature from cement hydration, and quality of
bonding to casing and formation by seismic methods. Caliper
logs indicate locations for placement of casing equipment such
as centralizers, and indicate cement volume requirements.
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Completion operations utilize logs to verify mechanical
condition of the well such as amount of bottom fill, casing slot
width and depth and definition of perforated intervals. Flow
into or out of the casing can be located and.measured by temper-
ature, flowmeter and radioisotope tools. Rock mass permeability

" and near-wellbore permeability reduction or enhancement can be

calculated by analysis of pressure transient tests. Downhole
televiever can be very useful, if available, for observation of
casing condition. \

Leach1ng operations may require definition of flow rate
variation with depth (flow profile) within a long perforated
casing interval in order to optimize operations by attempting to

‘alter the profile. Flowmeter, temperature and radio-isotope

tracer logs (often referred to as "production logs™) may be
utilized for this. 1In some instances detection of temperature
anomalies and low level gamma radiation (if radio-isotopes are :
utilized) may be used to detect flu1d floving past, but not
entering the well.

Well Repair usually implies correction of well installation
inadequacies such as localized poor cement bonding or absence of
cement behind casing, casing damage, retrieval of stuck or
dropped downhole equipment, or alteration of existing well
completions. Repair of high permeability flow paths ("short
circuits") between wells or from a well to some other unde-
sirable location may also be required. Production logging tools

in various combinations are usually utilized in analyzing down-

hole conditions prior to designing repair operations and after
repairs, for evaluating post-repair performance.

Detailed analysislof these logging methods is beyond the scope of

this manual. References to log analysis literature are found in Chapter

7.

£33

Some analysis methods require modification to account for use of

lightweight cement, FRP well casing, and non-sedimentary host rock

characteristics. Frequently, log calibration is based on sedimentary

rock which commeonly form petroleum reservoirs.

Costs associated with logging include setup and tool charges

' (fixed) and depth related charges (variable). Experience‘indicates that

running a full set of lithology, drilling, and other logs as described

above, for ISL wells averaging 1000 ft. in depth, will exceed fixed

costs of $12, OOO for multlple setup and tool charges. Depth dependent
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costs for many logging operations at these depths represent only
approximately 20% of fixed costs. Assuming that a commercial ISL well
will require approximately one four;h of the logging activity associated.
wvith test wells, and that costs for diagnostic logging associated with
well repair are included in the wellfield maintenance budget, the
folloving cost algorithm was developed for initial well installation.
Site specific logging costs may vary greatly depending on contractor
charges, mobilization costs, information requirements, etc. Based on
the experience of R.V. Huff and Associates, the cost perkwell is given
by (4.315.

C,. =B +2.7D | (4.31)

WL FWL

4,4.2 Vertical Wells Drilled From Underground

Welllsystems consisting of vertical wells toc be - installed and
operated from underground workings are identical to vertical wells
installed from the surface, in terms of design procedures, sysfem
components and sizes, materials of construction, drilling methods,
complefions and logging operations. Primary differencés are equipment
limitations imposed by the much smaller and more confined well sites
underground. These limitations dictate use of smaller drilling

machines; shorter tubing and casing joints; smaller logging, cementing

4.
+

and fracturing equipment.™ In addition, actual operations involve a
great deal more delay and inconvenience than associated with surface
access operations.

Underground access operations benefit from reduction in costs
associated with shorter overall well lengths, and require higher unit:

costs for most well installation operations, in addition to the cost of
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_-_installing underground workings. The following sections bfiefly
describe the ;hanges in vell costs associated with unde;ground
operations, employing the same'design and installation pro;edhres for
sqrface‘éperations described in Section 4.4.1. Well depth for

underground vertical wells is equal to deposit, thickness (H).

4,4,2,1 Drill Site Development

Drill site deﬁelopmenﬁ consisfs of éhlarging’the size of the
existing undergfound‘opening from approxim;tély 12 ft X 12 ft to a
larger cross section, parficularly increasing the Verticél‘diﬁension to
allov use of drilling and service rigs with réasonable hast heights. It
is assumed that a suitab;e.drill site can be provided at a cost of

apprbximately‘SSOOO.
C. = 5000 ' (4.32)

A

4.4.2.2 Vell Eguipment

'Underground well installationélrequire the same equipment and
materials of construction, operate at simiiar pressures and flow rates;
within the same casing sizes as surface-installed wélls. The only
 change in equipment involves use of shorter jbints of tubing, neces-
sitated by drill site height limitations underground. The reﬁaining
packer, pump, wellhead, and fluid level indicator equipment is
essentially unchanged from surface installation speéifications. Fb;
vertical vell modeling purpéséé, it is assumed that submersible pumps
will lift the produced fluid to the surface, without aid of transfer
pumps. This allows pump designs and costs t; remain‘unchanged from

those shown in Section 4.4.1.
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The equations for estimating costs for injection and production in
wvell equipment are modified for underground access use by increasing
tubing cost by a factor of 2.2 to account for the shorter, more #

expensive tubingljoints.

o Injector Well Eguipment:

Cugy = (D-B)(2.2B, + B;) + B, + B, + C,, | (4.33)

o Producer Well Equipment:
Cupp = (D-H)(2.2 B, + B__. + B, ) + (HP)(M, + 92)

+ qu + BRPC + Bh + BPI (4.34)

Cost factors associated with various well sizes are listed in Table

4-8.

4.4.2.3 Vell Casing

Underground access casing design and sizes remain unchanged from
surface access design (Section 4.4.1). Casing costs are increased by a
factor (2.2) to reflect use of more expensive 10 to 12 ft. long pup
joints underground, as opposed to ‘the 30 ft. joints commonly used in
surface access operations. Other costs associated vith cementing equip-
menf remain unchanged. Higher cost of casing installation is reflectedr“
by changing the installation rate from 130 ft per hour to 63 ft per

hour. Casing costs are calculated using (4.35).

2B,

C, = H|2.2B, + — + B | + B L (4.35)

wC

RCS
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4.4.2.4 Drilling

Drilling opéfations in the‘restrictedlspace will have to utilize
shorter drill rods and specialized drilling equipment, pfobably powered
by compfésséd air or electricity. This will mosf likely result in
higher average hourly drilling costs. This is accounted for by assuming
a 2-to-1 reduction in the drilling rate. Values for contractor hourly

cost (Bd) and surface drilling rate (R,) are listed in Tablé 4.14,

. ) B . |
Cd =2 R_ + CAU (4-36)

‘4.4.2.5 Cementing

Cementing holes underground will utilize the same materials and
procedures as Eementing from the surface (as described in Séction
4.4.1). Pumping and mixing eduipment will require modification for
underground operation, or utilization of a very long string of high
pressure pipe to enable pumping and mixing equipment to remain on the
surface. The”geheri;‘moael aésumes that all éﬁuipment will be located
underground . and increa#es fixed costs from $1425 to S$5000 to account for
the additional expeﬁﬁe associated with underground operations. The

followving equation is .used to predict underground cementing costs:"

Hm Y , -
[ — dz—dz] [B +4]+B - L (4.37)
cm 576 [hv € g . FCU

4,4.2.6 Well Completions

Design and application of completion methods for underground access
is 1dent1ca1 to that for surface access, as descrlbed in Section 4.4. 1

As for other aspects of well installation, additional costs will be
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incurred, arising from specialized equipment and additional costs of

operating underground. Following are comments on individual underground

completion costs:

4.4.2.7

Open Hole
No costs are associated with this type of completion.
Screened

Costs differ from those installed by surface access only in
increased installation costs associated with lower installation
rates. ‘

2B,
C = H [Bw + —-J (4.38)

s¢c
RCS

Perforated

Underground access costs reflect an increase in setup and
operating time, but reflect identical costs per foot of
perforation as surface access costs:

C, = 6H + 2B, - (4.39)

Matrix Modification

Explosive Stimulation

Underground access costs reflect only an increase in setup and
operating time over surface costs. It should be noted that this
stimulation method may prove impractical for application
immediately below the well collar due to lack of a sufficient
column of liquid or other stemming material to confine the
generated energy. Damage to underground openings could also
result. Costs are projected by the formula:

C,, =B, + 235H (4.40)

ax E

Short Radius Hydrefracture Stimulation

Application, design and installation procedures remain
unchanged from those by surface access described in Section
4.4.1. Equipment modifications and setup will add costs to the
procedure performed underground, as reflected in the formula
below. Due to possible local rock stress field changes
resulting from installation of underground workings, problems
could arise from use of this stimulation technique immediately
below the access drift. These problems are probably related
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more to loss of efficiency of the stimulation than to damage to

.the tunnel. /

Cyg = By + 14 H (4.41)

o Large Radius Hydrofracture

Application design and installation procedures for underground
access are the same as for surface access as described in
section 4.4.1. Equipment modification and setup charges have
been incorporated into the cost formula below. .Setup charges
are assumed to be twice the cost for surface drilling.

+ Horizontal fractures

C,.=[2B .+ 0.415° |[|l— — , (4.42)
HC LRS | 2Hc Nw

+ Vertical fractures -
Cye = 2B, .. + 0.41 S.H (4.43)

 '4.4;2.3 Logging

Vireline logging applications are expgcted to be the same under-

_ grouﬁd as by surface access. Specialize& equipment,‘suitablé for work
underground, will be requifed. Setup and opefating time is prédicted'tb

increase undergrodnd as reflected by a ;ost'facfor of 1.5; depth-

dependent éosts should remain unchanged. Generic model costs are

estimated from (4.44), which contains the same qnit cost factors used

for surface drilling:

WL

C,, = 1.5(B ) + 2.7H ‘ (4.44)

4.4.3 Fan Vells

In the fan concept, small diameter holes are drilled radially in
parallel drifts running underneath the ore zone to be leached. Fluid is
injected in one fan pattern and flows parallel to the crosscut to

. another fan. Leachate is collected by gravity from the fans and the
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crosscut. In orebodies having a considerable vertical thickness of ore,
one or more additional levels is used to gain access. A reasonable
height for a fan is 100 feet.

For the case of fan drilling, a mine level would be placed directly
under the orebody, with the fan patterns drilled upward into the ore.
The holes would be a nominal 4 inch, drilled with a down-the-hole hammer
rig. The 4 inch hole is thought to be a reasonable size for installing
wvell equipment such as‘tubing and packer, and yet provide an economical
drilling rate. A hole length of 100 feet has been chosen for the model.
For this length hole spacing can be accurately controlled, and the
distance betwéen holes at the outer radius of the fans is thought to be
close enough to prevent poor sweep of the ore. Injection»holes are to
be equipped with tubing, packer, wellhead valve and a flow meter.
Production holes are not equipped, since pregnant liquor can drain by
gravity. No casing or cementing is planned in these holes. An equation
has been developed for determining a cost effective number of drill
holes per fan by calculating the fan dimensions that maximizes the flow
rate per cost‘of wells and mining. The derivation and determination of
optimum conditions is discussed in Section A.5 of Appendix A. 11 holes
per fan at a fan spacing of 60 feet corresponds to optimum conditiens.
This well density is likely to provide adequate sweep efficiency.

Drill rigs for percussion drilling of the fans are not expected to
be as large as the rigs used for the vertical patterns. Drift sizes of
12 feet x 12 feet and 10 feet x 10 feet are thought to be reasonably
sized drifts for vertical drill development and fan pattern development,

respectively. Collection of pregnant liquor is by gravity drainage from



130

the fan patterns and the back and ribs of the crosscuts. A'utility
level may be considered below the level of'theofans to allow for
collection of fluids, power distribution, ventilation 'and escape. In
the case where the ore thickness is substantially greater than the fan
height, multiple levels of crosscuts a;eVUSed to develop‘the orebody.
‘The number of levels is given by (H/h). |

Matrix modification is not considered for fan pattern leeohing
because the cost of stimulating is thought to be much more expensive
than drilling and completing the number of holes in the fan patterns.
In addition,‘matrix modification applied to closely spaced wells could
significantly alter the mass of ore betveen the holes from its true in
situ state. Hydraulic‘fractures may also'intercept'the mineﬂworkings,
causing short circuits.

Costs for one fan module (pattern) are the'sum of injection and

production well costs.

o Injection wells
The number of injection wells. is half the total wells per fan
face (N, ;). Total costs of injectidn wells for one face is

given by (4 45), where C.ep is the average cost per foot for -
completed well.

Cour = [N"—,]Cwﬂh ' (4.45)

0 Productlon wells

Productlon well costs are given by (4 46), where C is the
cost per foot of the completed well, essentially the dr1111ng cost.

C. h (4.46)
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Taking C,e as the average cost per foot for a pair of injection and

production wvells the cost for one fan pattern is C,...

o =N__.C .h (4.47)

EWF TF~"wf

Drilling costs are estimated at $10 per foot. Since the production.

vell does not contain any equipment C equals $10 per foot. For the

wip
injection well additional costs of $1600 for a packer and $400 for 3.2
inch 0.D. FRP tubing are estimated. This results in a cost of $30 per
foot for C ., . Averaging the fan costs yields a value of $20/foot for

C For a 100 foot drill hole, and 1l wells per face (optimum $ per

wt '

. gpm) the cost of one fan pattern is $22,000.

4.5 WELLFIELD COST

Total wellfield costs are divided into two comﬁonents: those that
are only a function of the ore volume contained between the wells, and
those that are specific to the type of vell pattern used. The former
are discpssed as vellfield start-up and shut-down, the latter as:
vertical well drilling from the surface; vertical well drilling from the

underground; and fan well drilling from the underground.

4.5.1 VWellfield Start-up and Shut-Down Costs

o Wellfield start-up

Each time a new wellfield is started up it is assumed that no
saleable cathode is available until one pore volume displacement has
taken place. During this time all operating costs are incurred. This
start-up time is t_ . The algorithm for t,  is given in Table 4.5.

During this time no saleable copper is available, and tons T , are
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subtracted from the‘apnual production in each a year a wellfield is
started-up ‘

T, = Yt,, = 1.62 x 107°A H¢(E,/Q) | ‘ (4.48)

0 Wellfield water make-up |

Each time a new wellfield is brought into production it is assumed
that it will be 100% saturated. These require vater make-up. volume to
attaih 100% saturation if the ore zone is not initially'éaturateq. The

"algorithm for this make-up volume is provided in Table 4.5 as GA.

EP__ = (GA) (C,) = 7.48 x 107%A H4$(100-s,)C, (4.49)

o Vellfield restoration

Each time a wellfield is taken out of production it is assumed that
restoration costs vill be incurred. These costs are represented as a %
(x,) of the wellfield start-up costs.

EP, = (x,/100)(t, )(EP) . | (4.50)

4.5.2 Vertical Wells Drilled from the Surface

The total wellfield cost is the product of the number of injectors

(N;) times the cost of an injection well C, ., plus the sum of the

1/2

producers (NI

+ l)zﬂtimes the cost of a production well. N, equals

the total system flow rate divided by the injection well rate.

0 Wellfield Well Costs

EV, = (0/q) C,,, +((0/q)'"? + DYic,,, (4.51)
o Total Initial Wellfield Costs
EV = EW_ + EP - | (4.52)

w LA
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o Replacement Wellfield Costs

PR

EV,, = EW + EP__ ‘ | (4.53)

4.5.3 Vertical Wells Drilled from Underground

The total wellfield cost consist of; initial costs to develop
access to the underground; drifts and crosscuts to service the
wvellfield; and total cost of wells.

0 Access costs - Initial cost only

EA = (D-H){2C_ + C_) + EV + EM + EE + (DR) C,, (4.54)

0 Wellfield drift and crosscut costs

EV, + EW_ = 2(0/q,) 7 ?sc,,
+ [2(0/q,) + (Q/q,) " ? sV, | (4.55)

o Wellfield well costs

1/2 2
EV, = (Q/q,)C,, . + (/)" %+ 1)?c,,, (4.56)
o Total initial wellfield cost
EV = EA + EW, + EW_ + EV, + EP_ (4.57)
o Total replacement wellfieid costs
EV,, = EW, + EV_ + EV_ + EP, + EP__ (4.58)

4.5.4 Fan Vells Drilled from Underground

The total wellfield cost consist of; initial costs t6 develop
access to the underground; drifts and crosscuts to service the
wellfield; and total cost of wells.

¢ Access costs ; Initial cost only

EA =D (2C, + C_) + EV + EM + EE + (DR) C,, (4.59)
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Drift and Crosscut Costs

. 1,2 d 1/2 H
EV, + EV_ = 4(0/q,) t;} [-—h--]hcda + (Q/q,)dV (4.60)

0 VWellfield well costs

(4.61)

Eww = NTF(O/qI)wah ;
o Total initial wellfield cost _

EV = EA + BV, + EV_ + BV, + EP_, (4.62)
o Total repiacement + wellfield cost |

EV = EV, + EV_ + EW_ + EP, + EP__ E4.63)

4.6 WELLFIELD OPERATION

It is desirable to begin operations in the portion of the ore
deposit that can yield fhe beét‘return on investment. Normally, this is
the higher grade sections. If possible a mine plan shoul& consider this
quick payback. In an actual operation it is also desirable teo maintaiﬁ
a compact wellfield. With a compact design; a ﬁinimum amount of
producing wells are‘possible for a given number of injectors.‘ The modél
considers the ore to be of uniform grade and the wellfields to be of
square geometry.” |

After startup, some fime‘is required for the pore space in the ore
to be filled with lixiviant. This amounts to reagent inventory. The.
amount of‘réagents and time should be estimated which is'donejin the
model. Injection and production are started and tﬁe floy rate
multiplied by time gives the inventory of acid before copper is'producéd
in significant amounts. Thi; timeAdelay is éxpressed in terms of pore

volumes. This number of pore volumes is a user input. In a normal
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operation, one or two pore volumes can be assumed for the inventory.
The porphyry host rocks for copper mineralization are normally of
relatively low porosity when compared to the sandstone formations
hosting uranium deposits.

Initial copper loadings are normally low and build with time. This
is due to initial dilution of the pregnant liquor with formation £luid
containing little or no copper. In addition, copper values canvbe pre-
cipitated in the rock mass by depletion of acid, until sufficient acid
is present to react with acid consumers. Vith time, copper loadings
increase until a peak is reached; then a decline occurs. As the copper
in the pattern is mined out, the loadings gradually decline. Even-
tually, the copper values reach a cutoff grade in the pregnént iiquor
below which uneconomical operations occur. At this point the leach zone
is no longer mined, and a new leach zone started to make up for the lost
production. Since the rate of copper production must pay for acid,
pumping, SX/EW, and overhead, the approximate grade of solution can be
calculated at which the pattern is no longer economic.

In the case of leaching between horizontal fractures, when the ore
has been depleted between fractures the well pattern is recompleted with
additional frgctures (stepping up the well), and a new Qertical interval
is leached. A new well is drilled when the entire vertical column of
ore has been exhausted by the stepped fracture (axial) leaching method. .

The model considers the copper loading to be an average value over
the pattern life. Copper remaining in the orebody after cutoff is
considered to be accounted for in the efficiency for overall recovery.
Acid cost is a significant cost in most designs. Acid consumption is

treated in the same manner as the copper loading. That is, an average
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value over the life of the pettern is used in caleulation. In actual
practice, acid consumption (lb/lbj may gradually increase from the
beginning to the end of leaching. Reversal of injection and production
vells can be considered to improve the acid consumption during pattern
leachieg. This assumes that the design of the weils and wvellfields can
permit switching. |
It is assumed in the economic analysis that the wellfield
productive life can be represented by the generic_cufve shown inlfigure
7-4. Kéy characteristics impacting costing are:
1. Between start-up and time t c1? the hold-up time, dilution of
vellfield copper is 51gn1f1cant and no net copper production 1s
achieved

2. Between time ¢t and t. the wellfield produces copper at the
average assumea design ievel.

3. At t_, the copper concentration rapidly declines due to
deplet1on of wellfield copper or limitations in the rate of
copper solubilization. At this time a new wellfield must be
brought into production. Laboratory core leach tests can be
used to obtain an estimate of t_,. This is discussed in
Section 7.2.4. In a parametric analysis t <2 corresponds to ther
welllife at a given product of the well pattern sweep, leach,
and solution recovery efficiencies.

o Well Maintenance for Surface Operations

*. Operation of ISL wells requires maintenance of the well
_ installation, well equipment, changes in leaching intervals involving
installation of new well completions ("recompletion"), and occasionally
repair of undesirable fluid flow paths ("short circuits™) which may -
develop as a result of continued leaching.

Diagnosis of these problems utilizes certain logging techniques, as

previously described in 4.4.1.8. Repair operations involve service-type

drill rig equipment, often cementing or other well contractor services
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which occasionally utilize specialized materials and equipment, and
sometimes to replacement of worn or damaged well equipment.

A variety of commonly used well repair methods such as squeeze
cementing are described in the literature,(ég), vhile some other methods
have been developed for specific application to copper ISL operation
(15),(16).

Since no long term commercial copper ISL operating experience
exists, it is estimated that annual maintenance costs will be approx-
imately 10% of installed wellfield capital co;ts. This estimate com-
parés-favorably vith othef industrial plant experience involving cor-
rosive processes(40), and appears reasonablé in view of field test and
pilot plant operation experience. Annual vellfield maintepance costs
are represented by (4.64), where EW equals total initial wellfield

capital costs.

C = 0.1 EV = $/year _ (4.64)

wm

0 Wellfield Maintenance for Underground Operations

The types and frequency of wellfield maintenance operations are
assumed to remain unchanged from those discdssed for surface operations.
Due to increased costs associated with underground operations, annua;
vellfield maintenance costs are expected to be significantly higher‘than*
for the case of surface access. Also, the smaller vellfield capital
cost resulting from shorter wells undérground, must support amounts of
maintenénce work similar to surface access requirements. For modeling
purposes maintenance cost has been projected at 15% of wellfield

installation capital costs, as shown by the following formula:

Cuy = 0.15 EV = $/year (4.65)
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CHAPTER 5

SURFACE PROCESSING FACILITIES

The surface proce531ng facllltles consist of a solvent extractlon,:
electrowinning plant and support facilities. The SX/EW plant receives
copper rich wéllfield solution from the pfoduction wells and returns
copper depleted, acid enrichedréolution to be reinjected into the ieachf
ing zone. The surface facilities are operated continuously providing fof
the continuous recycle of leach‘solution in the leaching zone.

The model for the generlc fac111t1es is. based ont an existing design
for solvent extraction, electrow1nn1ng plants whlch are in commerc1al

» :
operation. A detailed desgription'of'thé facilities is presented in
Seqtiony5.2.2. Figure 5-1 is an overview of the surface plant process.
In general, the surfaéé,processing‘facilities consist of:
o Leach solutién storage and pumping for both production wéll
solution and wellfield injection solution. These solutions are
also referred to as pregnant leach solution and raffinate solu-

tion respectively.

o Solvent extraction facilities consisting of a single train
design with two ext:action and two stripping stages.

o Associated solution storage, handling, and pumplng equipment for
the organic and aqueous solutions.

0 Electrowinning tankhouse based on current commercial scale de-
sign and operating parameters. The model includes all associ-
ated production and material handling equipment to produce com-
mercial, high quallty, copper cathode.

The generic model has been developed to provide the cost of

facilities over a rangé bounded by annual production and copper loading.

Annual production ranges between 2,500 TPY, the minimum commercial scale

scenario operated-over 20 years, and 50,000 TPY, a large commercial
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scale plant. Copper loadings range from 2 to 20 grams per liter. The
lower value corresponds to concentrations slightly better than mine
waste, while the higher represents ﬁn expectation for the true in situ.
process where lixiviant/mineral contact in flow fractures is maximized.
This results in an extreme wellfield volumetric range as shown in Table :

5.1.

TABLE 5.1. SYSTEM FLOVW RATE RANGE
Annual Production (TPY) Copper Loading (gpl)
2 6 12 . 2
2,500 570 gpm 190 gpm 95 gpm 57 gpm
50,000 11,400 gpm 3,800 gpm 1,900 gpm 1,140 gpm

The generic surface model has been develdped‘for plants that have

flow rates near the middle of this range, 1,000 to 5,000 gpm. The high
volume case would use multiple solvent extractiOn trains and all costs
would be adjusted by the number of trains. The low volume cases would
follow the Jnit costs except for staffing where there would be no
reduction in the number of employeés from a small plant case, which is

associated with 12,500 TPY production capacity.

5.1 Support Facilities

The generic model is based on the concept that the processing
facilities are an independent operation and not operated as a part of a
larger existing or to be built complex. This requires that maintenance
and personnel facilities be brovided. Maintenance facilities are de-
signed to support the routine maintenance of the processing plant and

wellfield. It is assumed that in the case of the smaller operations,
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that contract maintenance would perform some of the maintenance services
that would not be economical to be done in-house, and that the cost
would be the same as the equivalent service for a larger plant. The

" selection of which services are performed inhouse or contracted is
beyond the intent of the mpdel,‘however, costs have been included to
ailow for the proper‘mainténance and personnel support of the

facilities. The model provides for the following support facilities:

o Changehouse and showver facilities o Shipping and Receiving
o Laboratory 0 Security
o Administrative Office o Safety
o Employee parking : o Environmental ,
0o Maintenance Shop and Warehouse o Fire protection
5.1.1 Roads

The manual assumes'that full service roads are available to.the
plant site and fherefore are not included within the scope of the gener-
" ic model. The roads are required to be all-weather and.allow‘easy pass-
age of commercial truck traiier rigs normally opérated on paved high-
vays. Service roads'wifhin the opernting boundaries of the proceésing

plant and wellfield are included in fhe model costs.

% 5,1.2 0ff-Sites

The model does not include any off-site costs for shipping. 1If
rail service is available at the site, it is assnmed thnt the costs of
" the spur and tragk maintenance4aré included in the unit transportation
costs. No allowance is included in thelmodel for product shipping other

than loading.
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5.1.3 ggﬁgg

The model assumes that the necessary electrical power is available
and that a local utility company will provide the power to the plant
battery limits. Power transmission lines to the plant site are not
included in the model. Thé electrical power cost ($/kWh) used in the
cost algorithms follows this basis. 1f a power generation facility or
transmission line is required, the power rate should be adjusted to
reflect these expenées.

The major uses of electrical power are electrowinning and injection
well and production well pumping, and in those cases where underground

workings are used power is required for servicing the shaft.

5.1.4 Vater

The model assumes that water of required quality and in sufficient
quantity is available at the battery limits of the plant. No provisions
are made for wellfields, dams, pump systems, or pipelines. The cost of
such items should be included in the unit cost of water. Water require-
ments for the surface facilities are divided between the processing
plant and the wellfield. The processing plant requires po;able vater
for both personnel and processing needs. The wellfield requires water
to saturate the pores of the rock if they are not initially 100%
saturated. This water must not contain particulates which could clog

the injection wells.
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5.2 Copper Leach Solution Plant Specificﬁtions and Costing

5.2.1 Overall Material Balance

5.2.1.1 Copper Production Rate and Total System Flow Rate

The surface facility receives solution from the wellfield at a
concentration [Cu], of copper at a total flow rate Q. The process path
that this stream follows is shown in Figure 5-1. ' An overall material

balance is depicted in Figure 5-2.

o The product [Cu],Q is proportlonal to the copper entering the
surface plant.

¢ An electrolytic bleed is used to control impurities, principally
iron, that accumulate in the electrolyte. The bleed is rich in
copper and is returned to the extraction stage of SX to recover
the copper. Impurities are diluted and follow the aqueous ’
discharge from the plant. The net copper loss from the plant is
assumed to be negligible.

¢ The SX fecovery operation is not 100 percent efficient, and for
this generic model is assumed to be 84 percent efficient,
including internal process bleeds. The copper not recovered in
SX leaves the surface plan and is reinjected into the wellfield.
This rate of reinjection is noted by [Cu] Q and equals
0.16[Cu],Q. :

o Solution passing through the wellfield picks up copper at a con-
centration A[Cu] by acid leaching the oxide ore. The total rate
at which copper leaves the wellfield is [Cu]dQ + 0. 16[Cu] Q,
vhich equals [Cu],Q the rate of copper entering the surface
plant..

o The rate of cathode production is equal to the difference
between the rate at which copper enters the surface plant,
[Cu],Q, minus the rate at which copper leaves the surface plant,
[Cu] Q. This net difference in [Cu] Q, which is the rate of
copper extraction from the ore.

o This model assumes:

+ Negligible fluid losses, and operation of the wellfield at
equal .injection and production rates.

+ Negligible loss of copper in the bleed stream in the surface
plant.
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The total system flow rate is defined as the volumetric flow rate
of wellfield solution coming from the production wells. This solution
is the incoming solution to solvent extraction, and is referred to as
pregnant leach solution. This value is used to measure the relative
sizes of wellfield production and solvent extraction volumetric
capacity, and is related to plant production capacity Y in tons per year
copper and copper loading ip gpl. This relationship expressed as gpm

system flow rate is given by (5.1).

Q= 0.456 ¥ | (5.1)
ECu|d ‘
5.2.1.2 Compositions
0 Injected Acid Concentration LS

It is assumed that the acid consumption by gangue material and
copper is related to the net copper pick-up in the wellfield.
The wellfield solution composition parameters are as follows:

+ Pregnant leach solution composition corresponds to a net
copper pick-up of [Cu]

+ Acid concentration in raffinate, which is also the wellfleld
injection fluid, is as follows:

[H,50,] = [Cu], W, + V,] (5.2)

+ W_ equals the acid consumption stoichiometry of copper
mineralization, see Table 7.7.

+ W, equals the acid consumption stoichiometry of gangue
material, expressed as acid consumptlon by gangue per unit
copper pick-up.

o Gangue Composition of Pregnant Liquor

The gangue composition of the pregnant liquor in both absolute
levels of concentration and mix will vary widely from one -
deposit to another. It is not possible to represent this in
generic form. However, it is the iron in the pregnant liquor
that impacts the performance of the $X/EW operation. For
purposes of estimating the cost impact of iron on copper
extraction and cathode quallty the following concentrations are
selected.
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Wellfiéld product solution, Pregnant leach solution:

copper = 7.0 gpl

acid = 1.0 gpl H,50

iron = 8.0 gpl Ferric
Raffinate:

coppér‘ = 1 gpl

acid = 14.0 gpl H2304

iron = 8.0 gpl Ferric
Cathode:

copper = 99.96 %

5.2.1.3 Bleed Streams

The largest bleed stream is the electrowinning bleed to control

. impurities in the electrolyte. The principle impurity is ferric iron

(Ee+3). The effect of ferric-iron is essentially chemical in that it

dissolves copper and is converted to ferrous iron at the cathode.

+3

2 Fe*t? v cu — 2 Fe*? 4+ cut? - ' | (5.3

This corrosive effect is very pronounced and diminishes the current
and pover efficiencies. One major problem caused by this corrosion is
the decay of starting sheet loops and the eventual failure of the loops,

resulting in the cathode dropping from the suspension bar. This can

-damage the protective cell liner and produce a short circuit in the

K affected cell.

.Iron concentration in the é;ectrolyte is controlléd in two stages:
throughfuse of an SX reagent witﬁ a high copper to iron séléétion,ratiai
(commercial reagéhts have ratios of 300:1 or bette;), and by bleeding
electrolyte ftom the elect;owinqing circuit'tﬁ,maintain an irén igvel
less than 1.5 gpl.¥ The électfoWinning bleed stream composifioﬁ ié

assumed to be:
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o copper = 30.0 gpl
o acid = 45.0 gpl H,504
o iron = 1.5 gpl Ferric

5.2.2 Generic Flow Sheet and Unit Process Specifications - Figure 35-2.

5.2.2.1 Pregnant Leach Solution (PLS) Storage

The pregnant leach solution storage is in a high density polyethy-
lene (HDPE) lined, earthén pond. The pond collects solution from the
various production wells as well as intermittent flows from the SX/EW

plant. The pond is the source of feed sclution for the SX plant.

5.2.2.2 Solvent Extraction (SC) - Figure 5-3.

In the solvent extraétion process, the impure, aqueous leachate
solution‘from the wellfield is contacted with an organic ext?actant
reagent dispersed in an inert diluent. The dilueﬁt and the aqueous
1eachate are immiscible. High-flash point kerosene is used as the
diluent with various proprietary Cu specific reagents used for the
extractant. With the correct pH condition, the copper metal ion and the
reagent form a complex which disstlves in the organic phase. A parallel
reaction transfers a hydrogen ion from the extractant into the aqueous
phase. The contacting of the organic and aqueous phases is carried out
in an agitated mixing tank. The aqueous and organic phases flow from h
the mixing tank into the settler where the two, immiscible phases
separate.

The organic phase, nov copper bearing, is 1ighter and is removed
from the settler with an overflow weir. The aqueous, acid rich phase

with the greater specific gravity is removed with an underflow weir.



v



148

199YyS MO|4 UO1IDeIIXT JUBAJOS DUIBUAL) "g-G aInbi4

JuebrQ papeo

sdwing
auebig papeo

que) abesoyg
JiuebiQ papeoq

13eg dig

1axip/dwng
vonaenxy abeig pug

laxiy/dung
dinis abeig 15|

13)11ag uonIenxy

A

" snoanby
J3xIN/dwny
ding abelg puz
James ding
a1Ajono3|3 fuong Jiuebiq

31A101193|3 juadg

Juebig
snoanby
laag =c:,um:xm
Jaxipy/dung
uonaenxy abeig 1s)
duebsg uenn|os §1d

Jleujey






149

The extraction reaction for copper can be written as follows:
2 RH + CuS0, — R,Cu + H,50, (5.4)

Vhere R is the copper specific extractant reagent.

Thé efficiency of solvent éxtraction-for copper using modern ex-
tractants and mixer designs is very high. Eighty-five percent recovery
is used as a basis of the generic model. This recovery is achieved

using a two stage extraction circuit.

5.2.2.3 Organic Storage and Cleaning - Figure 5-4

Tankage is provided for the organic phase solution used in the
‘solvent extraction circuit as well as storage for the keroséne that will
be used to make up for system losses. Sclution is drawn from the sett-
lers and centrifuged to remove crud. This term describes the material
which collects at the interface of the organic and aqueous phases. It

can be the result of:

o Solid material which entered the SX circuit
0 Solid material which precipitated in the SX circuit
o Emulsions formed in the mixers

o Often a net of bacterial growth at the interface collecting
precipitated siliceous or calcareous solids.

-The cleaned organic solution is returned to the solvent extraction

circuit,
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5.2.2.4 Raffinate Storage and Cleaning

Raffinate solution, the aqueous discharge solution from the extrac-
tion stage of the processing plant, is collected in a second pond. This
pond and the PLS storage pond are identical in design and construction.
These bonds define the limits of the processing plant and the wellfield.

" The raffinate flow is recycled for injection into thé wells, how-
ever, before the raffinate can be reinjected, a bleed streamvto remove
accumulation of gangue material hés to be removed. Any fluid losses in
the wells have to be made up and acid added to compensate for acid
consumption in the wellfield. 1In this generic design, net fluid losses
in wells are assumed to be zero. Note the acid consumption in the well-
field consists of two sources, gangue material and copper. A bleed
stream would be diverted to an evaboration pond. All the consumption by
gangue material has to be made up. All the acid consumed by 6obper
minerals is regenerated in the solvent extraction. A portion of the
raffinate is bled to eliminate accumulation of gangue. The acid lost in
the bleed stream has to be made up. For evaluation of cosfs'it is‘
assumed that 20% of the raffinate from SX is bled to eliminate gangue
materials. It is assumed that the acid content of this bleed stream is

neutralized by lime. The acid consumption is given by:

Vi, =V, + WW, + W (5.5)

10 "4 9

The lime consumption to neutralize the acid in the bleed stream is

given by:

W, = VW (W ¥, + V) (5.6)
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The total metal sulfates in the bleed stream are given by:

Wy o= Wl + VW, (5.7)

The addition. of acid to the leach solution would be ét the

discharge of the raffinate pond, before the solution is boosted to the

“high injection pressures‘at the injection pumps. Acid is added to

replace the solution not recovered from the leaching zone and to make up

‘for the acid consumed by the gangue materials. Any other solution

treatment required for leaching would be located near the raffinate

pond.

5.2.2.5 SX Strip - Figure 5-2

 Copper is recovered from the organic phase by contact with another

_aqueous solution. Spent electrolyte from the electrowinning operation

‘has a high concentration of acid. When the organic and aqueous phases

are contacted under these acid conditions, the equilibrium in the
extraction equation reverses and the metal ions (copper and any iron
from‘éxtraction) move into the aqueous .phase and the hydrogen ion moﬁeé
into the organic phase. The strip reaction for copper can be written

as:
| R,Cu + H,50, — R,H + CuS0, (5.8)
. The extraction and strip reaction equilibrium is determined by the

concentration of hydrogen ion in the aqueous phase.

5.2.2.6 Electrolyte Storage and Treathent

Aqueous, copper rich solution from the 5X circuit is held in stor-

age before filtering to remove traces of organic solution carried over
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from the strip settler. The organics used in solvent extraction are
detrimental to the deposition of the topper cathode. Strip settlers are
sized to remove all organic that can be separated with the phase separ-
ation of the aqueous and organic phases, hovever, some organic remains °
entrained in the aqueous phase and must be removed. A sand filter is
used to remove the entrained organic phase from the electrolyte. Spent
electrolyte, the copper depleted solution from electrowinning, is held
in storage before being pumped to the strip mixer. Tankage provides
surge capacity between the SX and EW circuits. The electrowinning bleed

solution would be drawn from the spent electrolyte storage and pumped to

the first stage extraction mixer.

5.2.2.7 Electrowinning (EW) - Figure 5-5

Electrowinning of copper is the cathodic deposition of copper metal
from a copper-bearing solution by the passage ofrgn electric current
using an insoluble anode. With this process copper is deposited on the
" cathode and 6xygen, from the dissociation of water, is liberated at the

anode. The reaction for electrowinning is written as:

Cuso, + H,0 ----> Cu+ 1/2 0, + H,50, (5.9)

The amount of copper that is deposited is defined as an electro-
chemical equivalent, i.e., one Faraday, 96489 ampere seconds (coulombs),
will deposit the atomic weight of an element measured in grams, divided
by the valence. The electro-chemical equivalent for copper is 0.02846
.kg/ampere day.

The generation of sulfuric acid during electrowinning allows the
spent electrolyte to be used as an aqueous strip solution without the

need to increase the acid concentration. In general a SX/EV plant would
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consume only such acid as required in leaching gangue and that acid lost
when bleeding the circuits to remove the accumulation of impurities.

A transformer‘and rec;ifier converts the ac power distributed with-
in the plant to the dc current used in electrowinning. The electro-
vinning dc power supply consists of a dedicated transformer; rectifier
and buﬁbar circuit., No other electrical uses are supplied from this
system. The electrical circuit is;fed by a transformer and rectifier,
located outdoors and adjacent to the cell house. The generic model
assumes U.S. standards and that the transformer would receiye 13.8 kv
from an area substation. Thyristor-type rectifiers are used for the
model. These units offer high reliability, no tap changes, and voltage
and current range spanning from near zero to full value. The rectifier
would also include the high voltage switch gear, thyristor control

panel, cooling system, and dec isolators.

5.2.2.8 Anode/Cathode Material Handling - Figure 5-5

The tank house is principally a material handling operation. The

multiple functions are:

o Cathode Pulling - Harvesting is done using an overhead hoist or
crane. Modern practice is to use large, one meter square cath-
odes vhich preclude any manual pulling. The same system is used
for anodes, when cells are out of service for cleaning. Cath-
odes are generally pulled from part of a cell allowing the cell
to remain in service. The same hoist or crane is used to trans-
port the loaded cathodes to the vashlng station and return bar-
ren cathodes to the cells. S

o Cathode Vashing - This step is necessary to remove electrolyte
from the surface of the cathode. Sulfate and oxygen are prin-
cipal cathode impurities that are contained in the electrolyte.
In larger plants, cathode washing is fully mechanized and inte-
grated with the stripping or starter sheet machines. Smaller
‘plants would use a separate station. In both cases, high pres-
sure hot water would be used to clean the surface of the
cathode.
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‘There are currently two types of cathodes being used in electro- -

winning.

o Starter Sheet Cathodes, which are thin copper sheets suspended
from conductive bars and are placed in the cells to become the
base for future deposition. When fully deposited, these cath-
.odes are pulled and the suspension bars removed. The initial,
thin copper sheets are formed by the deposition of copper on
reusable cathodes blanks. Similar to the insoluble anodes,
these cathodes offer a cathodic surface and do not participate
in the electro-chemical reactions. Titanium, stainless steel,
and coated copper blanks are used for this purpose. This system
requires a special electrovinning circuit, stripping station and
starter sheet machine with all the ancillary stations.

Depending on the capacity of the cell house these machines range
from highly automated machines, including many automatic
operations, to manual or semi-manual designs. Their cost is
offset by the cost of the permanent cathode inventory. The
starter sheet system uses the permanent cathode blanks for  the
initial deposition only. Therefore, a smaller number of blanks
are required compared to an equally sized, total production
'cathode. plant.

o Total Production Cathodes, which utilize permanent blanks simi-
lar to the production of starter sheets, except that the deposi-
tion is continued until the cathode has reached full weight. ,
The full deposit cathodes are pulled and the copper is stripped
from the blank’s surface. The blank is returned to the cell for
another deposition cyecle. Titanium or stainless steel are used
for the reusable blanks. Plants utilizing this system need only
a cathode washing station and a cathode stripping station.
Again, the level of automation depends on the plant capacity.
The costs of a starter sheet system and all associated equipment
and that of a permanent cathode system with it’s reusable blanks
and associated equipment are considered equal for this model.
After cathodes have been harvested, washed, stripped or had the
suspension bars removed, they are weighed, bundled, and
strapped, then moved to storage for shipment.

5.2.3 Méterials Selection

The combination of a corrosive electrblyte (sulfuric acid) and or-
ganics require special construction materials. The following guidelines

are used in the design of modern SX/EW plants.

Piping: "’f High density polyethylene (HDPE), low
_pressures, solvent extraction interstage

piping.



Tankage:

Equipment:

Concrete and steel:

Anodes:
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Stainless steel, high pressure pipe and
valves. -

Fiberglass, piping with minimal temperature
changes.

IPolyvinyl chloride (PVC), electrolyte piping

and valves, requires controlled exposure to
sunlight. ’

Mild steel, water and concentrated acid.

Stainless steel, high abrasion and temperature
variations. '

Fiberglass, dilute acid and organics.

HDPE, lining material for concrete vessels or
earthen ponds.

All wetted parts; stainless steel, HDPE, or
PVC.

All surfaces with exposure to electrolyte or
acid are painted with vinyl based paints or
coated with vinylester 'silica sand protective
coating

Lead-antimony alloy anodes have been used
traditionally, these are being replaced with
lead-calcium anodes which offer better
corrosion resistance. Some plants remain with
lead-silver anodes. The model assumes
lead-calcium anodes for costing.

The cost algorithms are based on these materials of construction

vhich are widely used in solvent extraction, electrowinning plants. If

development of a specific in situ site indicates the presence of chlor-

ides, the stainless steel materials of construction will need to be

upgraded to have the greater corrosion resistance that is required

to handle chleoride solutions. For example, 317 stainless steel may be

substituted for 316 stainless steel. This cost has been minimized by

the SX/EVW design, which makes extensive use of plastics: HDPE, PVC, and
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fiberglass. These materials are used wherever possible and have suffi-
cient corrosion resistance to be used with the chloride éolutions.
Stainless steel is uﬁed‘primarily for mechanical equipment: pumps, cen-
trifuges, and electrolyte filters. Thérefore,.the cost to upgrade these
components does not greatly affec; the capital>cost of the full facil-
ity. The cost 6f a singlé equipment item may be éreétly‘affectgd,'butf
the effect is hidden wifh fhe‘accuracy of the surface facil;ties

estimate.

5.2.4 Component Sizing and Costing

The capital cost of a solvent extraction plant is almost exclus-
ively based on the volumetrié throughput. The‘capital.ébst of A solven;
: eitraction train is proportional to the size of the settling basins.
These basins are éized on an area. per unit flow rate based on the dis-
sociation rate of the organic and aqdeoﬁé phases. This resulté in fhe
physical area of the settlers being proportional to the‘blant flowrate.
For fhe'model it has been assumed that a single SX train will be used.
This assumption is valid based on the use of single train, SX plants
which have been designed for flow rates greater than 5,000 gallons per
minute. The design includes PLS and raffinate ponds, extraction and
strip mixer/settlers, tankage, piping and pumps, fire protection, in-
sfrumentation,'electrical pover Qistribution, contrpl room and_plant
office.‘ The capital cost of the electrowvinning piant is dependent on
thelﬁlaﬁt’s productionrof copper cathode. As with SX, the EV designrof
the model assumes a unit cell thch has a fixed size and pfoduction.

For EV the model is based on a standard unit cell defined by deposition
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area, current density, and cell voltage. The electro-chemical equiva-
lent for copper is fixed. This results in a constant weight of copper
produced from a unit cell and, therefore, production is preoportional to ~
the number of unit cells. The unit cell has a fixed physical size so
that the capital cost is proportional to the number of cells or to the
annual plant production.

The method of designing a SX/EW plant based on unit rates results
in a capital cost that is linear when expressed in terms of costs per
unit rate.

The capital cost of the electrowinning plant includes the tankhouse
building, cranes, electrowinning cells, anodes, hardware, transformer-
rectifier, piping and pumping, ventilation, cathode washing, starter
‘sheet ‘or permanent cathode systems and associated material handling
equipment, control room and offices.

The design that the model is based upon uses the following size
criteria:

o Pumps and pipe systems are designed with a 15% margin. During
wvarm weather the SX plant could be operated at 115% of rated
capacity with minimal loss of recovery because of the higher
phase separation coefficient, but during cold weather the SX
plant could operate at higher than the designed flow rate but
wvould experience some reduction in recovery.

o} Electrowinnihg transformers and rectifiers are sized with the
same 15% margin; the instantaneous rate for the cell house could
be increased by this amount.

o The SX/EVW plant could be operated at 115% of its design capacity

" 1f required by the well field production rate for limited
periods of time.

o The SX flowrate could be reduced to 20% of design capacity.by
utilizing recycles and spill back lines on pumps. The EV sec-
tion could operate at minimum current density of 50 amps/m”, to
prevent anode spalling and cathode contamination. This is less

than 25% of capacity. Minimum pumping and solution rates would
be 20% of design. Extended operation at reduced rates would
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require heat to be added to the electrowinning circuit through:

.the existing electrolyte heat exchanges. This operation would be

unusual and the cost of this extra heat is not included in the:

‘model.

The overall volumetric operating range>6f_a SX/EV plant is 25%
to 115% of design capacity. Assuming constant copper loading and
no .loss of recovery, production could range from 25% to 115%.

The following uﬁi; rates define the SX/EVW model:

o

Copper loading, [Cu], grams per liter of copper in the produc-
tion well solution.

Flow rate, Q, the volume of copper rich well field solution
coming to the solvent extraction plant in gpm.

Annual Production, TPY, based on copper loading and flowrate.
TPY = 2.19[Cu]l[Q] - (5.10)

Un1t Cell Production,:. UCP, and Unit Power Rate, UPR, are based

on the follow1ng'

" Current density 200_A/m’
Deposition area ‘ 1m
Current efficiency 90 %

. .EVW availability 95 %
" - Cathode/cell 50
Cell voltage 2.5 v de -

Unit Cell Production is annual production of a unit cell with

the parameters listed above.
Unit cell production 196 TPY

Unit Power Rate, based on the power requlrements and production
of a unit cell ‘

Unit péwer rate: ' ‘ _0:§ lbs/kWh .

The .total capital cost of the SX/EV‘faEility is divided into two

components.

o]

'The first component is the same for all flow rate dependent

costs, and for this analysis can be approximated as a constant
C,(S/gpm) multiplied by the total system flow rate Q. C,_ has
been determined to have a value of $2, 500/gpm.
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o The second component is the sum c¢f all costs that are propor-
tional to the production rate, and for this analysis can be
approximated as a constant C_ ($/TPY) multiplied by the produc-
tion capacity Y. C_ has been determined to have a value of
$650/TPY.

The total SX/EVW capital cost in dollars expressed in generic ;
format is given by EP , in equations (5.11) and (5.12).
EP, = C,Q + C. Y (5.11)

C, = 2,500, C_ = 650 for this analysis (5.12)

¥

The algorithm for EP, is based on recently designed SX/EV plants by
Davy McKee Corporatiqn, eifher in commercial operation or under con-
struction. ﬁata from these actual plants were recast to reflect the
cost of similar plants built in tﬂe Southwest United States; This
algorithm compares with published costs of plants recently built by
other firms in the same area. If the algorithm is to be used outside of
the Southwest United States, costs should consider the plant’s location.
The algorithm assumes a plant site with minimal earth vork or soils
problems. If a location is selected and requires extensive civil earth
work, additional cost§ need to be added. The algorithm does not
represent a given plant but a cost to build a plant that would be used
to process sclution from an in situ well field,.

Based on the experience of Davy McKee Corporation in estimating the
capital cost of solvent extraction, electrowinning plants, the capital
cost algorithm will give the cost of a SX/EW facility within 20% of the
actual plant cost. The capital cost is the summation of the costs
incurred in the design, purchase, delivery and construction of the

facilities but does not include:

¢ land costs ' 0 interest during construction
o development costs o costs to provide materials
o taxes and insurance - o wvater and electricity to the

plant boundaries
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The capital cost assumes an 18 month schedule for design and
engineering, and 18 months for plant construction. No allowance for

escalation during this period is included in the capital cost algorithm.

5.3 Vellfield Surface Facilities Specifications and Costing

The major components for which generic operating specifications and
cost algorithms‘érexdeveloped in this section coﬁsist of: plant/
wellfield interconnecting piping; interconnecting piping between‘ﬁells;
injection pumps; and production pumps for fan wells. .

Distribution of lixiviant to and from the wellfield will be handlgd
with loQ pressure PVC pipe; Froﬁ the injectioh pump, 1§cated in the
wellfield area, plastic lined carbon steei pipe will be used. This Qill
consist of one large diameter pipe to a central location in the well-
fielq and Smaller diameter pipe frbm a header to eaéh ihjection vell.
.Connéctibns from the pipes to the wellhéad are made using reinforced
rubber hose (EPDM rubber).

Specifiéations and costs for production pumps for vertical well
patterns are E6ntained‘in‘Chgpter 4, since each vertical productipn vell
contains a pump. In the case of fan wells, the well pattern design
utilizes graVity drainage in each préduction well, with subsegquent cen-
tralized accumulafion of production fluids for lifting to the surface
with one or several largé pr&duction phmping units. Although these lift

_fpumps are located underground, specifications and costing are contained
jl'in this section because both are primarily related to total system flow
rate and lift head. |

The ﬁanpower requirement for operation and maintenance of the well-
field is contaihéﬂ in Section 5.6. Maintenance costs for wellfiel&

equipment are specified in Chapter 4.
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5.3.1 Interconnecting Piping

Design parameters that must be considered in sizing and costing
piping are: the maximum operating pressure; materials of construction;
- maintaining low friction drop; the total length of piping; and the cost
of pipe per foot of length.
| The maximum operating pressure is governed by the depth to the top
of the orebody and the fracture gradiént, since the injection pressure
during operation is maintained below the rock fracturing pressure. This
maximum pressure at the surface is equal to the difference in fracturing
and wvater gradients multiplied by overburden distance, equation (5.13).
For underground patterns this maximum pressure equals the fracture gra-

dient times the overburden distance (5.14).

P, = (a, -a,) (D-H S (5.13)

Is

P, = a, (D-H) (5.14)

I

Typical values for a

¢ range between 0.7 psi per foot to 1 psi per foot,

the latter value is associated with generating horizontal fractures at
shallow depths,‘approximately less than 1000 feet below the surface. An
upper limit of 1300 psi for P__ is calculated using: 0.7 psi per foot;
3000 feet of depth (maximum for this design manual); and 0.433 psi per
foot hydraulic gradient. It is assumed that the same pressure rating i;
used on the production lines since it is likely that production wells _
could be used as injection wells, and vice vefsa, at some poin;-in the
operation.
Piping should be sized to ensure that the friction drop does not

exceed 0.06 feet of head per foot of length. Pipe sizes which meet

" this criterion are listed in Table €.2 as a function of flow rate. The
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flow rate used for wellfield interconnecting piping is the rate per hour
per rov of injectors. For a 5-spot pattern this flow rate (q,,) is
equal to the total system flow fate divided by the number of rows of
injectors, and is given by (5.13). Fﬁr a fan pattern this‘flow rate
(qxo) equals the system flow rate divided by the total nﬁmber of

crosscuts, and is given by (5.16).
q,, = [OqI]l/z, 5-spot (5.15)

: VI o
Q. = [qujl/ZE;;J , fan pattern (5.16)

To determine pipe sizes connecting the wellfield to the SX/EV plant
the total system flowirate Qlis used in Table C.2., page 391, to selecf
the appropriate pipe diameter.

The total length of interconneéting piping for the S—spot patternl
is calculated by multiplying the_spaﬁing per pattern by the sum of the
rovs of injectors and producers. Experience Qith piping layouts indi—j
cate this number should be mulfiplied by two toraccount for piping be-

tween wells and rovw manifolds.

T

L = 28[20/q, + 2(Q/q)*’? + 1], S-spot (5.17)

The length of interconnecting piping for the fan pattern equals the
total length along the crosscuts and drifts. It is assumed that at each
vertical layer two drifts are psed to service all crosscuts. For cost;
ing purposes the.total‘length is multiplied by two. |

™

dg1t?
Ly, = 2d(0/q, ) + 4(Q/q;)'"? k—} , fan pattern (5.18)
2 : .
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The total cost for wellfield interconnecting piping EP, is obtained
by multiplying the total length (L, ) by a unit cost factor C, .

Typical values for C, . are listed in Table C.2 page 389.

EP, = Cppylry | (5.19)

The total cost for piping connecting the SX/EW plant to the well-
field is noted by EP, which equals the total footage L, multiplied by a

unit cost factor C,., listed in Table C.Z page 389.

T

EP, = C___L (5.20)

5 PLT TT

5.3.2 Injection Pumps

Injection pump capital costs are cglculated in the modél on a cost
pef horsepover basis. This is an initial, one-time cost. These pumps
;re normally 80 to 90% mechanically efficient. Operating cost is re-
lated to power consumption and the cost of electric power and is dis-
cussed in section 5.4.1,

Injection pumps are normally of centrifugal or plunger designs.
They must have a long life for use with a corrosive lixiviant. The
plungef pumps'are more flexible in terms of pressure and flowrate, but
have more moving parts. Pump suction shéuld be adequately designed to
prevent cavitation. Plunger pumps should be equipped with safety reiief
valves and pulsation dampeners on the bump Aischarge. Multiple pumps
vith redundant capacity are required to allow for maintenance and un-
scheduled downtime.

The total horsepower required for injection is proportional to the
system flow rate times the pumping head divided by the % efficiency of

the pﬁmp, equation (5.21). It is assumed that injection pumps for both
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+ surface and underground mining are located on the surface within the

wellfield area.

a
HP, = 0.000252 lE;i - 1}(D-H) ]Q/n ‘ (5.21)

w
The total cost for injection pumps is obtained_by multiplying the

injection horsepowver by a cost per horsepower, equation (5.22}.

EP, = C, HP - ' L (5.22)

The value of C _ is-obtained by averaging single or multiple pump
costs over the horsepower range considered. A recommended value is
$150/HP.

5.3.3 Fan Well Production Pumping

Pregnant solutions are to be gathered from thé underground workings
bylgravity collection at a céntfal sump. The liduor is then lifted to
the surface using largé plunger or multistage centrifﬁgal pumbs. This.
is a one-time initial capital cést. | |

The total horsepover required for lifting production flﬁids is |
proportional to the system flow réte times. the total pumping head divid-
ed by the % efficiency’of the,bump, equation‘(5.23)5 The pfoduction a
pumps are locafea in the underéround workings. Uhefé multiple)vertiéal‘
layers of faﬁ modules are useduthe lifting head may“excéea the dverburi

den. However, for costing purposes it is assumed edual to the overbur-

den on a generic basis.

HP, = 0.000252[(D - H)]Q/n . (5.23)
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The total cost for production pumps is obtained by multiplying the

injection horsepower by a cost per horsepower, equation (5.22).

EP, = C,HP, (5.24)

3

5.3.4 Vertical Vell Pumping

The capital cost for vertical well pumps is given in Chapter 4 as
part of the production well cost. Horsepower requirements for power to
~lift the total system flow rate from a power cost standpoint are given

by (5.23).
5.4 Utility Requirements

5.4.1 Electricify _

Electrical pover demand is the largest, single utility‘requirement’
of the surface facilities and electrowinning acecounts for 95% of the
surface plant’s demand excluding wellfield pumping. The consumptions of
water, steaﬁ and compressed air are small and the associated costs are
included in the the plént electrical costs. For fhis model electro-

winning powér requirements can be simplified to 0.9 lbs/kWh.

5.4.2 Vater
Personnel requirements are 50 gal/man/day. The main point of water .

consumption in the surface plant is in electrowinning where water is

consumed in the electrolytic process. This rate is based on the cathode

production rate and is 0.034 gal/lb cathode.
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'5.4.3 Fuel

No requirement is specified.
5.5 Staffing

5.5.1 Administration

The administration staffing for the model’assumes that the opera-
tions are independent and provide for the daily supervision_énd admin-
‘istration of the facilitiés. No provisions are made for sales and mar-
keting of the cathode, or corporate management. Typical staffing would

' be:

Position L Number-of-embloyees

Plant Manager
Metallurgist
Wellfield Engineer
Chemist :
Technicians
Clerical
Accounting

Traffic

AN oD ==

Total . half of the EV staffing (a + b
' + ¢ + d) + professional staff
5.5.2 Operations
‘The wellfield operation is not labor intensive and the staffing is

as follows:

Position Number of people
Foreﬁﬁn v 4
Operator . oo 4
Labor 2

Total 10
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By the nature of their design solvent extraction plants require
minimal attention. There are few pieces of rotating equipment and their
gperation is éonstant. The plant does require close metallurgicﬁl moni—
toring for best performance. A typical staffing for solvent extraction

circuit would be:

Position Number of people
Foreman 4
Operator 4
Labor 2
Total 10

This staffing would be constant up to 5,000 gpm for a single train
plant. If multiple trains are to be used for flow rates greater than
5,000 gbm, the staffing should be adjusted accordingly.

The operation of an electrowinning plant requires manpowér‘in prb~
portion to the production of the plant. The work is mostly dedicated to

material handling and quality control. Typical staffing would be:

Position _ Number of people
. Small plant Medium plant Large plant

Foreman

Elec. Operator
Lead Operator
Crane Operator
Cell Top Crew
Machine Operator
Shorts Crew
Circulation Op'r
Fork Lift Op‘'r
Labor

(VI N U N - I S NN N

WM =D
oo RS

)
F =
(3]
w
&
o

Total
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3.3.3 Maintenance

Maintenance staffing reflects the needs for the surface plant. A
largerlplant can afford a large staff with specialized employees; a
small plant requires the same capabilities and empldyees with multiplef
skills. For the model fhe maintenance staffing was assumed to be half

of the operations staff. Typical staffing would be as follows:

Position S Number of employees

Maintenance Foreman
- Mechanical Foreman
Electrical Foreman
Instrumentation Repairman
Journeymen & apprentices

W =

Total ' ~ half of the EV staff (a) + supervision

The total manpower in numbers (ST) is represented as a function of
total production capacity Y. Below 12,500 TPY staffing remains '
constant. For other levels of TPY staffing is calculated by

.interpolation.

o Small plant (12,500 TPY)
| ST = 3.2(Y/1000) + 32 (5.25)
o Medium plant (25,000 TPY)
ST = 2.4(Y¥/1000) + 32 ‘ (5.26)
o Large plant (S0,000 TPY)

ST = 1.6(Y/1000) + 32 - (5.27)



5.6 Surface Facilities Operating Costs

5.6.1

Salaries

Number of employees

Administration

Plant Manager
Tech. Staff

Admin. Staff/1,000 TPY

small plant
medium plant
large plant

Operations

Wellfield
Foreman
Employees

sX
Foreman
Emplovees

EW
Foreman
 Employees/1,000 TPY
small plant
medium plant
large plant

'~ Maintenance

Foreman

Employees/1,000 TPY
small plant
medium plant
large plant

Totals

Salaried Staff
Employees
small plant
medium plant
large plant

&~

O

OOOo
£ o

w

(@R Yo
&~ O
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Annual cost($)

84,000
252,000

33.6/TPY
24.8/TPY
16.8/TPY

224,000
294,000

224,000
294,000

224,000
67.2/TPY

50.4/TPY
33.6/TPY

150,000.

39.2/TPY
29.4/TPY
19.6/TPY

1,138,000

588,000 + 140 x TPY
588,000 + 105 x TPY
588,000 + 70 x TPY
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Annual labor cost

1,746,000 + 140 x TPY (small plant) (5.28)

EP, =
EP, = 1,746,000 + 105 x TPY (medium plant) (5.29)
EP. = 1,746,000 + 70 x TPY (large plant) o (5. 30)

1

Annual labor costs include the basic salary plus 407 for benefits
and four indirects.

5.6.2 Consumable Materials
A properly designed and cperated SX/EW plant_tonserves its material

'cest by recycliné solutions, Some solutions ere discarded and must be
_ replaced; whiie not consumed in the preeess, they can be treated as
consumabies. Costs for a typicalroperation are developed in terms of &
o ounit cost and a ueage rate. Typical or recommended values are shown in
Table C.2. | |

. The annual cost:of consumables is divided into flow rate and.pro—'

duction rate dependent costs.

o Flow rate dependent annual cost

This consists of the SX costs for extractant (C W Q) and SX
costs for diluent (C v Q) The total cost is represented by

EP_, using (5.31). ‘

EP., = QCW, + CW,). (5.31)

§

o Production capacity dependent annual cost

This consists of: EW reagent cobalt sulfate (C.W 3 1) anodes
(C Y), sulfuric acid (C,V. _Y); and lime (C 1) %) Values for
Wlo and W, are given by (é 53 and (5.6). The total annual cost
is represented by EP using (5.32). : .

" EP_, = Y(C,W, + C,W, + C,W  + CV,) . (5.32)

The total annual cost of consumables is given by (5.33).

EP_ = (EP., + EP_,)(E,/100) (5.33)
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The algorithms do not include any allowance for the delivery of the
materials to the plant site. Therefore, the unit costs of these materi-
als should include the necessary freight cost to deliver to and unload

at the plant site, i.e., FAS Owner’s warehouse.

5.6.3 Utilities

o Electricity

The cost of electricity includes: power for electrowinning; all
other components of the processing plant; and wellfield
injection and lifting of fluids. Annual costs are computed by
multiplying power usage by unit cost factors. The power for all
non-electrowvinning components excluding the wellfield, is taken
at 105% of the electrow1nn1ng power. Unit cost factors L, and

are listed in Table C.2. Horsepower for injection ana
ll%tlng of wellfield fluids is given by (5.21) and (5.23). The
annual power cost is given by (5.34) in generic format. When
underground wellfields are used, the horsepower for the mine
plant electricals, HP,, is added to HP, and HP .

EP, = C_ [o (HP + HP ) + °5Y](Ep(100) (?.34)
"o WVater

The annual water costs include water for personnel requirements
and process usage. This cost is given as:

= [18,250 ST + 68 Y (E,/100)]C, (5.35)
The total cost of utilities is given by |
EP, = EP_ + EP, | .(5.36)”
The algorithm does not include any allowance for the transmission |
of electricity to the plant’s boundaries. Therefore, the electrical

unit cost should include the cost to deliver electricity to the plant

Site.
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5.6.4 Maintenance

Annual maintenance costs include the processing plant and the well-

field. The former is assuhed to be 3% of the installed capital cost

of

the SX/EW plant, the latter is assumed to be 10% of the wellfield cost

for surface drilling and 15% for drilling from the underground.

¢ Surface plant

EPys =
o Wellfield
EP ., = 0.10 EW, sufface dfiiling' ' ' (5
EP,, = 0.15 EW, underground drilliné" (5
The totai annual maintenance cost is EP,: ?
EP_ - EP._ + EP L | o (5.

M- M5 MW

5.6.5 Environmental Monitoring Cost

The annual cost for monitoriné has.been estimated to be $80,300

Section 6.5.3.

EP,, = $80,300 . (5.
5.6.6 Total Annual Operéfing Cost
The total annual operating cost is noted by EP,.
EP, = EP, + EP_ +« EP_ + EP_ + EP_, (5.

5.7 Initial Environmental Costs

5.7.1 Environmental Permitting Costs

0.03 EP, | o : (.

37)

.38)
.39)

40)

in

41)

42)

Section 6.5.1 discusses the requirements and estimated costs that

are likely to be related to permitting an in situ copper mining
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facility. The cost is represented by EP,, and for this analysis has

been estimated to be $462,500. The user has the option of varying this

. . . a
parameter in the economic analysis. ‘

EP, = $462,500 (5.43).

5.7.2 Monitoring Well Costs

Section 6.5.2 discusses the development of a generic algorithm for
estimating monitoring well costs. It is assumed that‘one set of wells
are drilled to the bottom of the ore zone at a given areal density, and
that a second set of wells are drilled to straddle the wvater sa;uration
level at a sescond areal density. The water saturation level is assumed
to be approximated at 500 feet below the surface. The generic cost

algorithm is given by EP,.

EP, = [C,,D + C, WDIA,_ (5.44)
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CHAPTER 6

ENVIRONMENTAL PERMITTING IN STATE OF ARIZONA

6.1 OVERVIEﬁ OF PERMIT REQUIREMENTS AND KEY IéSUES

The environmental permit process associated with the construction,
operation and reclamation of an ISL facility in Arizona involves
federal, state and local regulatory agencies and several environmental
issues. Due to the nature of the ISL approach to mining copper, the
primary issues are those related to fhe protection of groundwater
quality and the conservation of the groundwater rescurces. 1In
conjunction with these groundwater protection concerns are those of
minimizing impacts on surface water quality, soil/vegetation/wildlife
resources, air quality, cultural resources and visual/noise conditions.

Environmental laws relating to underground injection are designed
to protect groundwater quality or manage the groundwater resource. The
legislative intent of these laws is administered through the rules and
regulations of three agencies: the U.S. Environmental Protection Agency
(EPA), the Arizona Department of Health Services (ADHS) and the Arizona
Department of Water Resources (ADWR). The EPA presently maintains
regulatory authority in Arizona through the Underground Injection
Control Program (UIC) which was promulgated under Part C of the Safe
Drinking Uafer Act (SDWA) and the Resource Conservation and Recovery Act
(RCRA). The general provisions, requirements for state programs and
technical standards of the UIC Program are contained within Parts 144
Ithrough 146, 40 CFR, Chapter 1. Through the EPA UIC rules and
. regulations, the EPA enéourages each state to establish and administer a

UIC program by seeking and receiving approval of a specific plan, as
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outlined in 40 CFR, Chapter 1, Part 145. To date, Arizona does not have
such a program.

Since July of 1984, water pollution control in Arizona has been
administered by the ADHS as spgcified in Artiele 2, Chapter 20 of the
Arizona Compilation of Administrative Rules and Regulations (R,9—20~201
through 226). However, the entire Arizona environmenfal permit
structure and degree of regulatofy aufhority related to aquifer
protection is now in a period of transition due toc the enactment of the
Environmental Quality Act (EQA) of 1986 (House Bill 2518, Chapter 368).
The effective date of this enabling legislation was August 13, 1986, but
two to three years of rulemaking will be requifed to implement the
intent of the new law.

The Arizona EQA is viewed as one of the most comprehensive state
environmental laws nov in existence. The EQA authorizes the formation
of a new Department of Environmental Quality (DEQ) on July 1, 1987, with
the authority to protect the state’s water reséurces from all activities
that have the potential to degrade‘water quality. The new DEQ permit
structure will require the permit applicant to demonstrate the use of
the best available demonstrated control technology (BADCT).to ensure
. aquifer protection. The EQA initially classifies all aquifers in
Arizona as sources for drinking water. Exemptions tb the general
aquifer clﬁssification will require specific hydrologic evaluations and
assurance that adjacent sourceé of_drinking vater are propected.

Modeled after the federal superfund law, the EQA esfabliéhes the
financial strﬁcture and DEQ authority to remediate water pollution

problems.
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The ADHS/DEQ is obligated by the EQA to establish a UIC program for
Arizona. A draft regulafdry agenda recently issued by the‘ADHS targets
April of 1988 as a submission date for draft UIC regulations.‘ Following
reviéw and-public hearings, a certification date of December, 1988 is
tentatively planned. To acquire prihacy over the EPA for injection
controi, the new DEQ will need to emplace UIC rules and regulations in
conformance with the UIC-EPA requirements. Those EPA_requirements do
not precludé Arizona from adopting a more stringent or more extensive '
program (40-CFR-145).

In Arizona, the management of surface water and groundwater
resources is administered by the ADWR. Due to a long-term overdraft
problem in sohe of Arizona's lafgé-alluvial groundvater basins in the
central and southern portions of the state, a comprehensive groundwater
management act was pasééd by the Arizona legislature in 1980 (The
Groundwater Code). The Code established‘four active management areas
(AMAs) and three noneiﬁansion afeas, as shown on Figure 6.1. Generally,
the use of groundwater in the AMA’s is more striétly regulated, with
explicit mandatory conservation measures required. The Code'basically
restricts the withdrawél of groundwater to those_with:groundwater rights
or permits, and institutes a 45-year management and consefvétion
program. | |

In an effort to conserve the groundwater resources within an AMA,
the management plans have established conservation requirements for
metal mining facilities. These requirements obligate the oberators ofA
existing and new faéilities to apply the latest commercially available
conservation technolegy which is consistent with alreasonable economic

return. Although the specifics of the AMA management plans normally
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deal with water consumption in the tailihgs di#posal operation, the ISL
process would be scrutinized to evaluate its consumptive use and ﬁethods
to conserve the resource. The AMA plaﬁs also specify monitoring and
reporting fequiréments, and recommendatioﬁs for cooperative research and
long-range conservgtion for the ﬁining industry.
| In its designated role in water resource management, the ADWR also
regulates the édnéfructioﬁ of wells and licensing of well drillers, as
" specified in the rules and regulation§ of Title 12, Chapter 15; Article
'8 (R12-15-801 through B821) and the Arizona Revised Statutes; Title 45,
Chapter 2, Article 10 (45-591 through7604)i In briéf, the ADWR sets
quality standards for the rehabilitation,»déepening,Ireplaceﬁént,
completion and abandonment of wells, aﬁd administerS'the testing and
licensing of’wéilldrillers. Within aﬁ AMA for entifieS'which hold priqr
frighfs,‘the deepening or replacement of a well requires the filing of an
Intention to Drill. The ADWR subsequentlyﬁrevieﬁs this notification and
approves or disdpproves of the actions in accordance with specific rules
! and regulations. The same holds true for new or replacement wells in an
area not subject to active management, Vithin AMAs, new consfruction is
subject to a permit process. The permit application specifies well
construction details, well location, ownership and other daﬁa, and is
subject to AQUR approval~withiﬁ 60 days of submiséion; For the
deepening of existing wells and the construction of newv or replacement.
vells, all wofk must be performed by a duly licensed well driller who is
required to file a completion réport within 30'da§s for each vell.
Although regulatory jurisdiction in Arizonaﬁis not_clearly défined,

the state entities discussed above will probably assume that the
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environmental_permit and compliance requirements of their particular
agency are in force, regardless of land ownership. By far, the most
unclear situation rélative‘to this issue is the jurisdiction over Indian
| lands administered in trust by the U.S. Bureau of Indian Affairs (BIA).
The BIA, in turn, utilizes the U.S. Bureau of Land Management (BLM) as aj
"mining supervisor" on mining lands covered by a permit or lease. The
staff of the permits section of the ADHS contends that the language of
the ARS 36-1865 provides the ADHS with regulatory authority on Indian
lands. Whether the DEQ will continue t‘o consider Indian lands within
their jurisdiction remainslin question.

The preservation and protection of environmental resources on
federal lands administered by the BLM or BIA is entruéfed to those
agencies and subsequenfl& defined by the federal regulations of
43-CFR-3570 and 25-CFR-216, respectively. The technical requirements of
these two bodies of regulations are quite similar; in fact, the BIA
regulations nowv specify that the BLM will assist in the supervision of
the environmental requirements. The regulations establish several '
overall objectives in addition to environmental protection, including
the promotion of effective prospecting, avoidance of loss of the mineral
resource, and worker health and safety.

The BLH/BIA regulatory structure requires the submission of severa;
plans by the mining operator. These plans are grouped into an Operating
Plans category, which includes explo;ation plans, mining plans and -
revegetation plans. Contained within this body of environmental
submittals are descriptions of preventive measures to protect the
environment, proposed methods of mining, reseeding plans and proposed
reclamation actions. These regulations are broad and quite narrative,

resulting in considerable latitude for administering the intent of the
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regulations. ‘It should be expected that the degree of characterization
of the natural and cultural resources required will be contingent upon .

the perception of potential deleterious impacts. As an example on

Indian lands, the potential for'impécting archeological resources may

trigger considerable preconstruction site studies to adequately define

and mitigate any environmental consequences.
Should a proposed ISL project be located on federal lands

administered by the U.S. Forest Service (USFS),‘the regulatory

"requirements may differ from those of the BLM or BIA. Mining

development.on USFS lands normally involves more vegetated terrain,
significant wildlife h;bitats, and regions,of.perennial stream flow and
groundwvater recharge. The permit'strucfpre of fhe'USPS.is tvofold.
First, the USFS requires thé submission of a comprehensive opera&ing‘
plan similar to that required by the BLM (36-CFR-228.0).. In adaition,
an environmental assessment or impact proceﬁs can be put into motion as
a result of a notice of intent to mine; The scope of‘such a process is
again contingent on fhe size of thé project and the anticipated level of
environmental impact. | |

The most comprehensive bédy of environmental regulations related to
uﬁdefground injection control are those prﬁmulgated by the EPA-UIC

program on July 24, 1980. The UIC program establishes a regulatory

format based upon an injection well classification system and

authorization to injéct‘by rule or by permit. For the subject ISL
mining scenarios, two well cléssifications are involved. The EPA has
designatgd one category of wells (Class III) for installations which.are
used to extract minerals ffom ore bodies which have not been

conventionally mined. Injection wells and other solution mining
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techniques applied to the extraction of minerals from previously mined
~areas falls under a broad miscelleneous classification (Class V). As
will be discussed at length in Section 6.2.2 of this document, the
underlying différence between the Class III and Class V vells is the
fact that the Class III well is authorized by permit, whereas the Class *
V is authorized by rule. The permit process is much more involved, in
terms of the level of site and process characterization required, and
reporting/monitoring requirements.

Part 145 of the EPA—UIC regulations establishes guidelines and
requirements for the establishment of state UIC programs. To obtain
primacy over the EPA, the Arizona DEQ will be cbligated to confqrm to
these requirements. One can expect fhe Arizona UIC regulations to
parallel the EPA-UIC regulations. As such, the Arizona program will
specify construction standards, reporting/monitoring requirements, a
permit format, plugging and abandonment guidelines, a schedule of
compliance and assurance of financial responsibility.

Although subordinate to the environmental issue of protecting water
quality, the development of an ISL facility will involve another nermit
process for the protection of air quality. Air quality regulations in
Arizona are administered by the ADHS or, in some‘cases, county air
quality control districts. As specified in ACRR, Title 9, Chapter 3,
installation and annual operating permits are required. These permits
are designed to specify_the‘allowable quantitiés of fugi;ive dust and
volatile organic contamination.

Should a proposed ISL facility nave the potential to impact the
environmental quality of navigable watervays, lakes, streams or

vetlands, the Department of the Army maintains regulatory jurisdiction
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as .authorized by Section 10 of the River & Harbor Act of 1899, Section

" 404 of the Clean Water Act and Section 103 of the Marine Protection,

Research and Sanctuaries Act. The regulatory program is administered by
the U.S. Army Corps of Engineers and is normally identified as the 404
Program. As defined in 33-CFR-320.0 thfough 330.0, the 404 Program |
permit application process requires the‘identification of the>locatioh,
purpose and nature of the proposed activity and the submission of des1gn

drawxngs. The appllcatlon is then subJect to agency and public

~ scrutiny.

Although not congidered to be environmental in natufe, the

prospective ISL operator should be aware of a variety of permit

- processes and conformance to codes which could impact project schedule .

- and cost. In brief, the Arizona county governments maintain building

" and fire codes, and enforce standards for the installation of septic

disposal systems. The State Mine Inspector regulates mining activities

" and abandonment procedures as they relate to vorker and public safety.'

" The ADWR regulates the construction of dams and issues dam safety

permits. Tribal entities on Indian lands in Arizona maintain the right

“ to approve or reject mining plans of operation and establish specific

o

" restrictions related to employment and protection of cultural resources.

The EPA is in theyprocess of developing regulations for mine wastes

“under Subtitle D of RCRA. Recently, "the EPA issued a decision that -mine

wastes should not'be‘categorized as hazardous waste under Subtitle C

(40-CFR-261.0). This latest action instructs EPA to pursue the revision

- of Subtitle D regulations for the inclusion of mine wastes, as they vere

originally designed to regulate municipal wastes. Studies are now

undervay, with the intent of proposing revisions to Subtitle D criteria
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by mid-1988. Much of the emphasis related to mine wastes deals with
tailings disposal practices and heap leach facilities. In what manner
an ISL operatioﬁ would be involved with these regulations is unclear.
The key issue is the definition of waste as applied to the operation and,
subsequent abandeonment of an ISL facility. An examble is the potential ;
for classifying the remnant process fluid# in the ore body as a waste.
If this is considered appropriate by the EPA, fhe RCRA Subtitle D
regulations may -impose some constraints on the level of restoration
required. In actuality, it is not anticibated that such RCRa
involvement would cause a significant change in fhe closure requirements
already delineated by the EPA-UIC program and the Arizona EQA.

During discussions with professionals in the mining industry, the
project team and representatives of the various agencies, several key
. environmental issues have arisen. These issues are significaht because
they embody all the potentials for water and air quality degradation.
The environmental permit application processes for any ISL development'
vill need to address these issues in some manner. As related to fhesé
issues, the remaining portions of this chapter further identify the
permit requirements, methods to satisfy these requirements, and
delineate the regulato;y stance on some of the concerns. Some of the =
issues are too site specific to be fully answered within thg context of -
a generic document.

The following summarizes the key environmental and regulatory
concerns expressed during development of this generic presentation.

o Inherent design features of the ISL processlwhich protect

--overlying or adjacent sources of drinking water.

o The potential water quality impacts on overlying aquifers
resulting from leakage upward through exploratory drill holes.
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o Degree of hydrelogic isolation required to protect groundwater
quality.

o Potential environmental effects of employing polymers to
eliminate short circuits.

o Acceptable methods and level of monitoring required.
o Determining the necessity to restore ore body water quality, the
degree of such restoration and the timing of required

restoration.

o 'Defining what constitutes an aquifet and opportunities to
exempt.

o Potential for environmgﬁtel effects resulting from matrix
modification by blasting or stimulation by hydraulic fracturing.

¢ Regulatory provisions for the creation of saturated conditions .
in a previously unsaturated profile.

o Nature of the process fluids and potential for air/water quality
degradation in SX-EW above-groﬂnd.circuit.

o Upon cessation of operatlons, fate of various spent fluids and
solid wastes in SX-EW plant. ' : ‘

o Degree of hydrogeologic éharacterizatipn prior to permit
acceptance and role of hydrological medeling.

0f the variety of environmental factors which affect ISL proceés
feasibility, restoration encompasses the most uncertaih arena.
Questions exist as to its technical effectiveness, cost, and whether
permitting will requiré active restoration. Aquifer qestoration is
defined as the reduction of the concentrations of lixiviants'ahd other
mine-related contaminants within a saturated ore body to acceptéble
levels following,fhe completion of mining activities. The regulatory
- definition of acceptable levels will vary, depending.on site specific
conditions. For some ISL 6perations,lit could be necessary to feduCe
contaminant levels to baseline water quality levels. For ére bodies
which ;re hydrelogically isclated from sources_bf drinking water, the

active restoration of baseline water quality levels may not be required.
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6.2 REGULATORY PROVISIONS, AUTHORIZATION AND CONSTRAINTS

Considering the lack of a specific Arizona UIC program and the
general descriptive nature of other federal regulations (BIA, BLM,
USFS), the EPA-UIC regulations provide the most current insight into thg‘
regulatory constraints that will be imposed on the ISL pfogram. The EPA"
program is used as a basis for discussing the permitting criteria and
requirements, with comparatiQe and supplemental discussions of the other
regulations. As previously mentioned, groundwater quality protection is

the focal environmental issue.

6.2.1 Aquifer and Underground Sources of Drinking Water - Definitions
and Aquifer Exemptions .

As defined by the EPA in the UIC regulations, an aquifer means a
geological formatiﬁn, group of formations or'part of a formation fhat is
capable of yielding a significaht amount of Qater to a well or spring
(146.3). The new Arizona EQA has adopted similar 1aﬂguage in defining
an aquifer; a geologic unit that contains sufficient saturated permeable
material to yield usable quantities of water to a well or spring
(36-3501). There appears to be adequate latitude in both the Arizona
EQA and the EPA definition of an aquifer to classify a saturated copper
ore body as an aquifer. In both céses, however, sufficient flexibility¥
is provided so as not to preclude ISL mining under certain conditions.

In terms of the EPA regulations, the exemption of an aquifer is
firsf contingent ﬁpon the fact that the geologic unit meets the criteria
in the definition qf an "underground source of drinking water" (USDV).

A USDV is defined as an aquifer or its portion which meets the following

criteria (146.3):



188

0 Supplies any public water system; or

o Contains a suff1c1ent quant1ty of groundwater to supply a public
' water system; and

Currently supplies drinking water for human consumption; or

Contains fewer than 10,000 m1111grams/11ter (mg/1) total dissolved
solids; and

o Which is not an exempted aquifer.

Should the geologic unit containing the ore body meet the defini- -

tion of an USDW, the EPA regulations (40 CFR 146.4) provide criteria for

exempted aquifers, as follows:

o It does not currently serve as a source of drinking water; and

o It cannot now and will not in the future serve as a source of
drinking water because:

It is mineral, hydrocarbon or gecthermal energy producing,.or can
be demonstrated by a permit applicant as part of a permit applica-
tion for a Class II or III operation to contain minerals or hydro-
carbons that considering their quantlty and location are expected

- to be commercially producible;

It is situated at a depth or location which makes recovery of water
for drinking water purposes economlcally or technologlcally
1mpract1ca1

It is so contaminated that it would be econcmically or technologi-
cally impractical to render that water fit for human consumption;
or ‘ ‘

It is located over a Class III well mining area subject to
subsidence or catastrophic collapse; or

o The total dissolved solids content of the groundwater is more than
3,000 and less than 10,000 mg/l and it is not reasonably expected to
supply a publlc vater system.

"~ In summation, the issue of aquifer definition and classification in

terms of the EPA-UIC program appears to provide three avenues.by which

saturated ore bodies could be mined by ISL methods. First, low
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permeability and poor water-bearing characteristics could preclude the
initial definition of ‘the ore body as an aquifer. Secondly, should
aquifer yield be considered significant, the aquifer could be insuffi-
cient in it§ vater-bearing characteristics or water quality to be
classified as a USDW. Finally, a portion of a USDV could be exempted if
it meets specific criteria.

The languageiof the nev Arizona EQA approaches the issue of aquifer
standards, classification and exemption in a different manner. The DEQ
is instructed to adopt, by rule, numeriéal vater quality standards for
all vaters. Numeric limitations on the concentrations for 126 toxic
priority pollutahts will be adopted by 1990. The EQA initially
clgssifies all aquifers in the state for drinking water use. Other uses
require reclassificatiopﬁunder a stringent set of guidelines parapﬁrased

from Arizona EQA (8/13/86) Section 36-3524:

C.1 The aquifer or part of an aquifer is or will be so hydro-
logically isolated from other aquifers or other parts of the
same aguifer that there is no reasonable probability that
poorer quality water from the identified aquifer or part of an
aquifer will cause or contribute to a violation of aquifer
water quality standards in other aquifers or parts of the same
aquifer. ‘

C.2 Water from the aquifer or part of an aquifer is not being used-
as drinking water.

C.3 The short-term and long-term benefits to the public that would-
result from the degradation of the quality of the water in the
identified aquifer or part of an aquifer below standards would
significantly outweigh the short-term and long-term costs to
the public of such degradation. Benefits and costs to be
considered include economic, social and environmental.

D. Owners or operators of facilities whose discharges are solely
responsible for creating an agquifer may petition the DEQ for a
classification of the aquifer for a nondrinking water use.

E. Public participation is mandatory. At least one public hearing
is to be held at a location near the aquifer proposed for
reclassification.
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‘After reclassifying any aquifer to a.nondrinking‘water sgatus, the
DEQ will adopt standards:specificélly fbr the exempted aquifer |
(36-3523)." Standards established for pollutants used a$ a baSis for
reclassification will minimize unnecessary degradation, with all other
standards remaining the same as those for-dfinking vater aquifers.

As aquifer definition relates to tﬁg overall issue of regulatory
acceptance; it appeérs evident that any ISL mining prdpbsql will require
that the well systems and-the,hydrogeologic.séttinglafford'adéquate
hydrologic isolation from existing and future sources of drinking water.
It is the responsibility of the ISL facility operator/owner to pfdvidew
- sufficient hydrological data and interpretations to éupport a peti;ion

to exempt or reclassify aquifers.

6.2.2 Well Classification

The EPA-UIC regulations classify wells into five categories, two of
which apply to in situ leaching of copper ore (144.6). Class III
includes wells which iniect for the extraction of minerals, including
thé in situ production of metals from ore bodies which have not beénl
conventionally mined. .Class V ié a miscéllaneous category which
in¢ludes solution mining of conventionai mineslsuch as stopes leaching
and vells used in experimental technologies.

Between the two well classes discussed above, the-inherent differ-
ence is between aﬁthorization bf ?ule and authorization by permit.
Injection into Class V wells is éuthorized by'rule until future regula-
tions become applicable..4Wells which fall into this category inject J
nonhazardous flﬁids andvare,generally considered leéé of an envifon—

mental risk. The operétor of a Class V well is obligated to provide
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generalized inventory information. However, the EPA can require the
ovner of any injection well to submit additional monitoring, analyses of

injected fluids and hydrogeolbgic data.

New Class III wells are authorized by permit. As is discussed at
length elsevhere in this document, the use of Class IIT vells entails a
complex permit application process, construction standards, operating,

reporting and monitoring requirements, and the submission of an

abandonment plan.

6.2.3 WVell Stimulation and Operatiﬁg Constraints

The EPA-UIC regulationé do not preclude the use of well stimulation
techniques, includiﬁg borehole blasting or hydrauliclfracturing as a
means to improve wellfield performance. During production, injection
pressures of the wellhead are not to exceed those calculated to be
capable of initiating new fractures or inducing the extension of
existing fractures (144.28). At all times, the integrity of the

confining zone cannot be compromised by well stimulation techniques.

6.2.4 Area of Review and Point of Compliance

Vithin the context of the EPA-UIC program, the permit applicant is
‘required to estabiishlan area of review. For area permits which are
applicable to the ISL mining process,.the area of review is defined as a
circumsecribing area, the width of which is the lateral distance from the
perimeter of the project area, in which the hreséures'in'the injection
zZone may cause the migration of the injection and/or formation fluid
into an USDW (146.6)} Defining the area of review helps establish the
position of monitoring wells and assists in the appraisal of potential

for water quality degradation.
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Considerable latitude is provided as to the calculation of the area
of review. ‘For a wellfield, the Theis‘Equatidn utilized in the form
preéented in 40-CFR-146.6 can be applied to the ﬁroblem of defiﬁing éhe,,
area of review. Modifications to the Theis Equafion, such as the one
de#eloped by William Benard for tthEPA (draft area of review’EPAl
handout, no date), can also be applied. A fixed width-of not less than
one-fourth mile circﬁmscribed around the project area can also be
designatéd. _Other mathematical models can élso be utilized.

The Arizena EQA‘defines a point of complianée as the location at
vhich aqﬁifer wvater quality standards will be determined (36-3544). In

the case of in situ leaching, this point of compliance would be the

“location of boundary monitoring wells. The point of compliance is

further defined as a vertical plane downgradient of the facility that

extends through the uppermost aquifers underlying that facility. Little

latitude for positioning the point of compliance is provided if the
pollutants are considered hazardous. Once again, the intent of the law

is to protect drinking water sources, and the EQA language provides some

' generic flexibility for dealing with all potential sources of contamina-:

tion. In all cases, the point of compliance will not be further down-

- gradient than the prdperty boundary, at any point of an existing or

future source of drinking water, or 750 feet from the edge of the

pellutant management area..

6.2.5 Financial Responsibility
The Arizona DEQ and the EPA require information to confirm the
financial competence of the owner/operator of an‘injection facility

which has the potential to affect water quality. The nature of this
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information is not specified by the Arizona EQA. However, an EPA
. handout lists several financial instrument mechanisms. for Class ;II
wells, the cénfirmatioﬁ of financial responsibility is to assure proper.
closure and abandonment of the wells at the cessation of operations
(144.52).
The financial assurance mechanisms vhich are acceptable to the EPA
are as follows (personal communication, Ms. Jane Carlin, EPA, 3/17/87):
o Trust fund with deposit equal to the required financiai
coverage.

o Insurance policy vith assurance of payment of plugging costs up
to the face amount.

o Surety bond established with a licensed surety company.
o Financial statement.

o Letter of credit.

6.2.6 Restoration

The Arizona EQA and the EPA-UIC regulations do not specify the need
to perform active aquifer restoration. In both cases, it ié eifher
stated or implied that postoperation aquifer cleanup and/or monitoring
can be required.to ensure adequate protection of drinking water sources
(146.10). Obviously, the issue as to whether active restoration is

appropriate is site specific.

6.3 PERMIT REQUIREMENTS

6.3.1 Permit Conditions and Application Information - Aquifer
Protection

The general application information which is specified by the EPA,

and currently required by the ADHS for aquifer protection permits is
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&. delineated on»Table 6.1. The EPA has the latitude to issue two differ-
ent types of permits, the well permit and the area permit (1l44. 33) Ihe
appllcatlon for area permlt is. approprlate for an ISL facility whlch
involves many injection and productlon wvells.

Tﬁe new Ariéona DEQ will issue an aqeifer protection permit on a
site specific basis. With the current lack of regulations, the future
permit application requirements are not clear; however, the EQA provides
some guidance. ' In eddition torthe background‘data listed in the’second

section of Table 6.1, the EQA specifies that a hydrogeologic study be

. presented which deflnes and characterxzes the dlscharge impact area,

including the vadose zone (36-3543). The DEQ will alse be required to
structure the permlt process to 1nc1ude contingency plannlng, compllance'
'schedule requ1rements and postclosure plannlng The applicant should be
prepared to define the conservation aspects of the control technology
applied and the cost of such technology. From past experieqce, the
ADHS/DEQ will reeuire final desigﬁ plans and specifieations prior to

granting an aquifer protection permit.

6.3{2 Monitoring and Mechanieel Ingegrity Tests

As interpreted from a reading.of the EPA-UIC'regulations, the level
of water quality monitoring for Class.III well programs is based upon
the ambient water quality of the receiving formatioﬁ. If the formation
. contains vater with less than 10,000 mg/1 TDS, monitoring wells shall be
completed in the injection zone and into aﬁy overlying sources of
drinking water. If the formafion vaters exceed the TDS concentration of
10,000 mg/1, no monitoring wells are required for the injection zone.

The case of an unsaturated ore body is not specifieally addressed. The
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TABLE 6.1. GENERAL PERMIT APPLICATION INFORMATION REQUIRED

EPA-UIC Program Area Permit (Class III Vells)

General Inventory and Site Design Input

0

o

Owner and operator name, address and EPA ID number.

Operating status of injection wells.

Type of project and project name.

Mapping of facilities showing surface facilities, project area,
public water supply facilities, mining, quarries, residences and
roads.

Well field mapping showing all wells, with depth and type

identified, and other wells, springs and surface water bodies
within one-quarter m1le of property

Hyd;ggeologlc Characterization

0

Discussion of regional structural and strat1graph1c setting and
seismic activity.

Presentation of local structural conditions, including maps and
cross sections which contour the top of the 1n3ect10n zone and
any other significant structural features.

Descriptions, by text, geologic cross section and mapping, the
hydrogeology of the injection and confining zones and any
sources of drinking water. The following data are required.

* TDS levgls for each formation.

* Thickness, age, mineralogy, lithology, structure, bedding and
texture of injection and confining zones,

* Hydrologic parameters of permeability, porosity, oil/water
saturation, reservoir pressure and formation fracture
pressure.

* Stratigraphic column showing basic geology, hydrologic
properties and salinity profile of all formations in project :
area.

* Isopach mapping of confining and injection zones.
* Formation water chemistry and flow behavior, including TDS,

specific gravity, temperature and direction and rate of
regional groundwater flow.
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TABLE 6.1. GENERAL PERMIT APPLICATION INFORMATION REQUIRED (continued)

Determination of Area of Review

o

o

Presentation of which EPA-approved method appliedbto problen.

Description of calculation and assumptions.

Corrective Actions and Contingency Plan

0

0

0

Description of the type, constructlon, location and abandonment
status of all wells in area of review.

Contingency pian for we11 failure.

Remedial action plan for improperly plugged wells.

Mining Process Description

0

Injection fluid characteristices, 1nc1ud1ng RCRA waste
characterization and corrosive potential.

Operatlng data, such as 1n3ect10n rate and pressure, and annular
fluid type and pressure.

Description of surface facilities, with process diagram and any
plans for the disposal of sludges or other deleterious
materials. .

Vell construction details, including casing to be used,
cementing program, well completion and stlmulatlon technlques
and tubing and packer details.

Logging program proposed, including geophysics and lithologic
logging. '

Monitoring Plan

o]

o/

Description of mechanical integrity teSting.

Groundwvater monitoring program.

" Financial Assurance

Plugging and Abandonment Plan .

o

0

Plugging program.

Cost estimates.
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TABLE 6.1. GENERAL PERMIT APPLICATION INFORMATION REQUIRED (continued)

Arizona Department of Health Services [Aquifer Protection Permit]

General Inventory and Site Design Input

o

o

Owner and cperator names and addresses.
Facility location and type.

Description of propeosed activities, including the standard
industrial classification code(s) which apply.

Planned commencement date and life of operation.

Listing of other permits.

Description of control measures which wlll be implemented to

protect water quality.

.Description of process fluids and any wastes generated.

Site plan(s) show1ng all structures, 1mpoundments and processing
facilities.

Hydrogeologic Data

o]

(o]

(o]

o}

Well inventory in study area, describing use of groundvater.

‘Presentation of groundvater quality data.

Depth to groundwater.

Geology.

Monitoring Program

Requires site specific input.

Discharge Impact Assessment

-Contingency Plan

Closure and Post Closure Plan

Remedial Action Plan
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« proximity of such an ore body to an USDV will probably influence the

monitoring system design more than tﬁe fact that the ore Body is con-
sidered to be initially unsaturated. When injection will not occur
through or above an USDW, the EPA has the regulatory latitude to
authorize a permit with less stringent monitofihg and other requirements
(40-CFR-144.16). |

The.EPA—UIC regulations are specific concerning somé_aspecfs of
monitoring a.Class ITT vell program. Within the first year of authoriQ{
zation, the owner/oﬁerator is required to submit a qualifative‘analysis'

and range of concentrations of all constituents of the injected fluid.

. These data needlto be revised and submitted whenever the fluid is

&

medified.. In addition, the regulations specify the following mohitoring
requirements (146.33).
0 Monitoring of injection pressure and either flow rate or volume
semimonthly, or metering and daily recordlng of injected and

- produced fluid volumes.

o Demonstration of mechanical integrity or presentation of
cementing records to ensure containment.

0 Monitoring of fluid levels in injection zone semimonthly.

0 Measurement of indicator water quality parameters semimonthly.

The monitoring required for the Class III facility can be partially

“accomplished by manifold monitoring rather than metering each well. A

reduced level of ﬁonitoring can be anticipated for high TDS saturated

- conditions and unsaturated, remote locations.

6.3.3 Well Construction Standards

The ADWR administrative rules and regulations (R12-15-8) and. the

_EPA regulations (146.32) address the issue of well construction
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standards. In the case of the ADWR permit structure, any ISL production
or injection well would be considered as a variance within the well
permit process due to the unique nature of the construction. A variance~
clause is included in the ADWR rules (R12-15-820) to allow for unique
well construction which differs from normal installations, but fully =
assures aquifer protection. The ADWVR and the EPA standards are both
highly narrétive, with the expressed intent of preventing harmful
effects upon the quality of the groundwater intercepted. The EPA
specifies that logging and other tests be performed during the drilling
and construction of new Class III wells. Deviation checks are also
required, unless the hole will be cased and cemented (146.32).

Under normal well drilling conditions, the ADWR requireé the
cdnstruction of a surface seal. This seal is to consist of a minimum
length of 20 feet of steel casing and cement grout. The ADWR will also
require complete borehole isolation between the injection zone and any
overlying potable sources of groundwater. The ADWR further specifies
the need to ébandon all wells. For wells which penetrate a single or
multiple aquifer system with vertical flow components, the well column
is to be filled with cement grout or bentonite drilling mud
(R12-15-816). Wells which are temporarily secured to allowv for re-entry,

require proper capping (R12-15-817).

6.3.4  Reporting-and Record Keeping '

The Arizona EQA states that permit conditions will delineate record
keeping and reporting requirements, but does not specify the nature of
these requirements. Alert levels will be established which would

require appropriate contingency and remedial action, should a specific
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. water quality parameter concentration be exceeded. The EPA requirements

o

are equally generic with the following being the only details provided

in the regulations for Class III well programs (146.33),

0 Quarterly reporting of all monitoring.

0 Quarterly reporting of the results of mechanical integrity and
any other periodic testing.

o Retention of calibration, maintenance and measurement records
for a period of three years.

o Retention of records on nature and composition of injected
fluids for three years after plugging of wells. Subsequent
submission of these records tec EPA.

o Notification to EPA before converting or abandoning well(s).

0 Plugging and abandonment report required.

o Notification to EPA on change of ownership.

6.3.5 Contingency Planning and Corrective Action

. Corrective action as used in the context-of the EPA-UIC regulations

~ are efforts necessary to prevent migration of injected fluids into

sources of drinking water (144.55). It is implied that these corrective

actions are performed on improperly plugged or unplugged wells and

boreholes which could provide conduits for flow of process fluids from
the injection zone to a potable aquifer. It is normal for a large
number of exploratory boreholes to be present:in an ore body. The
requirément is for the applicant to identify all known‘wells (boféholes)
and develop a plan to eliminate the potential for uncoqtrolled migration
through these openings.

The EPA is.obligated by regulation fo consider the overall effect
of the project on hydraulic grgdient in analyzing potential wvater

quality impacts upon nearby USDWs (144.55). It is possible that such an
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appraisal may result iﬁ the finding that no corrective action is
required. In such a case, however, the monitoring system would be
designed to verify Fhe assumption thgt no detrimental effects will
occur. |

Although no technical guidance is provided by EPA or the ADHS,
contingency plans ére required as part of the UiC Class III permit
application (1@6.33—146;35) or during the ADHS permit procedure. The
nature of any contingency plan is to set forth methods by which
excursions of process fluids from the injection zone could be arrested.
Although this is a site specific issue, such methods as adjusting
pumping and injection activities to route contaminants to the systenm,

and grouting techniques could be incorporated into any contingency plan.

6.3.6 Well Plugging and Abandonment

All Class IITI wells are to be plugged prior to abandonment in
accordance with EPA requirements (146.10). The plugging material can be
cement or other material approved by the EPA. The placement of cement

plugs is to be accomplished using one of the following standards

methods.
o The Balance Method
o The Dump Bailer Method
o The Two-Plug Method .
0 An alternative method approved by EPA.

Smith (39) describes the balance, dump bailer and two-plug methods
of placing cement slugs in boreholes. In the balance method, cement

slurry is introduced through a'drillpipe or temporary tubing to place a
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plug at a prespecified interval. Once‘the'level of cement outside the
pipe is equal to the slurry head within the pipe, the string is slowly
rngVed. ' In the dump bailer method, the cemenf’slurry is carried to the
desired interval in a bottom dump‘bailer suspended on a wireline. A
limit .plug or other intended obstruction is usually bfesent below the '
plug interval. The slurry is released from the bailer by actuating the
bottoﬁ value. This methed usually requires repeated runs with the
bailer to emplace a plug of sufficient vertical extent. If the two-plug
méfhod is applied, tubing plugs are used at the top and bottom-of‘ther
cemented interval. Thé bottom.of the interval receives a bridge blug.i
" A baffle tool is then placed at the plug intervql. This special tool
allows slurry to be introduced into thé annuius vhile the top plug rises
" and is subsequéﬁtly caught as it follows the cement. Once the top plug
is in the catcher, the surface slurrylpressure rises, indicating that
; the plug has landed.

A state of static equilibrium with the mud:weight equalized
throughout the borehole must be established prior to full abandonment.
A requirement for long-term mohitoring can be dictated by the EPA.

The ADWR regulations also specify the need to properly abandon all
* wells (R12-15-816). Any penetration of one or more aquifer system(s)
with vertical flow components requires sealing with cement grout or
bentonite dfilling.mud of sufficient volume, density and viscosity to

- prevent vertical fluid movement.

6.3.7 Best Available Demonstrated Control Technology

The Arizona EQA contains the stipulation that a discharging

facility will be designed, constructed and operated to ensure the
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greatest degree of discharge reduction by the utilization of the best
available demonstrated control technology (BADCT) (36-3543). To imple-
ment such an objective,‘the nev DEQ will first have to‘define,'on a ~
generic basis, what constitutes the BADCT's for any particular class of“
facility. During the permit application process, site sbecific factors
of process activity, geoclogy and hydrology will also come into play.

The enabling act provides for the consideration of several factors
when applying the BADCT stipulation’to any particular facility. Site
specific conditions which provide a degree of hydrologic»isolation can
be considered when determining BADCT. Cost hay also be taken into
account, but only in a generic manner. - If a control technology is
applied throughout any particular industry, then the financial impact of
applying 'the technology industry-wide can be considered. However, when
‘applying>BADCT to any particuiar facility, a particular proven applica-
tion cannot be rejected on a financial feasibility basis alone.

As implied in the language of the BADCT concept, any technology
implemented to protect water quality will be available and demonstrated.
Availability is interpreted to mean practicability, in the sense that
any applied technology must be feasible, and its application would not
adversely impact the effectiveness of the industrial process. To be
demonstrated, the control technology is to be in commercial use and
shown to be effective. This demonstration of effectiveness could have :
taken place worldwide, but must involve a commércial-scale7£acility.

In the case of' a new ISL‘facility in Arizona, thé implementation of
BADCT bears heavily on the proven application of control technologies
overseas. It will be imperative that such technology be adequately

defined so as to demonstrate proven methods to protect groundwater
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quality. The use of past or future pilot-scale testing in the United
States will probably not be adequate in defining BADCT for the ISL
process. There certainly is an opportunity fqr:considerable cross-over
from the uranium ISL industry. Current leaching activities involving
previously mined areas, such as at the Noranda property, will also be
the source of proven control abprbaches.

A remaining BADCT stipulation contained in the EQA is the ‘conser-
vation of water resources. Should a control technology require the use
of large volumes of water, the apﬁlfcation of suéh technology must be
wveighed in light of thé impact on natural resource reserves. It may- be
preferable to allov limited discharge of nonhazardous substances which
do not jeopardize aduifer vater quality standards, than to require the
use of a high,wétef consumption technology. . As with many issues
embodied in the Arizona EQA, the BADCT concept must be ultimately

applied on a site specific basis.

6.3.8 Vater Resource Management

Although the mission of the‘ADWR is primarily related to water
resource managémént,.ﬁreventing wéter quality degradation constitutes a
supplemental‘objéctive.‘ In terms ofrbe:mit.stipula;idns, the
Groundwater Code of 1980 (Code) directs the ADWR to enforce compliance
to a compléx body of water reséﬁ:ce law, invplviﬁg'fights to withdraw _
groundvater in four activelmanégemeﬂt ﬁreas‘(AHAﬂs). Qutside of these
AMA’s, fhg reguiétory'complexity is subsfantially reduced, with con-
formance to tHngoticé of‘Intentibn to Drill formal and specific well
standards the only legal stipulations in force. In an AMA, the right to

vithdraw groundwater involves an exemption opportunity, other previously
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acquired rights, and a permit process. The following outlines the regu-
latory structure as it may be applied to the construction and operation

of a new ISL facility in an AMA (45-462 through 599).

o Grandfathered Groundwater Rights. The ISL facility owner who
retains grandfathered rights (GFR) has the expressed right to
withdraw groundwater up to the yearly allotment of that right.
Three types of GFR’s exist: an irrigation GFR, a Type 1 non-
irrigation GFR and a Type 2 nonirrigation GFR. The irrigation
GFR is nontransferable to other locations and, therefore, may
not be usable by the ISL facility owner. The Type 1 nonirriga-
tion GFR normally allows the nontransferable pumping of up to 3
acre-feet of groundvater per acre of land retired from irriga-
tion. The Type 2 nonirrigation GFR usage is based upon a
history of prior usage and may be transferred.

o Withdrawal by Permit. Without a GFR, approval for groundwater
pumping may be granted by acquisition of a groundwvater with-
drawal permit. There are eight types of these permits, three of
which may be applicable to the ISL facility. These three
permits are dewatering, mineral extraction and metallurgical
processing, and poor quality groundwater withdrawal permits.

For the purpose of the permitting, dewatering is defined, in
part, as water withdrawn from in, under and around ore bodies.
This water may be used to meet mineral extraction and metal-
lurgical processing requirements of the permittee. The mineral
extraction/metallurgical processing permit is issued if the
volume of water available from devatering is insufficient. A
pcor water quality permit can be issued if the ADWR deems that
no other beneficial use exists for water of substandard quality.

The application requirements for the permit structure discussed
above involves submission of statements as to ownersﬁip, location,
purpose for withdrawal, well construction details, anticipated amount of
use, and possibly cost data. Permits normally stipulate well depth-to--

vater measuring devices required and annual reporting needs. ‘

6.3.9 Air Quality

Prior to initiating construction of the ISL facility, the owner/-

operator will be required to obtain an air quality installation permit
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‘through the ADHS or one of six regional air quality control boards

(R9—3;301). Currently, it is understood through'conversations with ADHS
officials that only three of these boards are activegjand that the
remainder defer the pérmiffing back to the ADHé? Aslﬁould be expected,
the regions which encompass the urban areas‘of Arizona (Maricopa, Pima
and Pinal-Gila) have active boérds. | l

Following the submissibq of an“installation pgrmit, the ADHS or
regional board issues annualloperating permits to facﬁiitiés which are
capable of impacting air quality (R9-3-306). The SX-EV piant, which
wvould be involved in tHe ISL brocess; may not be considefed:aé a major
source of air pollutants. Hovever, tbére appears to be three potential
sources of pollutants; dust from access and maiﬁten;nce roaas, vapér |

from the open storage of kerosene, and sulfuric acid mist. The generic

‘design presented herein would limit acid mist concentrations to 1

milligram per cubic meter due to worker health réqqirements.

From a reading of the Arizona air pollution control regulations, it
appears that a Class C installation permit will be required (R9-3-301).
This category is primarily for subordinate sources of contamination.

The basis for such a designation is contingent upon whether there is a

. significant potential for impacting air quality. The same basic premise

- holds true for the operating permit structure,

The regulations contain provisions for requiring the operator to

perform air quality monitoring and collect data over a périod of at

least one year prior to conétruction_(R9-3—305). This period can be

shortened to not less than four months at the discretion of the;agency.
Air quality models may also be requested. Whether such monitoring and

analyses will be required of the ISL operator has not been determined
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and would be contingeht upon the agency’'s receipt of a description of
the proposed action.

-The permit conditions will undoubtably contain compliance state-
ments with emission limitations, in addition to record keeping and
reporting stipulations. Ambient air quality and emissions monitoring

may also be required.

6.3.10 Plan of Operations

The requirement for a plan of operation is common to those regula-
tory entities which manage the mining of ﬁatural resources on federal
lands (BLM, USFS, BIA). As an insight into the general nature of a
required plan of operation, an outline of the information normally

provided is presented in Table 6.2.

6.3.11 Miscellaneous Permits and Approvals

The above descriptions of permit requirements has been focused
primarily on the environmental concerns of water quality protection.
There remains a limited number of permits, approvals or code conform-
ances which, in part, could be interpreted as environmental. As a brief'
overviev of these requirements, a summary of the nature and responsible

agency of these requirements is presented in Table 6.3,

6.4 MEETING PERMIT REQUIREMENTS
The objective of meeting all the permit requirements associated
with the construction, operation and abandonment of an ISL facility

begins at the conceptual planning stages and ends after cessation of
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TABLE 6.2. OUTLINE OF INFORMATION NORMALLY REQUIRED
~ IN 'PLAN OF OPERATIONS

General Information

o Parent organization name and address.

o Division of parent organization name and address.

0 Project name and address.

o Statement of purpose and need.

0 General overview of project, including description of each major
component, anticipated processing steps, plans for waste
disposal, development 3chedule, etc. :

o Project facilities maps, including locations of all component
alternatives under consideration (1:24,000 or 1:12,000).

¢ Land ownership map for all project facilities.

o Processing facilities plof blan showing location of all air
emission points and all liquid discharge points.

0 Project schedule, delineating constructlon, operation, and
abandonment phases.

o Estimated production (product quantity) by year, if variable.

o Materials/product transportation requirements.

Alternatives

o Full description of all project alternatives, including
location, design, operational alternatives being actlvely
considered. :

0 Brief descript1on of all project alternatives previously "

considered and dismissed and the reasons for excluding the
alternative.

Mining Procedures

o)

0

o}

(=]

Vell field design.

Well construction standards.

Progression, staging of leaching activity.
Monitoring systems.

Geometry of surface piping.
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TABLE 6.2. OUTLINE OF INFORMATION NORMALLY REQUIRED
IN PLAN OF OPERATIONS (continued)
Operating schedule.
Production estimates.

Chemical characteristics of process fluids.

Processing Facilities

0

.

e]

Summary of processing facilities, including location of all
facilities, description of each facility area, etc.

Plot plan for processing facilities with location ¢f all air
emission and liquid discharge points.

List of all materials/fuels/reagents required in processing,
including materials storage and handling plans; estimates of
annual requirements for all materials/fuels/reagents.

Process flov diagram identifying all air emission and liquid
discharge points. ‘

Summary description of processing sequence.

Project closure information.

Vater Supply

Vater supply requirements (volume, water quality, ete,) for

o
process and drinking water.

o Location and design of water supply system, including well
locations, pump stations, and preferred and alternative
rights-of-way; pipeline materials, construction techniques,
trench depths, etec.

Roads

o Location of all existing and proposed roads.

Description of all proposed new roads or road realignments/

209

improvements; including surface width, surface materials, access

restrictions, etc.

Sewage and Solid Vaste

(o]

o}

Description and location of proposed sewage treatment system.

Description and location of proposed solid waste disposal
systems.

Methods for handling of toxic or hazardous materials.
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TABLE 6.2. OUTLINE OF INFORMATION NORMALLY REQUIRED
IN PLAN OF OPERATIONS (continued)

8. Resource Protection and Pollution Controls

o Generally, description of all proposed methods for protecting
existing resources or limiting pollution.

‘0 Methods for controlling surface and groundvater discharges.

o Methods for protecting wildlife, cultural, or other resource
values, 'particularly on public land.

‘0 Proposed reclamation/revegetation'programs for all project
components, but especially those on public land.

o Proposed monitoring programs.

TABLE 6.3. MISCELLANEOUS PERMITS, APPROVALS AND CODES

State Mine Inspector: Enforcement.of state laws relating to worker and
public safety.

County Fire and Building Codes: Arizona counties utilize uniform
building and fire codes normally enforced by county planning and 20n1ng
or esngineering departments.

Permit for Septic Disposal: Administered by County or by ADHS.
Normally requires percolation testing and conformance to written
standards. :
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mining. The process initially involves environmental site characteri-
zation and baseline monitoring, and progresses to a compilation of
process details and presentatioﬁs to the agencies. Prior to permit
approval, plans for corrective action, contingency response, monitoring,
closure, and possibly restoration need development. Once opefating, i
active monitoring under a stringent quality assurance program will be
required. Following mining, closure would be implemented and monitored.

Target ore zones for ISL mining can occur in low permeability,
saturated, fractured bedrock where groundwvater flow patterns are complex
and difficult to analyze and model with precision. Comprehensive
premining geologic and hydrologic investigations will constitute one of
- the first steps in the permitting process. The goal of the bremining
hydrogeologic investigations is to develop a working model that ade-
quately predicts the manner in which thg local hydrologic system will
behave during the ISL mining operation. During ISL mining operations,
the actual flow of lixiviants and mine-affected groundwater is then
fully monitofed and the model is subjected to rigorous empirical veri-
fication or modification. Following the close of ISL operations, the
monitoring system will probably need to be maintained until verification
that vater quality in the injection zone has been restored to acceptable
levels. |

The following report sections describe a normal progression of
tecbnical activities associated with the acquisition and maintenance of
aquifer protection permits. Generic schemes and options for monitoring
of the ISL facility in saturated and unsaturated conditions are

presented.
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6.4.1 Initial Agency Contacts

To establish a comprehensive and workable understanding on the part
of the operator and the agencf representatives, early communications and
conperation are essential. These initial activities can provide a forum
in which the agency personnel can express their key environmental con-

cerns and the ISL operator can explain the tetnniqnes which may be

applied to protect water quality, and the .nature of the site characteri-
zation activities slated for completion. Thc agency representative is

also provided with an opportunity to suggest specific investigative

techniques which he believes will resolve concerns about adequate

aquifen protection. A timetable should be established which‘highlights

‘milestone meetings, submission dates for technical data and application

information, and review periods.

&

6.4.2 Hydrogeologic Characterization

To provide a basis for further study, a set of topographic maps of
the site area at various écales, shoving all existing and planned
facilities, should be prepared. This mapping should include the

following:

o Topographic map at 1:24,000 scale (USGS topographic base map)
showing locations of all existing and planned surface facili-
‘ties, the outline of the project area and the area of revievw,
any existing public water supply facilities, mines (surface and
subsurface), quarries, residences and roads.

o Topographic map at an appropriate scale (generally on mine
coordinates) showing locations of all existing and planned wells
with ID (name and number), depth, type (production, injection,
monitoring, irrigation, water supply, enhanced recovery or
other), wells, springs, other surface water bodies and drinking
water wells located within one-quarter mile of facility property
boundary. ' !
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Prior to, and in~c6njunction with, the field characterization
efforts, a compilation of all available published and unpublished hydro-
logic and geologic maps, literature and data should be performed} This
information should be continuously reviewed and updated'thfoughout the
life of the projeéf, and utilized as necessary during the permitting
process.

The data review should encompass all available iﬁformation per-
taining to hydrology, geology, seismic history and the history‘of mining
operations in the site area and the surrounding region. Searches of
computerized data bases, éuch as GeoRef (maintained by the Americaﬁ
Geological Institute), may be utilized to ensure complete coverage of
the available data. 7

The following sources of data may be useful in the characterization

efforts.
o Exploratory drill hole data, geologié mapping, topographic maps
and aerial photographs obtained for mining purposes.

o Published hydrologic and geclogic mapping and literature
available from government agencies and professional societies.

o Conventional black and white, natural color, false color
infrared, and NASA high altitude aerial photography, and"
remotely sensed LANDSAT imagery.

o Water well data for existing wells, groundwater and surface
water gquality data and water use information on file at offices
of the ADWR.

Potential ground subsidence due to groundwater withdrawal, mining

activities or other phenomena such as salt solution or karst formation
should be carefully evaluated in some parts of Arizona. A seismic

hazard evaluation may also be advisable in some areas. These analyses

are primarily utilized in the engineering safety analysis for surface
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structures, but unde;ground fgcilities and groundﬁater flov patterns may
also be éffectgd:_ ) |
Areas;of‘known, suspected and potentiél subsidence and geismo-
tectonics inlAriéona.havé been discussed in a number of published
reports. Useful d;scussiﬁns on subsidence, containing biblibgraphic
summaries, can be found innreports by Pewe and Larson‘(ﬁl) and Strange

(42). The seismic history of Arizona has been summarized by DuBois, et

al. (43).

Field sfudiés té}délineate areas of subsidence 6: recent faulting‘
could include aerial low-sun;ﬁngle (LSA) reconnaissance, LSA photo-
graphy, photo lineament analysis, fault scarp morpholoegy studies and
detailed mﬁpping of surfacé_geology. |

It will oftep be necessary to verify or supplement the existing
surface geologic inforhation-witﬁ addibional'mappinglat appropriate
scales. ﬁsing the same topographic base maps described above for
presenting physical'data,‘a set of geologic maps could be developed, as

follows:

0 A reconnaissance scale geologic map, probably at 1:24,000 scale,
showing the surface geologic units and features in the broader
area surrounding the project. This map may generally be pre-
pared from existing geologic mapping with a brief reconnaissance
for verification. The reconnaissance may be best accomplished
through the use of aerial reconnaissance in a fixed winged
aircraft, such as a Cessna 182 or 210. These reconnaissance
flights are best flown under LSA conditions; that is, during the
approximately two to three-hour period beginning about 1/2 hour
after sunrise or before sunset. These conditions give the best
opportunity for observing such features as subsidence features,
recent faults, etc.

o A more detailed map at an appropriate scale (generally on mine
coordinates) of the site area. Surface geologic data are mapped
in as much detail as possible within this area. This informa-
tion generally should be extremely useful in understanding the

~site area hydrogeologic system. Important information that
should be noted includes the contacts between bedrock and the
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various surficial units, the genesis and character of poten-
tially waterbearing units, structural geologic data (location,
orientation, spacing and general nature of faults and fracture
systems, strike and dip of bedding, foliation or cleavage,
folds, etc.) and the geologic factors controlling the localiza-
tion of seeps and springs.

For permitting purposes, these maps are supplemented with

additional geologic data, including:

0

o)

)

A regional stratigraphic column.

A detailed stratigraphic column of the site area listing all
formations present with data on their lithology, mineralogy,
physical features (texture, bedding), thickness and geologic
age.

A set of geologic cross sections through the site area, prepared
from exploratory drilling data, depicting the target ore zone
and surrounding country rock in detail.

Isopach maps of confining units and the ore zone, with descrip-
tions of lateral and vertical continuity (e.g. depositional
environment, facies changes, unconformities, vertical and
lateral extent of clay layers). ’

A structural contour map to the top of the injection formation.

The compilations of available data and reconnaissance level inves-

tigations discussed above are used as guides to scope the level of sub-

sequent subsurface exploration. In considering the cases of unsaturated

and saturated ore hodies, a gross distinction between the levels of this

work cannot be made. One would expect the unsaturated case to require

less subsurface hydrogeologic characterization because unsaturated

implies hydrologic isolation. This distinction is not assumed herein

due to the possibility that the unsaturated ore zone may be in proximity

of underground sources of water.

. For purposes of these discussions of characterization and subse-

quent presentations of monitoring technology and options, a generic ore
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body is formulated for both the saturated and unsaturated cases. The

following describes the features of this working model:

250 millibn tons of ore at 1 percent copper.

‘Bottom of ore body atrdépth of 1,000 feet.

Top of ore body at depth of 700 feet.

Late;al dimensions of about 2,000 by 2,000 feet for léach area.

Permeability of 2 millidarcy.
5 percent porosity.

For the f1rst case, saturated below 500 feet, w1th a conflnlng
zone between a depth of 450 and 600 feet. Assumption that ore
body overlain, but hydrologically isolated from overlylng
alluv1a1 aquifer.

For the second unsaturated case, no ovérlying aquifer, but
source aquifer for drinking water in vicinity. Geometry and
hydrologlc propertles of ore body the ;same as for saturated .
case. :

The working ore body model, with variations for the two generic

' cases, provides a rough basis to-discuss the objectives of the field

pharacterizationg‘and the methods that can be applied. When applied to

a specific case, the level of geologic definition required will depend

greatly on the amount and ex;ent‘of lithologic and hydrologié data

gathered during previous gxploration efforts. If extensive exploration

drilling has occurfed, it méy also be possible to reenter existing

boreholes to perform some of the testing required.

The objectives of the field program can be separated into three

broad categories:, as follows:

0

Define the hydrologic characteristics of the ore body; and
possibly, an overlying aquifer, a confining zone, or geologic
formations which separate an unsaturated ore body from 'sources
of drinking water.
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o Define the local geometry and structural fabric of the subsur-
- face profile, with a clear definition of the hydrologic connec-
tion, or lack thereof, between the various geologic units.

o Establish the natural water quality of the saturated ore body
which will be affected by the ISL mining activity.

To accomplish these objectives, several methods are available, all
of which involve the drilling and testing of boreholes, with the pos-
sible exception of surface geophysical surveys. Table 6.4 delineates
the variety of investigative tools available. What selection of these
methods is appiiéable to a specific case cannot be fully defined, but

several of these methods can be considered generiec.

o In the case of relatively permeable, saturated conditions, the
objective is to define the transmissivity and coefficient of
storage of the aquifer, possible existence of vertical leakage
and impervious or recharge boundaries. This is normally
accomplished by the use of constant-discharge, long-term pump
tests wvhile observing the temporal distribution of head response
in the pumping and outlying observation wells.

o For low permeability saturated or unsaturated conditions, the
coefficient of permeability can be approximated by using small-
diameter borehole inflow tests. Three major categories of these
tests are pressure tests (packer), constant head gravity-feed
measurements and falling-head tests.

o Water quality determinations require the direct sampling of
groundvater from discrete geologic units; obviously, this
requires the construction of properly prepared monitor wells.

o Any subsequent simulation of aquifer flow behavior and solute
transport will require a properly designed program of head
distribution measurements. These measurements of depth-to-water
need to be vertically and laterally distributed in such a manner
as to comprehensively depict head variations. The program needs
to measure head distributions periodically to determine the
effect of nearby pumping and seasonal variation.

A vast body of technical literature is available on hydrogeologic
field methods. The reader is referred to two publications, one by the

Bureau of Reclamation titled Groundwater Manual: A Guide for
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TABLE 6.4. INVESTIGATIVE METHODS FOR HYDROGGEOLOGIC CHARACTERIZATION

" Determinations of Lithblogic Profiles

o]

Exploratory drllllng with visual classification of soil/rock
profile; rock coring with detailed logging of fracture frequency
and condition; recording of drill rate and wvater loss

Physical testing of borehole samples to measure partlcle -size
distribution, permeability and porosity.

Collection of General Hydrologic Data

0

o)

Vater recovery rates during drilling.

Visual estimates during drilling and laboratory determination of
moisture content.

Measurements of depth to water and recordlng first vater durlng
drilling.

Periodic measurements of specifie conductance, temperature,
alkalinity and other parameters of groundwater durlng drilling.

Hydrologic Testing

(o]

(o]

0

Constsnt—discharge pump tests with-observation wells.
Isolated interval pressure inflow tests with packers.

Constant-head or falling-head tests.

Vater Quality Determinations

o]

Construction of monitor wells with single screens or multlple
sampllng ports; use of well clusters.

Selection and use of sample retrieval systems, including
bailers, bladder pumps, submersible pumps or other life systems

Sampllng and testing under rigid quallty assurance -and ‘control
program.

Sampling program vhich is designed to establish natural baseline
vater quality for saturated ore body and other saturated units.

Soil pore water sampling of vadose zone using vacuum-pressure
Cysimeters.

Measurements of Head Distribution

0

‘Use of pore pressure piezometers.
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TABLE 6.4. TINVESTIGATIVE METHODS FOR HYDROGEOLOGIC CHARACTERIZATION

o]

o}

o

(continued)

Use of open exploratory boreholes.

Use of open-well piezometers.

Establish reliable method and measurement schedule. v

6. Geophysical Methods

0

Surface surveys to establish baseline conditions.

*

*

*

*

Electromagnetic induction.

Cdmplex resistivity (CR).

Seismic reflection/refraction.

Gravity. |

Controlled Source Audio-frequency Magnetdtellurics (CSAMT).
Transient electro-magnetics.

Self—potential (SP).

Borehole methods to delineate vertical hydroleogic and geologic
profile. '

*

*

Resistivity.
Spontaneous Potential.

Gamma.

. Gamma-gamma.

Neutron.
Sonic.
Temperature.
Calipet.

Spinner (fluid movement}.
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Investigation Development and Management of Groundwater Resources,
published by John Wiley and Sons, 1981, and one by Driscoll (46) for an
overview of the methods discussed herein.

Subsequent to performing field'inveétigations,'the permittee is in
a position to utilize the acquired data to interpret the potential
effect of the proposed ISL process upon &he hydrologic system. This
simulation andlhredicfive effortlcan be aided by first completing
several tasks,‘as follows:

o Graphic compilations of formational thickneés, geologic struc-
ture, stratigraphy, distribution of aquifers and aquifer
characteristics.

o Calculations of hydrologic parameters by accepted methods.

o . Tabular inventories of all wells, wells/borehole construction
details and water quallty data.

In many cases, the most effective and comprehensiﬁe method of
assimilating aﬁd analyzing thé hydrogeclogic daté‘is thé,computer model.
There are several potential problems with the application of these
models. These problems are both technical and procedurai.‘ The first
concern is the‘lack of knowledge concerning the behavior of highly
acidic solutes‘in the geologic environment. Secbndly, there. are
inherent analytical limitations caused by the structurally complex and
héierogeneous'nature of the fractured bedrock common in the Ariéona
copper ore body. The remaining concern is the acceptance by the regu-
latory body as to the validity of the model. With the excepfion of the
problem oflpredicting the chemical behavior of highly acidic solutions,
the modeling approach appears usable with proper documentation and
careful selection to assure that the model is compatible with its

intended application.



221

The computer models adaptable to the subject hydrogeologic apprais-
al can be identified as a method to predict groundwater movement and
solute transport by aquifer simulation. Several models are available
which are designed to handle flow in fractﬁred bedrock. To determine
the usefulness fpr any particular application, the user ;hould.first
analyze both physical and legal requirements. In terms of physical
requirements, determinations need to be made as to whether two-
dimensional or three-dimensional flow simulation is required, and which
analytical approach, finite-element or finite-difference is more appro-
priate. The input parameters, such as transmissivity and storage, then
need to be provided. -

The legal requirements range from whether the computer code is
fully docuhented, wvhether the model has been previously applied to a
similar situation, and if the regulatory agency and the courts have
acceptedrits use. Although the legal requirements of the models
presented in Table 6.5 have not been investigated, these models repre-
sent the types which may be appropriate for use in geologic settings
common to many copper ore bodies. The selection of the models in Table
6.5 does not imply that other models may not be equally useful.

The concept of using a computer model is attractive due to the fact
that -the model input can be periodically updated following the commence—ﬂ
ment of ISL operations by using measured head distribution and water
quality data. In this manner, the model can be used as a monitoring
tool to anticipate excursion and further énalyze the pptential

effectiveness of a particular contingency response.
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1.

2.

3.

‘.

TABLE 6.5. REPRESENTATIVE COMPUTER MODELS FOR SIHULATION OF
GROUNDWATER FLOW AND SOLUTE TRANSPORT IN FRACTURED BEDROCK

Author name(s):

‘Model name:

~Model purpose:

Author name(s):
Model name:

Model purpose:

Author name(s):

Model name:

"Model purpose:

Author name(s):

Model name:

Model purpose:

HBuyakorn, P.S., H.O. White, Jr., V.M. Guvanasen,

and B.Hf Lester

‘"Trafrap

Trafrap is a two-dimensional finite element code
vhich simulates groundwater flow and sclute
transport in fractured porous media. Model
processes ineclude interactions between fractures
and porous matrix blocks, advective-dispersive
transport in fractures, diffusion, and chain
reactions of radionuclides.

Huyakorn, P.S.
G;ease 2

To study transient, multidimensional, saturated

- groundwater flow, solute and/or energy transport

in fractured and unfractured, anisotropic,

- heterogeneous, multilayered porous media.

Guvanasen, V.
Motif

Finite-element model for one, two and

-three-dimensional saturated/unsaturated

groundwater flow, heat transport, and solute

transport in fractured porous media. Facilitates

single-species radionuclide transport and solute
diffusion from fracture to rock matrix.

Huyakorn, P.S.
Ftrans
A two-dimensional finite-element model to -

simulate transient, saturated groundwater flow
and chemical or radionuclide transport in

- fractured or unfractured, anisotropic,

heterogeneous, multilayered porous media.
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TABLE 6.5. REPRESENTATIVE COMPUTER MODELS FOR SIMULATION OF
GROUNDWATER FLOW AND SOLUTE TRANSPORT IN FRACTURED BEDROCK (Continued)

Author name(s):
Model name:

Model purpose:

Sagar, B.
Fracflow

Steady and unsteady state analysis of density-
dependent flow, heat and mass transport in
fractured confined aquifers simulating
two-dimensionally the processes in the porous
medium and one-dimensionally in the fractures,
including time-dependency of properties.
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6.4.3 Compilation and Presentation of Process Details

The ISL permit application is a combination of the hydrogeologic
characterization discussed above and a compilation of other related
information. At a minimum, the preparer of the application will need to

supplement the hydrogeologic studies with the following:

0 Laybut and design details of SX-EV plant.

o Wellfield scheme, seﬁuencing and vell designs.
o) Character'of»injected fluids.

o0 ‘Operating data - injection rate and bressure.
o Stimulation plans. |

o Plans to plug existing wells.

o Logging program.

o Method of financial assurance.

6.4.4 Monitoring

The task of monitcring the ISL mining operation to assure hydro-
logic isclation aﬂd detect excursion can be accomplished by employing a -
combination of diverse methods. Due to regulatory requirements, some of
this monitoring will be the same for all operations; namely, the
periodic completion of mechanical integrity tests on all production and
injection wells and the measurement of injectfon/recovery flow and
‘pressure. For both the saturated and unsaturated caées, variations in
the overall mbnitoring approach will ocecur vith that portion of the
system that is designed to deteét excursion independent of fhe,
injection/production wéll system proper. For this independent moni-
toring, the operator has the opportunity to select from a variety of

monitoring well designs and'geophysical methods. The proper selection
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and integration of these methods to form a reliable monitoring system
will be dictated by the local hydrogeologic conditions. For each of the
.two generic cases, some of the monitoring options are not applicable,
but the current state of the technology does provide alternatives for
both the vadose zone and groundwater conditions.

Another equally important aspeét is involved in developing a
comprehensiﬁe monitoring program. This aspect can be defined as those
procedural details which assure that reliable and useful data are
collected at the appropriate intervals, and subsequently reported to_the
regulatory agency as required. It is essential that the operator
develop a schedule for data collection under a rigid quality assurance/
quality control system which confirms reproducibility and is legally
defensible.

After discussing the various monitoring well schemes and a variety
of geophysical methods which may be appliéable, tvo monitoring systems
are presented belov for tbe satufated and unsaturated cases. Obviously,
there is an array of options to be analyzed to determine what is the
most applicable monitoring scheme for an actual hydrogeologic setting.
The two cases are only examples which may be helpful in structuring a
monitoring program.

The ﬁost widely used and conventional method to the problem of
monitoring saturated conditions involves the monitoring well. The
monitoring well provides direct access to the groundvater for the
testing of water quality and depth-to-vater measurements. Many varia-

tions to the single screen well have been devised, with a varying degree
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of success. The most widely used hybrid system is the well cluster,
vhere multiple, iSolated‘well screens are placed at discrete and
isolated depth intervals in the same borehole, or in separate closely
spaced boreholes (43). The placement of clusters in the same borehole
normally creates some completion difficulties, with the proper posi-
tioning of intervening seals being‘a considerable problem in some caées.
The multiple borehole ébproach is obvidusly more costly due to the -need
to drill considerably more borehole. There are some innovative and more
complex commerciélly'available downhole monitoring systéms'available.

. These systems are, fﬁr the most part, désigned'for use in relatively‘
shallow groundvater éettings. They'norﬁally involve multiple sampling:
pdrts isclated in a singlé bogehole with an airlift or suction method

" used to retrieve water samples’(é§§.'

The désign of wélls,in thé meonitoring system of a typical ISL
operation will vary conéiderably, depending onbthe intendéd groundvater
intercept of the well (production zone, USDW, confining 2one or vadose
zone), the local hydfogeoldgic conditions, and the depth to the zone of
interest. The individual wells must be designed to function satisfac-
torily throughout the peried of intended use and must emplby materials
and methods of construction which will not create erroneous water
quality measurements (47). In the following aiscussions, designs for
the idealized monitoring wells shown in Figures 6.2 and 6.3 are dis-

- cussed. These conceptual designs are intended’to serve énly‘as‘an‘
idealized introduction to monitoring well design for ISL operations and
may not be direcfly applicable to any particuiar site.

The type of casing selected must Be inert under the chemical con- -

ditions existing in the natural groundwater setting and should not react
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chemically to‘lixiviants or other mine-affected groundwater in any
~manner. For ISL operations, casing used in monitoring wells should be
chemically inert to trace and heavy metals, acid lixiviants and any
other chemical constituents of the baseline or mine-affected ground-
wvater. Polyvinyl chloride (PVC), fiberglass-reinforced plastic
(fiberglass) and stainless steel are commonly used casing materials that
may £it this requirement. PVC casing may be sgsceptible to collapse in
wells that are more than 500 feet deep, or where high pressure grout
injection techniques are used.

Ray V. Huff and Associates report the successful use of fiberglass
casing to depths up to 4,000 feet. As discussed in Section 4.4.1.3,
fiberglass casing is considered to be structurally adequaterfor use in
production/injection well construction to depths of 3,000 feet. Fiber-
glass casing would be equally suitable for monitor well installations.
Both mild and stainless steel casing should also be considered.

Casing costs for deep wells will also increase dramatically as the
diameter of ﬁhe casing increases. Therefore, the smallest diameter
casing that will adequately perform the desired functions should be
used. The size of the pump or other sampling eqﬁipment that is‘fo be
installed in the well will generally dictate the casing diameter needed.
The size of the pump fequired for sampling monitor Qells normally will
increase with depth to the interval of interest. The casing diameter
‘must be sufficient to accomodate a pump with the capacit& to rapidly
evacuate several well volumes to provide a representative sample.
Shallow wells (less than 100 feet deep) may be sampled with small
diameter pumps that will fit within a 2-inch diameter”;asing. However,
monitoring wells reduired for ISL operations will generally be con-

siderably deeper. For the deeper wells, 4-inch or 6-inch diameter
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‘ casing may be required. As the casing diameter increases, the diameter

of the drill hole also will increase and drilling costs will rise

accordingly. To ensure proper placement of casing, gravel pack and

grout, adequate annular space between the casing and borehole wall must

be provided;

Installation of telescoping casings (i.e., installation of casings
of suecessively smaller diameters inside of each other to progressively
greater depth) is commonly required to maintain stability of the bore-

hole string. For example, in construction of a 1,000-foot monitoring

‘well, the drill hole may be first advanced to a depth of :SOIféet.

Surface casing, such as 1é-inch 0.D. black steel casing, is then placed
in the drill hole and grouted. Next, the drill hole is advanced to.a
depth of +450 feet and 10-inch C.D. black steel casing'is installed .

through the surface casing. Finally, the drilling is completed to the

» total depth of the drill hole and 6-inch 0.D. fiberglass or stainless

steel casing is installed to complete the casing.

For monitoring vells that are screened in intervals that contain
significant amounts of fine material, an artificial sand or gravel.paék
should be placed in the annular space betwéen the well screen and the

inside of the drill hole. This allows free movement of wvater into the

+ well while preventing fine material from entering. The filter pack

should consist of clean, well rounded grains of uniform size. These

characteristics will increase the permeability and porosity of the pack

material. For monitoring of acid lixiviants, clean silica sand should

be used, as even a small percentage of calcareous material will react

-with acids in solution.and will prevent accurate water quality results.

Particles of shale, anhydrite, gypsum or other potentially reactive



231

components thaf may alter the chemistry of groundwater samples should
also be avoided.

The filter pack should extend well above the screen to compensate s
for settlement during development. For monitoring wells screened in %,
bedrock and not containing sighificant amounts of fine material, the
screen could be installed without a filter pack. When a filter pack is:
required, the annular space between the casing and the side of the
borehole "above the screened interval must be carefully sealed to prevent
any vertical migration of fluids in the borehole. This also provides
support for the casing. It is necessary to isolate the grout from the
screened interval by some means to prevent plugging off the screen and
sample contamination. Where no filter pack is used, this may be
accomplished by instéllation of-a cement basket at the-top of the
screened interval during installation of the casing. A cement basket
cannot be used where a filter pack is planned since it would not allow
the sand pack to reach the screen. In this case, an-inflgtable neoprene
packer may be attached to the casing during installation and inflated to
prevent grout contamination after installation of the filter pack.

The removal of water quality samples from a monitoring well can be
accomplished by use cof bailers, dedicated pumps or sampling devices, or
a portable pumping system. For deep wells, dedicating a suitable pump
or sampiing system eliminates the difficulty of moving a portable system
from well to well. For shallower applications, bailers or a portable ..
pumping system provide.an effective and economical alternative.

A variety of small diameter sampling devices and pumps are avail-
able for the acquisition of water samples from a monitoring well. Suc-

tion lift, submersible, air-lift, bladder, gas displacement, and systems



232

wvhich use casing packers are the types of lifting sysfems commerciaily“
available. Each system has its limitations, with the suction, air-lift,
and gas displacement types only suitable for shallow applications. A
majority of these systems introduce air into the sample, which cﬁuld
affect the chemistry of the water. For a variety of feasons, the

' submersible pump or progressing cavity pumps recommended herein for use
in the productién Qéilﬁ, appear suitable for deep monitbriﬁg well use.

There are two major disadvantages in dedicating a pump to each
monitoring well. If the well is screened throughout a considerable
depth interval, it may be desirable to selectively sample at several
locations in the well. With a permanent pump in place, this selective
‘.sampling is not possible. With a combination of a portable submersible
pump and air-activated packers, it is possible to largely isolate-"
specific intervals and selectively sémple. The pdrtable approachlto
sampling also leaves the well open for conductivity probes and other
geophysical instrumentation.

Monitoring of the vadose zone can be,accompiished by direct and
indirect methods (fg)*-(ﬁg)' The direct methods involve the acquisition
of soil pore water samples by using vacuum-pressure lysimeters, membrané
filter samplers or absorbent methods. The use of lysimeters poses |
several problems. Lysimeters can on;y be efféctively installed and used
for relatively shallow applications due to installatidn and operationai
limitations. The use of suction may contribute to sample bias (46).
Plugging of the porous segments.of lysimeters is also a problem (30).
Considering the nature of ISL mining, the use of direct vadose éone
monitoring methods appears to have limited appliéation. In contrast,
the use of indirect surface and geﬁphysical methods holds considerable

promise.



233

A selected number of surface and borehole geophysical techniques
may be applicable to the problem of monitoring the hydrologic behavior

of the ISL injection/recovery well system. Of the variety of surface

o

and borehole logging techniques available, surface electrical and the
downhole applicaiions of acoustic propagation, galvanic resistivity,
neutron and electroﬁagnetic conductivity may have features compatible
with the monitoring needs of the ISL process. By using crosshole
acoustie and eléctromagnetic data, geotomographic techniques can be
applied to construct two and three dimensional images of geophysical
variation. The surface methods of simple electrical resistivity and
electromagnetic induction, which are commonly used to detect changes'in
groundwvater quality, have serious depth limitations (él)',<22)- These
‘techniques cannot effectively probe the geologic profile below a depth
of about 300 feet (52). An advanced electrical technique, controlled
source audiofrequency magnetotelluric§ (CSAMT) may have the adequate
depth penetration to detect fluid excursions around a deep ore zone
(53), (54).

Considering the potential use of CSAMT as a monitoring tool, it
appears that this technique could be utilized to detect variations in
the unsaturéted and saturated profile. This technique utilizes a fiked
current source and provides apparent resistivity and phase angle .
sdundings (33)- The penetration depth of the induced electromagnetic k
wave is both frequency and resistivity dependent. The earth reSistencew
can, therefore, be meaéured‘as a function of depth if the amplitude of

the magnetic and electrical field can be acquired at several frequencies

(51).
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The CSAMT geophysical technique has been used with apparent success
to detect upward leakage of brine through improperly plugged wells (33).
CSAMT tests have been conducted in the uranium leach fie1d§ of Northern
Wyoming (54). Results of this testing program were inconclusivg;

For the measurement of moisture changes in the vadose zoné, the use
of neutron borehole logging.is a proven and applicable technique.
Neutron logging can be performed in cased borings, eitherldry or filled
with fluid (44). The neutron log uses an éctive neutron source to |
meésure formational porosity. The downﬁole system consists of a neutron
source which emits é flux of energetic neutrons,-and a detector thch ‘
senses either the low energy neutrons or gamma radiation vhich results.’
from neutron absorption (51). The porosity of the formation is inferred
from the direct'reading of hydrogen content. There éfe‘fhfee major I
types of neutron logs in use, with the neutron-epithermal type being the
most accurate and leaﬁf sensitive to external effects. |

For saturatgd conditions, electromagnetic conductivityl(EH) logging
appears to hold considerable promise. Although in the Aevelobment stage

for borehole use, this method has met with considerable success in

"mapping contaminant plumes from the surface. The method would require

thg use of nonconductive casing, but the influence of borehole fluids

should be insignificant (§§). The_elect;omagnetic method of measuring

" earth conductivity by induction employs two coils. The transmitting

- coil is energized with alternating current, causing minute currents in-

the geologic medium. The other coil has the capacity to detect these
inducted currents. As applied to the problem of detecting excursion
from an ISL well field, the EM logging would have the capability to

detect minor increases in conductivity near a monitoring well. This
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change would be caused by the movement of more conductive lixiviants in
the fractured bedrock. A

The generation and subsequent cross-borehole detection of compres-;
sional and shear vaves, coupled with tomographié techniques, may provid%
a useful ISL monitoring technique. This type of borehole geophysical
application is time consuming and requires lengthy interpretation. If
velocity contrasts are substantial, ray bending may influence data
quality.

Galvanic resistivity borehole logging has been investigated as a
potential geophysical tool for the monitoring of an in-situ uranium
leaching operation in Wyoming (34). One inherent limitation of the
single glectrode resistance, multi-electrode spacing and foéused logging
approaches is the requirement that the hole remain unéased. Even though
the casing probiem vill remain, a more p;omising technique would be to
place receiving and transmitting devices in separate wells spaced in
such a manner as to detect resistance changes throughout the injection
zone, |

The Wyoming test sequence to analyze the effectiveness of downhole
galvanic techniques used a transmitter-receiver array placed in each of
seven holés in a hexagonally'shaped production cell (34). The test
results indicate that the geophysical system has the capability to
detect resistance decreases caused by the flow of lixiviants in the
uranidm leach field.

Using a selected number of the monitoring techniques discussed
above, two monitoring schemes are presented in Figures 6.4 and 6.5; one

for the saturated case and one for the unsaturated case. These schemes
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» are presented as generic examples developed under hypothetioal hydro-
geologic conditions, depth-td—ore-body and ore body/wellfield geometry..

The remaining issue involved in the development and operation of -an
 ISL monitoring aystem is the establishment of a quality aséurante/
.quality control program:related to moniroriné'data acquisition and
record keepiqg. To assure that a valid.monitoring_reeord‘is estab-
lished, the followin§~issues need to be addressed_ano specific

goidelines established:

0 Proper well sampllng procedures.
o Field testing procedures and record keeping.

o Proper handling, preservation, storage and retention of vater
samples.

o Use of certified laboratory; use of standard lab methods.

.0 Proper recording of sample chain of custody.

6.4.5 Restoration ‘

Although the‘ouestioh of‘whether active restoration will be.
required by the regulatory entity cannot be answered at this time,
several issues‘ano options can be discussed.k The bulk cof the research
and actual attempts at restoring aquifer water quality after in-situ
leaching involve uranium ore bodies in Texas and Wyoming (56), (37).
The geologic framework of auch deposits are extremely different from
that of the Arizona copper ore body. These uranium deposits are found
cin sedimentaryrbedrock with permeablities well in excess of those
anticipated for the ISL copper ore depoait . Even with this inherent
l‘dlfference, the published evaluatlons do prov1de some guidance as to the

feasibility and optlons related to aquifer restoration.
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Techniques of aquifer restoration that have been proposed and

analyzed by other investigators include the following:

i@

o Pumping of selected leach field wells (sweeping).

o Pumping of selected leach field wells in combination with ‘
injection into other wells of natural groundwater, treated leachs
field water or water with reagents added.

o Natural restoration.

Pumping of selected leach field wells after cessation of lixiviant
injection draws uncontaminated groundwater from outside the leach field
invard to displace the injected lixiviant and affected groundwater.
Under ideal conditions, the unaffected groundvater from outside the
leach field would completely displace the affected groundwater and
baseline water quality levels would be restored. However, under natural
conditions, it may not be possible to completely restore water quality
to background levels by pumping alone.

Restoration may be expedited by simultaneocusly pumping selected
leach field wells while injecting natural ground&ater, treated leéch
field wvater or water with certain reagents added into other selected
wells. Injection of natural groundvater may not present a significant
advantage if sufficient uncontaminated groundwater can be drawn into thg
leach field by pumping alone. However, under certain conditions, if anh
abundant source of relatively clean vater is available for injection, ﬂ
the efficiency of the aquifer restoration process may be imprpved.

The treatment of pumped water to remove residual metal vaiues,
lixiviants and other contaminantslfollowed by ;einjection of the treated
water at other selected wells may present several advantages. The

volume of contaminated water that must be disposed of at the surface is
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thereby reduced. In addition, the recovery of additionallmetal values
| may partly'offset the costs of aquiferrrestoration.

Injection of water containing certain chemicals to neutralize
lixiviants vithin the leach field may aiso be an effective restoration
method. .However, such a process has not been attempted at any large
scale commercial copper leaching operatlon to date. A sufficient volume
of water would be removed from the leach field by pumping simultaneous
with 1nJect10n to ensure the necessary concentration of the che@1cal
additive in the ore zone aquifer. Simultaneous pumping would also occur
to ensure that the injected, chemically treated water is drawn into the
leach field, rather than flowing away from it.

Natural restoration is the degradation, neutralization or dilution.
of lixiviants aﬁd‘;elated contaminants by natural processes. Dilﬁtion
may occur simply by mixing of the injected fluids withvuncontaminated'
Inatural groundwater. . Degradation or neutralization may occur es a
result of various chemical processes occurring within the ore body.

Natural degradation may be an acceptable meane of achieving aqujfer
"festoration in certain cases,rsuch as vhere the ore zone aquifer is
hydrologically isclated, or where processes of dilution or neutral-
ization can be shown to achieee‘acceptable water quality levels. Some
- pfobléms\assoeiated wi;h the concept of natural restqra;ion include the
following:

o The difficulty of predicting the time and distance requlred for

the coentaminant removal process to be effective.

o The lack of existing data on the effectiveness of natural

chemical processes in degrading or neutralizing lixiviants in
natural solutions. :

o The uncertainty regarding the ultimate fate of certain ions,
compounds or elements introduced into the ore zone.
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Sweeping and recirculation could result in the production of large
volumes of water at the surface which are unsuitable for discharge. 1In
both éases, the ultimate disposal of the waste waters would require
storage and evaporation, probably in lined surface ponds. The sweeping “
option would create a waste stream which could be disposed of in lined “
evaporation ponds or treated. As is the cése with the recirculation
option, this treatment can result in a reduced volume of waste fluids
with a higher concentration of dissolved constitgents. Reverse osmosis
is an example of a treatment option which results in a radical improve-
ment in water quality, but the by-product of the treatment is a brine
wvith an elevated concentration of dissolved constituents. Such active
approaches to restoration have the disadvantage of potentially exposing
the near-surface hydrologic environment to contamination from the
long-term disposal of the residue from large volumes of waste water.

Although it is not deemed feasible to establish a_conceptual
restoration design for ISL copper mining at this time, the evaluation of
potential restoration options does clarify the need to define specific
details prior{to, and in conjunction with, site-specific design develop-
ment. These interrelated details are as follows:

o Predict the effect of natural attenuation processes and the

effects of dilution/dispersion in the ore body.

o Analyze the length of time required to sufficiently reduce
contaminant levels.

o Evaluate the feasibility of treating withdrawn wasfes, and the
compatibility of such treatment with the chemistry of the
process fluids.

o Appraise the feasibility and site suitability of disposing of
providing storage/evaporation facilities for spent fluids and
the environmental safety of permanently disposing of the
residues of these fluids.



242

6.5 ENVIRONMENTAL RELATED COSTS
Environmental costs are divided into four categories:' permitting
the commercial facility; developing a monitoring system; annual

monitoring; and restoration of leached cut wellfields.

. 6.5.1 Permifting the Commercial Facility

With the cufrént‘permit structure of the‘ADNS, a timetable for the
application and agency review process can be approximafed. Table 6.6
delineates the schedule of the aquifer prbtection'permit process,
.including an approximation of the time required to perform site

characterization studies.

Based on the aquifér protection'permit timetable presented, costs.
 for permitting have been developed for the e#ample ore body charac-
teristics described in Chapter 10, and are'estimated at'$462,500.
Details of the development of this cost are provided in Table 6.7. The

permitting cost is denoted by EPsvin Section 5.7.1.
EP, = $462,500 ‘ (6.1)

6.5.2 Development of Monitoring System

—

The following appfoach is used to estimate monitoring system Eosts
on a generic basis. It is assumed that fhe density of monitoring wells
is proportional to the total plan area of thé deposit for which well-
fields will be.developed over the life of the leaching operation. 1In
addition, it is assumed that monitor wells will be required to penetrate
both to the bottom of the ore zone, and slightly above and below thé

vater saturation level. Unit costs for monitor wells penetrating to the
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" TABLE 6.6. AQUIFER PROTECTION PERMIT TIMETABLE .

Applicant formulates site characterization

plans and prepares/submits proposal for
permit application

Agency reviews proposal for permit
application and notifies applicant
as to its completeness

Applicant initiates and completes site
characterization studies, facility
design and prepares permit application

Applicant submits permit application

Agency reviews application and notifies
applicant as to its completeness

Applicant responds to agency comments
and provides subsequent data to
eliminate deficiencies

Agency performs final review and
issues permit

Duration Completion
ip Months Month
3 ~ 3rd
1 4th
12 16th

(end of iGth month)

1 17th
2 19th
1 20th
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TABLE 6.7. ESTIMATION OF COST OF PERMITTING

COMMERCIAL FACILITY

Activity

Administrative support for 1 year,
15 hours/week, one staff

Technical support by operator,
1 1/2 man months, one staff

Consultant support, 6 months,
site characterization/agency
contact/data compilation and
analysis. 9 man months level
of effort

Air Quality preoperational monitoring
and analysis, equipment and 2Z-man month
contribution

Acquisition'of ADWR water rights/
well construction permits. 1 man month

- level of effort.

Hydrogeoiogic field investigation

4+ 6500 feet of bore hole

+ Install 4 monitor wells

+ Hydrologic test program over 4 weeks

+ Baseline water quality testing

+ Professional staff support

+ Travel

+ Fees, retaining financial responsibility

Cost

$ 23,000
$ 6,000

$ 77,000

$14,000

$4,000

$162,500
$100,000

$ 32,000

$ 6,000
$ 32,000
$ 5,000

$ 1,000

$462,500
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bottom of the ore body will be expressed as $§ per square foot plan area
per foot of depth, and denoted by C,,. Unit costs for monitor wells in
the vicinity of the water saturation depth will be expressed as § per
square foot plan area per foot of dép;h of water table, and denoted by
an' The generic form of the total monitoring well system cost, EP7, isﬂ

given by (6.2), vhere A__ is the total wellfield plan area to be leached

over the life of the leaching operation.
EP, = (C_,)(A,)(D) + (C,)(A, )(VWD) (6.2)

Table 6.8 details the computations and assumptions involved in
developing C,, and C, for the example ore body used in Chapter 10 to
illustrate use of the manual to develop design specifications and costs.
C,, is estimated at 51.37 x 1074 /£t¥ /foot of depth, and C,, at $1.83 x
107*/£t° /£t of depth.

Theuareal density of wells selected for the example ore body is
based on geologic experience in detection of hydrologic changes in

fractured rock. At present specific values for monitoring well density

are not specified by any permitting agency for ISL copper.

6.5.3 Annual Monitoring Cost

Annual operating costs are estimated to include: §$52,500 for labor
(1 1/2 professional staff); $2,000 for record keeping; laboratory
analysis of water samples $13,800; and $12,000 monitoring equipment
maintenance and replacement. The net annual cost is $80,300. This cost

is denoted by EP. . in Section 5.6.5.
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TABLE 6.8 DEVELOPMENT OF UNIT MONITORING
SYSTEM COSTS
o - Definition of system
+ 1000 foot deep ore body
+ Water saturation 500 feet below the surface
"+ Total wellfield area for 20 year production of 1% copper at
50.6% recovery over 300 feet of ore thickness is 3,900,000

square feet

.+ Assume 10 monitor wells to depth of 1000 feet, 10,000 feet of
hole

+ Assume 10 monitor welis above saturated zone to 450 feert,
4,500 feet of hole

+ ‘'Assume 4 monitor wells to 5507feet, 2,200 feet of hole.
-+ Total of 16,700 feet of hole, 60% at 1,000 feet of depth

o Total cost of monitoring system

+ Mobilization’and de-mobilization =+ - . = “$ 3,500
+ Casing 12,000 £t @ $15/foot $180,000
+ All well drilling operations 16,700 ft @ $25/foot $5417,500
"+ Screen 4,700 ft @ $20/foot $ 94,000
+ Misc. $850/well x 24 $ 20,400
+ Cement-1 cuft/ft x 12,000 = 27 x 50 5 22,000
+ Gravel pack 1 cuft/ft x 4,700 + 27 x $100 $ 17,400
+ Pumping system $ 25,000
+ Logging $3,000/vell x 24 § 72,000
+ Well development $1, 600/we11 X 24 ‘ S 38,400
+ Labor for design of system ‘ ‘ 7 S 4,400

$894,600
o Proportioning costs

$894,600 (0.60) = 3,900,000 = 1,oop'="s1.37 x 1079/ft2 /¢t

+
(o]
]

+
@]
il

' $894,600 (0.40) + 3,900,000 + 500 = $1.83 x 10°Y/ft?/ft
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6.5.4 WVellfield Restoration

At this time it is not possible to estimate a genéric capital or

operating cost for wellfield restoration. The reasons for this are:

o The regulations defining the level of restoration for in situ
copper leaching as well as the specific chemical constituents to
be removed from the wellfield have not been developed.

o The leaching chemistry will be site specific and extraction
technology will vary from one site to another.

To provide some estimate of the cost impact of restoration on overall
project economics a restoration cost, denoted by EP, . in Section 4.5.1,
is applied to each wellfield replacement. It is assumed that this can
be approximated as a percent of the total operating cost of wellfield
start-up. The user selects the percent to be used, wvhich is represented

by variable L
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CHAPTER 7

FIELD AND LABORATORY TESTS TO OBTAIN SITE SPECIFIC DATA

7.1 Data Requirements for Rock and Plu1d Characteristics and Copper
Leaching

Site specific engineering designs for a commercial in situ copper

mining operation require input data pertaining to the following deposit

rock and

fluid characteristics:

Degree of initial water saturation of the rock. This reflects
on water make-up requirements of wellfield start up, as well
as initial permeability reduction by water/gas displacement.

Rock permeability, which translates to flow rate per well.
Rock porosity, which translates to well pattern start up time.
Chemical communication in a well pattern, which translates to:
leach solution recovery; positioning well patterns; and defi-
nition of acid/copper residence time reaction requirements.
Rock chemical properties relative to concentratihg copper in
the pregnant liquor, which translates to capital and operating

costs for surface and wellfleld fac111t1es

Rock response to hydraullc fracturing and borehole blasting,:
which translates into enhancement of well flow.

This section describes specific tests and procedures to obtain the

‘above data. These tests are listed below and are grouped into two test

groups,

Q000000

Set

economic

Sets I and II.

Transient pressure test - Set I
Geophysical wireline logging - Set I
Coring - Set I

Laboratory core leaching - ‘Set I

Well pattern tracer communication - Set II
Vell pattern leaching - Set II

Matrix modification - Set II.

I tests are directed at obtaining data. for use in an initial

feasibility evaluation for a commercial operation, not to
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include field acid injection or matrix modification. These tests repre-
sent a minimum environmental impact and-are not likely to result in a
major permitting delay. Results of these tests can also be used for &
preliminary pilot plant design. |

Set II tests are éonducted during a pilot scale operation to
provide data for a final design of a commercial in-situ copper mine
leaching operation. These include: tracer chemical communication tests
in well patterns; acid leaching in well patterns; and matrix modifica-
tion. Permitting requirements will have a significant impact on
scheduling these tests.

For each test, discussion focuses on: review and selection of
specific tests; description of design and execution procedures; and
discussion of data to be obtained and methods of data.énalysis. x

Procedures for analyzing test data are so variea and dependent on
site specific deposit characteristics, that based upon experience in
field testing of in-situ copper mining, this description of procedures

is beyond the scope of this document.

7.2 Set I Type Test - Minimum Environmental Permitting
A number of tests can be conducted to obtain information about the
following rock and fluid properties:

Rock permeability

Rock porosity

Initial water saturation

Flow distribution from the well into the deposit
Copper recovery curve (laboratory).

O o0 00O0

Tests include transient pressure tests, geophysical wireline log-
ging, coring, and laboratory core leaching. Except for laboratory tests

these tests require that fluid can be produced from or injected into the
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deposit. The injected fluid required is clear water and therefore
should not represent an environmental problem. In order to conduct
laboratory leaching tests, which will provide hydrometallurgical data,

core must be obtained from each deposit.

7.2.1 Transient Pressure Test

The transient pressure test is conducted to determine permeability,
deposit pressure, drilling or other induced pefmeability changés "skin
effect,” and to provide indiéations of flow regime boundaries, barriers
and interference betweeﬁ'wells. Transient pressure testing consists
essentially of pressuring a hole by pumping £luid into it and then
carefully meaéuring decay of pressure versus time. When it is performed
on two wells, i;e., an active ﬁressurized wvell and‘a second well or ‘
multiple passive wells, it is usually termed.aﬁ,"interference“ test and
it ylelds data relative to perﬁeﬁbility, porosity‘(provided that rock
compréssibilitﬁ.islknownd; and directional permeability. A review of
permeability testing for solution mining is presented in a U.S. Bureau
of Mines publication'(éﬁ);

The kinds of instrumentation employed in transient testing include
ﬁlow rate and pressure measufgmgnf devices. Turbine meters, which ,'
provide both rate indication and cumulative volume, are both accurate
and convenient to use. Pressure measurement devices are numerous, |
however; special wireline suspended instruments are commonly employed
for the following re&éons:

o The pressure gradient in the borehole cannot be accuratel
estimated or determined. '

o The pressure at: the wellhead falls below zero psig during-the .
test. '
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When pressure in the active well (production or injection) changes
several hundred psi during the test, bou;donltype gages will suffice.
Howvever, if one intends to determine tﬁe deposit pressure within 5 to
10 psi, the bourdon type gage may not provide adequate precision.

Quartz pressure gages have been found useful for transient testing,
especially where higﬁ precision is essential.

When interference tests are conducted by injecting>f1uid in one
hole and observing pressure changes at another hole, gages of high
precision are essential. The pressure response in the observation hole
may be only one or two psi, sometimes less. In these instances one must
be cautious to guard against changes in pressure that may be related to
barometric or lunar sources, as opposed to those resulting from the '
active well.

Fluid conductivity in porous rock is termed permeability; and is
controlled by rock properties such as: porosity, grain and fracture
size; and texture, fracture or pore connectivity and tortuosity. Based
on the comﬁlexity of thé interaction of these parameters, assuming they
could be quantified, a useful method of calculating the value of permé-
ability has not been found. Permeability is a measured parameter.

It should be pointed out that permeability and po;osity are relateir
but porosity is a measure of the void spaces in the rock. High porosity;
does not translate to high permeéability. Since porosity reflects the
sum total of all of the void spaceé, high or low permeability would
depend on whether these voids were connected by small or large.openings.

Directional stress variations in rock formations often result in
preferential flow'in;One’direction versus another. THis effect can be

evaluated by inter-well pressure testing, in which fluid is injected in
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_one hole of a pattern and the rate of fluid rise is observed in two

equally spaced holes-lbcated 90° to each other. A conSis#ent obser-
vation of more rapid fluid rise in one direction over the pther is
indicative of a directionai permeability, where fluid movement to and
from wells will follow an elliptical flood front. To compensate for the

different rates of fluid movement, vells can be spaced in a rectangular.

" pattern, such that equal flu1d travel times are obtained. This prevents

premature mining out of copper from some parts of the well pattern
resulting in solvent eventually passing through mined out'sectioné and
diluting enriched solutions from other sections. The worst possible
choice of well layouts would bé to align injectors and producers along
the direction of greater flow. |
All flow iﬁto or out of tﬁé.deposit passes through thg wvellbore and

the first areal restriction encountered is the circumfefential area df
the well. Equal flows can be achieved for highly conductive thin ore

zones, or lowv conductivity thick ore zones. Reduction of field test

data provides a kH (permeability ore intercept) factor, the value of

which in addition to the measured flow rate, pressure drop, and fluid

~ viscosity is a function of the assumed flow geometry beyond the

e

wvellbore.
As fluid moves away from the wellbore three types of flow regimes
can form.

o Linear Flow - Fluid may encounter highly conductive structural
planes or hydraulic fractures and move along them inte the ore.
Pressure gradients in this case will tend to be fairly uniform
as fluid moves away from the high pressure source, declining
linearly with the distance from the point of injection. A
resulting linear plot of pressure rise (or fall off) versus the
square root of time for pressure transient data would be
indicative of linear flow. -
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o Radial Flow - Fluid leaving the wellbore remains essentially in

the injection interval, spreading over a continually increasing

circular area. The pressure will decline logarithmically with

the distance from the well. A resulting linear plot of pressure.

versus the logarithm of time during pressure transient testing

would be indicative of radial flow
o Spherical Flow - Fluid leaving the wellbore spreads horlzontally

and vertically beyond the InJectlon interval in a three ’

dimensional continually increasing sphere. In this case the

pressure will decline inversely with radial displacement from

the well. A resulting linear plot of pressure versus the

reciprocal of the square root of time for pressure transient

data would indicate spherical flow.
When tests of short duration are planned and the well head pressure is
. expectéd to fall to zero psi rapidly, not only is a downhole pressure
sensing/measuring device specified but also a downhole shut-in tool is
required. A downhole shut in tool is a device which permits the closure of
the well downhole near the test interval. Further, the tool facilitates the
measurement of pressure in the wellbore adjacent to the test interval and
below the tool. The tool consists of two parts: a seating nipple in the
tubing string and the plug which creates the seal vhen lovered on a wire line
into the seating nipple. The plug is suspended a few feet above the nipple
while liquid is being injected. Upon termination of injection the plug is
lowvered into the nipple. If a downhole sensing-surface recording pressure
instrument is used the sensor is attached below the plug and electrical
signals conducted through the plug and up the wire line to the surface.

Pressure-transient tests require careful design in order to assure that

appropriate equipment is available at the test.site to conduct the test. The
design will provide an estimate of the time required to complete the test,
expected flow rates, and pressures.

Although a number of different types of transient tests are available,

i.e., buildup, drawdown, multirate, interference, and falloff, the type that
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is chosen will depend primarily on hole condifions, degree of deposit
saturation and hole spacing.i Previogs experience suggests that the most
easily conducted‘test is the pressure falloff following waterbinjection;

Details of test design (59) are available elsewhéfe and will notrbé
repeated here. Howéver,’key elements to be considered in the design follow.
In test planning, calculations should be made of estimates of factors such as
the impact of wellbore storage_(fluid stored in the Qeilbore), general
magnitude of pressure resbonse for ény givgn inje;tionfrate, and time required
to obtain analyzable data. |

The most serious problem is wellbore storagé‘effects, and.a transient
test. must be designed to minimize this effecﬁ. The engineer should
incorporate in the design the capability fo shut the well ié>ﬁsing a 60wnhole
. shut-in tool. Otherwise, during thé short-duration test'wellbore_effecis can
persist throughout.the falloff'period and useful data will be obscur;ed{

~As indicated above transient pressure tests can Ee conducted using a

" number of different pfocedures. However, the procedure most eésily empioyed
- for mineral deposits is fluid injectioﬁ fqllowed by measurement of pressure
dec;iﬁe. .The following activities are part of‘;his proéedureQ

o Choose.a section of deposit to be tested.

0 Isolate the section by setting a straddle packer or using other
means. ‘ B -

o Install downhole a pressure-sensing/recdrding device and shut-in
tool. . }

o Inject fluid (water) at a constant rate at a pressure calculated
not to exceed rock-parting pressure. )

o After injecting fluid for sufficient period of time, as calcu-
lated in the test design, terminate injection, activate downhole
shut-in tool and measure pressure falloff versus time. Some-
times the design cannot be followed because estimates of initial
conditions were incorrect. In this case adjustments should be
made in the field and the test repeated to.obtain usable data.
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Data should be evaiuated during execution of the test. Table 7.1
is a typical data sheet used for pressure transient testing. If down-
hole pressure is taken with surface recording equipment, the data should
be reduced as it is recorded to determine if the test is a success or ‘
whether it needs to be repeated. To allow for reliable interpretation
of data the engineer should have all information concerning the test
wel}, any operations in the vicinity that could distort the data,
complete rate and pressure history during execution of the test,
condition of fluid, temperatuare of formation of the test interval, and
a complete list of remarks noted by the test engineer as the test was

executed.

TABLE 7.1, RECOMMENDED PRESSURE TRANSIENT DATA SHEET

Date Time Rate, gpm Press, psi Comments

Hole No. Interval ' to Date
Fluid Injected ‘ Packer Depth Tubing Size
Downhole Gage: Press. Element Clock
Downhole Shut in Tool Depth

Time bomb on Bottom Date-

Time Bomb off Bottom Date

-

Transient testing is a procedure for determining certain formation
characteristic such as. permeability and the wellbore flow condition.
This procedure primarily provides data for calculation of permeability
and skin factor. Skin factor is a number related to fluid transmissi-

bility of the rock in the immediate vicinity of the wellbore. A
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positive factor indicafes reduced (or damagéd) permeability in the
immediate vicinity of the wellbore.. A positi#e skin féctor can be
caused by a number of féctors including injection of dirty water,
precipitation of minerals, inadequéte‘perforatioﬁs, and damage resultiﬁg
from drilling mud. A negative skin factor indicates an increase in
permeability in the immediate vinicity of the wellbore and can be caused
by induced fractures or dilation of flow channels, and also by acid
dissolution of the rock. |

Although not absolutely requifed, the test is normally conducted by
] injecting vater at a constant rate for a sufficient period of time tor
create a pressure disturbance in the formatibn in the vicinity of the
T test well. After termination of water injection the pressure decliné
(or falloff) is measured. If the injection rate is not constant the
data can be analyzed using a mathematical éoncept called the super-
position principle. Althﬁugh effective, the applicatioh of this
procedure is tedious. Maintaining a ¢0n§tant injection rate permits the
use of Simble\data reduction methods. |

There are several flow regimes which cén 6ccur in a formation.
They are linear, radigl, and spherical.. A linear regime can occur if a
natural of artifiéal high-permeability flow zone'intersects phe vellbore
in the test interval. An artificial high-permeability-flow zone would
be anlinduced hydraulic fracture. The radial flow regime vill almost
| alway§ occur in a permeable formation that is bounded by low permea-
bility or impermeable formations above and-below. Spherical flov regime
~ can occur when the test interval is small compared tQ‘the vertical
extent of the formation. VWhen analyzing test data the interpretér must

consider the possibility of the various flow regimes. Often an
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understanding of the geology will alert the engineer to the expected
flov regimes.

Mathematical equations have been developed to describe the
relationship between flow rate, pressure, and time for the vafious flovw

i

regimes. The working equation for radial flow is given by (7.1).

2

162.6 jub .62 x 1077kt | (7.1)
 log | o

kH $uecr,

injection bottomhole pressure immediately before shut-in, psi
bottom hole pressure, psi

injection rate, barrels per day

viscosity of 1nJected fluid, centipoise

a volume expansion factor, fraction

permeablllty, md

interval of formation intercepted, feet

porosity, fractlon

time, hours

compressibility of system (fractlonal change in pore volume °
per unit pressure change), psi

wellbore radius, feet

h

(¢} r—rg.:n?rcrtu-c*v'—c

o
]

The pressure difference is a linear function of the logarithmic
value of time. When the pressure falloff is plotted againsf the log of
time the straight line will have a slope of:

162.6 jub (7.2)

slope = —— 5

kH 5

Similar relationships exist in the linear and spherical regimes(QQ),(gll.
For the linear regime pressure difference (8p) is linearly related to
the sduare foot of time (vVt); whereas for the spherical regime (8p) is

linearly related to the reciprocal of the square root of time (1//1t).
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In the radial flow regime, once the correct<semi-log straight line
has been determined and permeability has been calculated, the skin

factor can be calculated:

: S (P'lkhr - Pw) k (7-3)
skin ‘factor. = 1.1513 |—— - log =]+ 3.2275
- slope ducr :
P,,, = pressure on:straigthIine portion of semi-log plot 1 hour

after beginning a transient test.

All other symbols are the same as used in equation (7.1).

& practical pfoblem vhich arises in ﬁhe measurement of pfessure‘
falloff is vellbore storage. This error'results vhen water stored in
ti‘le vell \(after injectidp has stopped) drains into 'the formation. The
procedure used «to determine whether wellbore stdrage effects ére
significant is to plotilog 8p versus Iog‘At; A straight line having a
slope of 45° indicates a wvellbore storage effect- |

Because many factors can influence data interpretatio-n the reader

is urged to study the references cited before undertaking the analysis.

7.2.2 Geophysical Wireline Logging

Exploration for minerals by elegtrical methods, i.e. resistivity,
using surface equipment has been practiced since the early 1900’s.(62)

In the latter part of the 1920’s electrical methods were adapted to

. wireline logging of boreholes. 1In selecting a suite of logs and

recording and quantifying responses, factors such .as hole size, nature

. of drilling fluid, rock characteristics and pore-fluid characteristics

must be considered. These original logging tools are recognized as

outstanding geological-data gathering tools. 1In subsequent years a
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number of other tools had been developed. Those which have been found

useful for in-situ copper leaching are shown in Table 7.2.

TABLE 7.2.

Tool

Natural gamma
Spontaneous potential
Gamma .density

Sonic velocity

Thermal neutron
Electrical resistivity
Magnetic susceptibility
Induced polarization

Temperature

Caliper
Spinner

Radio-iéotope

WIRELINE TOOLS AND TYPE OF INFORMATION

Information

Intensity of natural radicactivity, potassium
Zones of porosity '

Bulk density, porosity

Degree of fracturing, porosity, cement bond
Porosity

Fluid saturation, porosity

Magnetite content '

Sulfide content

Thermal gradient, top of cement, zones of
permeability

Borehole diameter, condition of tasing
Fluid velocity, zones of permeability
Fluid velocity, zones of permeability

Many tools need to be calibrated in test pits or in the field prior

to operations.

Field calibration often assures the engineer that

equipment is operating properly. For Set I Tests only tools useful for

obtaining values of porosity, water saturation, and fluid-flow profiling

vill be described.

o Porosity Tools

The most commonly used tools to measure rock porosity are:

thermal neutron, gamma density, sonic velocity and electrical

resistivity.

Each will be discussed in turn.

Neutron logs fundamentally measure the hydrogen content of a rock.

~ Porosity of any rock, whose pores are saturated with'water, can readily
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: and reliably be determined{' However, many rocks are composed of.miner;
als containing significant‘quantities of bound water. One such minerai
is clay. If one has a reliable estimate of chemically bound hydrogen ip
the rock a correction can be made to neutron logging results.

| A neutron log is obtained when a source is moved through the hole
and emits a continuous flui of eﬁergetic neutrone.‘ The energy of these
particles is reduced as they pass'through a known‘volume of rock. By
measuring with a nearby detector the change in energy the log is gener-
‘ ated. With proper calibration the porosity (hydrogen richness) is
calculated. | | |

‘ Tﬁe density log measures‘the‘bulk density of rock adjacent to the
borehole. If the rock is porous any fluid contalned in the pores will
1nf1uence the measured dens1ty |

To determine.the bulk density a known volume of rock is irradiated
with gamma rays and a nearby detector measures the change in the inten-
sity of the rays. This change is a fuaction of the bulk density. A
greater reduction is associated with arhigher bulk density. Not only
will por051ty influence the bulk density but also minerals of greater or
lesser density.

The sonic velocity logbmeasures‘travel time of a eompressional
wave through a known length of rock adjaeent to the‘borehole. Velocity
in the‘rock is a function of density and rock type. (bifferent rock
types permit'the compressional vave to travel at different velocities){
Density of the rock is influenced here agaln by porosity, and the nature
of fluid contained within the pore space.

‘Electrical re51st1v1ty log measures the resistance of the rock to

the transmission of an applied electrical potential. The resistivity of
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rock is primarily a function of the rock type, its effective porosity
and conductivity of fluid contained in the pore space. Further if the
pore space is not saturated with a liquid the resistivity is altered.
If the rock contains highly conductive minerals such as sulfides the
resistivity will be influenced.

o Initial Vater Saturation

Water saturation is the fraction (or percentage) éf the pore space
which is occupied By vater, In the phreatic zone (below the water table
surface) the poresnby definition are 100 percent saturated. However, in
the vadose zone the percentage of saturation‘is less than 100 percent.
Information obtained from the resistivity log can be used to calculate
wvater saturation. This requires reliable values for the resistivity of
the rock and resistivity of contained water as well as the rock poros-
ity. To obtain reliable porosity values information should be extracted
from the sonic, neutron and density log.

o Flow Distribution (Flow Profile)

‘Three different logging tools are available to determine qualita-
tive and quantitative fluid exit rates from the well bore. They are the
spinner, temperature, and radio-isotope tools. All are commonly refer-
red to as "production logging tools," or "production logs.” The spinner
and radio-isotope logs are obtained while liquid is injected into the :
hole. For interpretation of the spinner log the liquid injection rate ’
must be constant, the variation of hole diameter must be available fromf
the caliper log, and the wireline to which the spinner is attached must
be moved up or down the hole at a constant velocity. The spinner tool
‘must also be calibrated by moving the tool at a constant velocity in

stagnant or constant velocity fluid in a hole of uniform diameter

(preferably cased).
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‘A radio-isotope log requires: £luid injection at a constant réte{
emission of a smali slug of radio-isotope and measurementlof the velo--
city éf the slug as it flows with the fluid down hole; and a calipef iog
to measure diahetér Qariation. |

The temperature log is run repeatedly after injection of fluid to

.measure the relative rate of temperature change of various zones of

fluid exit. To establish a suitable temperature, liquid at a femper-
ature. significantly differeﬁt from the rock tempefatufe in the injection
iﬁterval mﬁst be used,>and the volume injectea_must be sufficient to
establish a strong anomaly. Frequency of repétitive temberature surveys
is a functién of the temperature difference between fluid and roék, and
rate of injection‘aﬁd total liquia injected. The results are consideréd
qualitative. ' -

Wireiine geophysicai ioggiﬁg is conducted alhdstlexﬁlusively-ﬁy“
service coﬂtractors that specialize in such services. Design of.the
logging program must consider the nature of the deposit, its minéral
suite and contained fluid, drilling fluid characteristics, the hole
conditions to be expected and physical limitations of tools that may be
available from the varidus service companies. Chief concerns of engi-
neers are that tHe tool sizes are suitable for the test-hole diameter,
that the tools are suitably calibrated and that the suite of logs is
sufficient to reliably obtain the information sought.

Some tools (sondes) function weli in large diameter hqlesu Others,
because of physical principle upon which they operate, functign better
in a small diameter hole. These devices often are constructed such thﬁt
the sonde is forced to move along the wall - of the wellbore in large

. "y .- - . s
diameter holes. These sondes are referred to as side-wall devices.
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Almost all 16gs are run by lovering the sonde to the bottom of the
hole and obtaining the log as the soﬁde is retrieved. The exception to
this rule is running the temperature log and the radio-tracer log while -
injecting fluid. Although the spinner log can be obtained by either
lovering or retrieving the tool, it generally provides greater sensi-
tivity when it is retrieved from the hole. As indicated above the fluid’
injection rate should be constant, the wireline velocity should be
constant and the tool calibrated by movement in a portion ¢f the hole
that has a uniform diameter.

Logs are obtained using the following procedure:

Mobilize rig and logging company.

With the rig on location condition the hole.

Remove down hole equipment.

Move geophysical equipment and.operators on location.
Calibrate tools. -

Lover tool(s) into hole and obtain log.

Repeat logs, to assure proper functioning of equipment.
Recalibrate after final logging run, if necessary.

@0 0 0O 0 © o o ©

Rig down and release logging company.

Analyzing data obtained from geophysical wireline logging ié
equally as complex as analyzing pressure transient data. The user will
wvant to keep in mind that most logging devices have beeﬁ developed by
and for the‘petroleum industry. These devices have therefore been
deQeloped for oil-bearing, sedimentary formations. Tﬁese formations are
primarily sandstones, limestones and dolSmites. 0f course there are
mixed lithologies aﬁd shaly sandstones, etc.

" Interpretation of logs(62),(63), (64) must consider the nature of

the rock and the fluids contained therein. Most logging and log
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intefpretation isbdirected tOVSedimentary rocks whose rock'and fluid
characteristics will be significaﬁtly different from most hard rock
mineral deposits. Generally, one can eﬁpect the mineral-deposit rocks
to exhibif lower porosity and to have a widely different suite of
minerals and often relafively iarge percentage of heavy minéralsT Oftep

the response of some logs will be more greatly impacted by hydrous

minerals in relationship to the fraction of pore space than would be the

case with sedimentary rocks. Often the logging tools will not have beeh

calibrated in a hard-rock environment, therefore, techniques of data

N
Ten

analysis using cross plotting will become necessary. To arrive at a

reliable value for porosity an independent measure of hydrous mineral
and heavy minerals often will be required. Detailed discussions bf
these interprepatidn techniques are beyond the scope of this study and
the reader ié refered to cited references.

Logging tools such as temperature, spinner, radio-isotope tracer
and caliper are often referred to as production logging tools(éﬁ)-

These tools often are adequate to provide information about the flow of

-fluids from the well and in the formation in the immediate vicinity of

the vell.' Hoﬁever, one log alone seldom provides the answer to a
particular questibn(gé),(gg). Often the subtle features as opposed to

the obvious anomalies provide the desired information. Like other down.

hole logging methods interpretation is complex. The reader is urged to

study the cited references which provide a wide iange_ofvexamples of

. each of the logging methods and their interpretations.
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7.2.3 Coring

Coring design and procedures are no different than conventional
coring used during a mining exploration program. Hovever, a triple—tubé:
core barrel is recommended for the activity. This device permits B
extraction of the core from the barrel with almost no artificial
breakage or re-orientation of the core. It facilitates excellent
photographic documentation of the undisturbed core and provides a better
observation of natural rock fractures.

Cores are normally,téken by means ofvcommonly used wireline dril-
ling rigs.l A large variety of bit sizes are available, exgmples of
vhich are listed below:

Series "Q" Wire Line Diamond Bits

size core dia. (inches)

AQ, AQ-U 1.062
BG, BQ-U 1.432
NG, NQ-U 1.875
HQ 2.500
PQ 3.345

It is required that the drillers do not pulverize the core by excessive
beating on the core barrel.

Cores may also be collected by using construction coring eguipment.
This type of equipment is used to obtain concrete samples and drill
through short distances of rock and concrete. This equipment can be
used to obtain samples from surface boulders, and ribs and faces in
underground workings.

The féllowing procedures should be followed after core removal from
the coring device.

o Sample should be labeled. .

o Core orientation should be noted (if obtained).

o A general description should be recocrded including ore and

gangue mineralogy, fractures, porosity, size, etc.
A photograph should be taken.

=]
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Care must be taken in shipping the cores from the field to the
laboratory. They should be placed in plastic bags and packed carefully

to prevent breakage.

7.2.4 Laboratory Core Leaching

Laboratory leaching tests are conducted on vhole core samples (as

- opposed to crushed samples) to obtain data that more closely reflect the

reactions of in-situ leaching. Most copper-oxide mineral deposits have

a crystalline host rock and the bulk of the porosity and permeability is

associated with fractures and fissures. Further, most of the metal

yalues are contained within these pore spaces. The core leaching test

is used to force acid under pressure through natural fractures of repre-
sentative ore samples. ’Thﬁs,lmineralized rock samples must be chosen
judiciously in order to‘assure that the sample ﬁas permeability.

Tests must be designed to obtain copper locadings and fractional
copper recovery versus time or pore-volume throughput. These tests
should evaluate the relationship'betweén copper loading, ore grade, and
lixiviant concentration. Tesf results should provide data concerning
lixiviant consumption per unit of copper produced. In this fegard,
recycle tests should be conducted to determine the impact of'gangue‘
cations on lixiviant consumption. |

To obtain useful data, fluid must be forced to flow through the
natural flow channels of the test specimen. Careful selecfion of |
samples is necessary, and samples must be mounted so that lixiviant will
flow through the native flow channels and not along the oﬁtside |

surfaces. Core leaching provides a means of assessing the potential
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response of the sub-surface component of the chemical extraction system.

One will want to determine:

o

Whether copper mineralization is in the flow fractures, or in
dead end pores that contact the acid as it moves through the
flow fractures. This is accomplished by demonstrating high
copper recovery in the effluent spent acid, and by petrographic
examination of the leached core. -

Vhether the combination of copper mineral/acid reactivity and
transport of sclubilized copper is sufficiently rapid and stable
to concentrate copper to a high level in the pregnant liquor and
maintain it at that level to a high percentage of copper
recovery. This information is used to select well spacing and
frequency of future well pattern additions, and focuses on
selection of well pattern residence time or determining minimum
requirements for it. The net rate at which copper can be recov-
ered changes throughout the recovery period, and may be control-
led by one or several mechanlsms such as: v

+ Chemical kinetics of mineral/acid reactivity

+ Acid and copper: diffusion into and out of porous mineral
product layers .

+ Acid and copper diffusion between flow fractures in diffusion
paths within the pores of the rock

+ Chemical equilibria, primarily pH control at levels that
maintain solubilized copper in solution

+ Adsorption of solubilized copper on-rock surfaces.

Core leach data provide a measure of the net effect of the
above. Analysis of the data provide information on the impact
of well pattern residence times on pregnant solution copper
loading.

The net quantity of copper produced in the pregnant liquor per ;
unit acid consumed. This number is a function of: injected
acid strength; relative reactivity and surface contact of acid -
with copper and gangue minerals; and the ionic strength and
composition of the injected acid. The true in situ process is
expected to maximize the contact of acid with copper minerals
relative to gangue, which is favorable to produc1ng higher
copper loadings at a given acid strength. The in situ process
recycles spent acid solutions (following acid make-up)
containing solubilized gangue cations through the well pattern
between 5 to 20 times. The impact of these cations on sub-
sequent .acid consumption is not known at this time, but is
thought to have a retardation effect on ganque reactivity with
acid. The net acid consumption per pass through the well
pattern has a significant impact on process economics. A
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reduction in acid consumption of 4 pounds of acid per pound of
copper at an acid cost of $30 per ton of acid results in a $.06
per pound of copper reduction in operating cost. This provides
sufficient cash to replace 20 wells per year in a 25,000 ton per
year commercial operation. In addition, the lower ac1d con-
sumption provides a higher copper loading which requires fever

~wells to produce the same total amount of copper at a given flow
rate per well (permeability).

o The net effect of acid reactivity with copper and gangue
minerals on the change in permeability. Various mechanisms are
discussed below: '

+ The dissolution of minerals may result in an increase in
porosity. Should this increase be associated with enlarge-
ment of flow fracture dimensions then permeability would be.
expected to increase. If the porosity increase is not in the

- flow fractures, then permeability is not likely to change,
but the increase in porosity could expose additional copper
mineralization to the acid ‘and thus increase copper recovery.

+ Calcium released into solution by acid attack of clay or
~calcite in combination with the sulfate component of the acid
could result in precipitation of gypsum. Should this occur
in the flow fractures, a reduction in permeability would be
expected. Gypsum solubility is lower at higher temperature,.

and lower pressure. :

+ Carbon dioxide released by the reaction of carbonate minerals
and acid wvhen present as a free gas will also result in a
reduction in permeability. Excess free gas could also blind
copper minerals from direct contact with acid and reduce
copper recovery. The higher the pressure at which the system

. is operated the lower the probability of having free gas.

+ Swelling of clay minerals resulting from changes in the ionic
strength and compositidn of the fluid moving through the
fractures would result in a 51gnif1cant reduction in
permeability.

-The core leaching test data provides a measure of the net effect
of the above mechanisms on permeability. Simultaneous analysis
" of permeability and effluent chemical changes over time can
identify which of the above is the most significant, and what
its impact on field operation is likely to be.
Core leaching tests can be conducted using many different types of
testing equipment and core configurations. The key physical design

requirement is to ensure that the injected acid is_fdrted,through the

. native in situ flow paths. This requires forming a tight seal between’



269

the outer surfaces of the core and the internal contacting surface of

the test apparatus. The most convenient core geometry to use is
cylindrical, and samples can be bbtained from mineral core hole drilling@
in sizes from one to 3 1/2 inches in diameter. This provides a

regularly shaped outer sufface'that can be readily sealed against the
test equipment surféce. Two exémples of core configuration that are
used during leaching are illustrated in Figure 7.1.

o In.the axial configuration, flow is perpendicular to the face of
the cylinder, and sealing is effected on the circumference of
the core by applying a hydraulic pressure, or by cementing the
core surface to the core holder. The former also provides a
means of assessing the effect of overburden stress. variations on
leaching. The Bureau of Mines has reported on the design and
operation of a core test faclllty(QZ)

o In the radial configuration, acid is injected over the core

- ecircumference. This increases the probability of acid coming
into contact with the fracture network. .Sealing the end caps to
prevent short circuting to the center withdrawl hole can be a
problem, and the radial configuration does not provide a means
of applying an overburden stress.

Petroleum engineering service companies that provide test support
for 0il production and enhanced o0il recovery studies are experienced and
have capabilities in design and operation of high pressuré.core facili-
ties, but are not likely to be experienced in utilizing this equipment

for acid leaching of copper oxide ore.

There are two modes of operating a core leaching test, constant
pressure drop or constant flow rate, see Figure 7.2,

o In the constant pressure drop mode, a fixed pressure source is -
used to displace acid through the core. The flow rate, and
residence time, will vary throughout the test as the perme-
ability changes. Changes in permeability are proportional to
changes in flow rate, and a means of monitoring flow rate con-
tinuously must be provided to measure permeability variations.
Effluent copper loadings are likely to increase when the perme-
ability decreases due to the increase in residence. This will
also increase metal concentrations in the spent acid, and could
eventually result in a sufficient pH rise at the exit section of
the core to cause further precipitation and permeability
reduction.
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o In the constant flow rate test, a constant rate pump is used to
displace a fixed quantity of acid through the core. The pres-
sure drop across the core varies as permeability changes and the
residence time remains constant. Therefore, changes in the
effluent concentration of metals over time are direct measures
of changes in net mineral/acid reactivity in the core.

The constant pressure drop test is usually easier and less costly
to set up but more difficult to control and analyze data. System
pressure effects can be tested in both modes of operation by adding a
device, such as a valve, to the exit line to apply a back pressure to
the entire system.

The preparation and conduct of core leach tests involve three
* procedures that are discussed in a generic format. These are: core
preparation, from obtaining core to initiatinglieaching;'selection of a
" residence time and test duration; and collection and analysis of data.
In preparing core for leaching 'an attempt should be made to obtain

' samples that are representative of the section of the orebody to be

¥ leached. Characteristics that should be similar to the entire orebody

include:
o Ore grade
o Types of ore and gangue minerals
¢ Fracture spacing
o Amount of total porosity
¢ Location of ore minerals with respect to porosity and fractures -

At the laboratory, the cores should be trimmed to final dimensions
7 with a diamond saw and then dried at low temperature in a vacuum‘oyen.
The dimensions should be recorded, and the specimens we1ghed

The cores can be prepared for axlal leaching by pott1ng them in -
epoxy resin. The core is placed inside a plece of pipe, and epoxy resin

is poured into the annulus between the core and the pipe. Epoxy can be
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prevented from penetrating deep into the core and blocking the permea-
bility by covering the ends with tape and painting the sides of the
core. After the epoxy has hardened, the ends of the specimen are
machined flat. Again, the specimen is measured and veighed dry.

The effective porosity of the specimen is next obtained by
evacuating the air from theﬁsample and then saturating it with water.
The saturated core is then weighed again and the porosity calculated
from the core’s volume and weight gain. The saturated core can then be
used for a determination of permeability. This is done by placing the
core in a holder and applying water under pressure to one end face.

. When the flow rate through the core reaches a steady rate using a
constant pressure, the permeability may be calculated using Darcy’s law.
The test is normally repeated at several pressures tofmake sure that the.
pressure vs. flow rate relationship is linear. Nonlinearity indicates
some degree of non-laminar (non-Darcy) flow. |

After the determinaéion of permeability, the core is ready for
bleaching with acid and a residence time mﬁst be selected for the test.
Residence times in commercial well patterns are expected to be of the
order of weeks or months. This is illustrated by data presented in
Table 7.3, assumptions made are:

o Minimum well pattern volumes (well spacings) obtained by
equating copper worth to cost of wells.

o The flow rate per well is calculated for radial flow geometry
without matrix modification.

Previous commercial analyses indicate that economic well spacings are of
the order of 200 feet, and well flow rates of the order of 50 gpm can be
obtained. Actual residence times of 2-to-3 times (2-to-3 months) the

minimum levels listed in Table 7.3 are expected.
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It may not be practical or useful to conduct laboratory tests over
this extended period of time. Laboratory tests should be designed such
that the residence time (time required for one pore volume displacement)
is sufficient to achieve effluent pH levels between 2 ;nd 3. 1In this
range a sufficient percentage of the injected acid would have reacted to
produce and maintain copper at a ﬁigh level. The absolute value of that
level is a function of the injected acid concentration and the net acid
consumption of copper and gangue minerals.

The equations listed in Table 7.4 are used to compute the initial
pressure drop required to achieve a given residence time as a function
of core permeability, porosity, and length. Alsc listed are equafions
for calculating the flow rate and fluid volume per residence time (pore
volume) as a function of core diameter and residence time. Example
values are also listed for a one day residence time, fof core dimensions
and properties that are likely to be encountered in practice. Except
for permeabilities below 0.1 md, and residence times less than one day;
pressure drops in excess of 20 psi are not anticipated. Désign bf core
equipment for high_pressure (>100 psi) willrbe primarily“governed by the
~need to simulate total system pressure and not system pressure drop
across the core.

As a means of scoping a potential range of generic residence times
consider two limiting mechanisms associated with in situ copper
recovery.

o At one limit it is assumed that the reactivity of copper oxide

mineral and acid controls the rate at which copper is concen-
trated in the effluent stream. Sullivan(68) described the X%
recovery of copper from varying sized chrysocolla particles in
1% sulfuric acid. For the largest fraction size -0.525" + 3
mesh, 100X recovery resulted in seven days, and 50% recovery in
one day. These data indicate that a residence time of the order

of 1 to 2 days would be sufficient to achieve acid spending in
one pass through the core.
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0 At the second limit it is assumed that diffusion of acid from
primary flow fractures to copper minerals connected to these
fractures by diffusion paths controls the rate at which copper
is concentrated in the effluent stream. In this case the time
scale is proportional to the square of the characteristic dif-
fusion length divided by the diffusion coefficient. A typical
value of acid diffusion in water is 2 X 107> cm’/sec. Assuming
an effective porosity of 5% (includes both porosity and .
tortuosity), thg va%ue of the effective diffusion coefficient in
the rock is 107" cm“/sec. For a diffusion length of 0.5 cm, a
characteristic diffusion time of 3 days is estimated, or 12 days
for a diffusion length of 1 c¢m (0.4 inches). Should this length
approach the dimensions of the core, then little or no acid
spending through the core would be expected for re51dence times
under one week.

o By using cores having the dimensions of several inches and
residence times of the order of days, and achieving significant
acid spending and high copper loadings, it can be demonstrated
that copper mineralization is in close proximity to primary
fracture flowv channels.

The core leaching test should be extended to approximately 100%

recovery if feasible. Table 7.5 lists the number of pore volumes and

testing times required to achieve 100% recovery as a function of ore

grade and porosity, effluent copper loading, and residence time.
TABLE 7.5. SCOPING CORE LEACHING TEST DURATION

Core Effluent Core Number of

Copper Core Copper Residence Pore Volume Testing Time
Grade Porosity Loading Time Displacements Core Leaching
F_ % ¢ % [Cu] gpl t, p days n, t,, days

0.6 5 10 1 30 30

0.6 5 10 5 150 150

0.6 5 20 1 \ 15 15

0.6 5 20 5 75 75

26 (100-4_) F_

¢. [Cu]

<
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A listing of the parameters to be measured at each sampiing point
is provided in Table 7.6. Reduction of these data pfovide information
. for: engineering design of field tests; ecdnohic analysis of commercial
size operation; and researehing in situ mechanisms con;rolling recovery
oflcopper.- Of-primery imbortance'are reduction of‘the data to determine
as a fpnction oflthe-degree of copper recovery: .the ﬁet acid consump- -
tien per unit cdpper production; the rate of copper recovery; and the

permeability. Nofe,the following in Table 7.6:
® The initial sample point is a baseline established with water
after establishing complete water saturation.

The chemical compositions (in) and (out) refer to injected and
effluent compositions. The net pick up of chemical in the
liquid phase per pass through the core. is the difference between
out and in. For example, the net pick up of copper is denoted
by 4&Cu. For a recycle test the in values w111 increase with the
number of times solution is recycled.

At each sample‘point the sulfuric acid consumed per unit mass
copper produced (Y) is computed by twe different methods, Table 7.7.

o The first method assumes that the cations Cu, Al, Mg, Ca, Fe,
Na, K measured in the effluent were solubilized by acid reaction °
with basic oxide material. ¥_._ equals the total acid consumed
per unit of copper produced caiculated by. this method.

° The second method utilizes the difference in free acid by

analytical measurements between injected and produced solutions

as the quantity of acid consumed. Y, equals the acid consumed
per unit of copper produced by this methoed.

Significant variations between Y . and ¥,, would be an indication
. of either cation precipitation in the core or analytical chemistry.
measurement errors.
Table 7.8 is used to summarize data reduction at eechisampling
point.
o Changes in permeability during leaéhing are represented by a
relative permeability parameter (k) at each sampling point. k
is the ratio of the flow rate times the viscosity divided by the

pressure drop at each acid sampling point relative to the
baseline water value.
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TABLE 7.7.

DATA REDUCTION NET ACID CONSUMPTION

I. ACID CONSUMPTION BY CATION ANALYSIS

Stoichiometric Factors

Acid Consumption

Stoichiometric Factors Per Unit Copper

Copper Minerals Gangue Cations Produced
Copper gH2504 gHZSO4
Mineral § = — Cation gH,50,/g Cation Y. =

gCu gCu
Chrysococlla 1.54 Al 5.44
Malachite 1.54 Mg 4.03
Azurite 1.54 Ca_ 2.45 L 4T, -
Tenorite 1.54 Fe .2 Yoo =
Cuprite 1.54 (50%Fe” ) 2.22 &Cu
Brochantite 1.16 Na 2.13
Atachamite 1.16 K 1.25
Antlerite 1.03 ) indicate

L |
1]

gpl H,50, used for Cu

a ]
1l

ScﬂCu

Presence Qf Ferrous iron could

leaching of sulfide copper

gpl_H2804 used for gangue cation

a}
(]

5.44 8Al + 4.03MMg+2.454Ca
+2.220Fe+2.138Na+1. 256K

a]
]

II. ACID CONSUMPTIQN BY FREE ACID ANALYSIS

gH_ SO
v - 2%

2Cu

{gpl Free Acid in)-(gpl Free Acid out)
Y _ =
TA

ACu

o The cumulative percent of copper recovered from the start of

leaching up to each sampling point is represented by F.

The

recovery curve is obtained by plotting F versus total leaching

time t.

For a generic discussion of the procedure used to analyze the

copper recovery curve refer to Figure 7.3
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o Graphs of % copper recovery and copper loading versus time are
drawn. ‘

o Cu_ represents the maximum copper loading obtained vhen the
residence time is sufficient to achieve effluent pH levels of 2-
to-3. For ‘example, assume 40 gpl H,SO, is injected and an
initial acid consumption of 4352804}g copper is expected. Cu
would correspond to 10 gpl copper. The time required to first
acheive this value (t_,) corresponds to the time required to
obtain 1 pore volume aisplacement, which .is the residence time.

o The copper loading will remain at Cu_  until one of the folloving

occurs at ¢t .
c2

+ 100% of the recoverable copper is achieved.

+ The rate of copper recovery, the slope of the curve F vs. t
EQEJ, is reduced to a level at which complete acid spending
at

is not achieved in the residence.

+ The rate of gangue acid consumption is increasing with time,
and even though the effluent pH of 2- to-3 is maintained a
smaller fraction of the consumed acid is used to react with
copper minerals. Should acid consumption by gangue decline
with time Cu would increase, and the slope of F versus t
wvould also increase with time.

+ Precipitation of copper minerals in the core is taking place.

o The value of the fractional copper recovery at which reductions
from the maximum wellfield pregnant liquor copper loading would’
be expected to occur is estimated by finding the value of the %
per day slope at which the wellfield residence time is not
sufficient to concentrate copper to an undiluted level equal to
Cu_. The value of %/day at which this occurs is expressed in
terms of field design levels for gpl Cu_, % initial copper
grade, ¥ porosity, and days well pattern residence, see Figure
7.3. For example, with a residence time of 60 days, a copper
loading of 10 gpl, a porosity of 3%, and initial copper grade of
0.6%, the value of the slope of the copper recovery curve at
which a loading decline would be estimated is 0.056% per day.
The value of F at which s_ equals 0.056% per day would be
determined from the core ieaching curve. This value of F would
correspond to the minimum leach efficiency, E .

o The shape of the curve of F versus t and the time frame to
approach 100% recovery are indicative of the mechanism
controlling copper recovery. Diffusion limitations to copper
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recovery will result in the fractional recovery being pro-
portlonal to the square root of time. A plot of F versus

(t-t ) would yield a straight line over the time period t>t,
where diffusion is rate limiting. The rate limitation mechanism
can range from diffusion control through a porous mineral
product layer (SiO.. resulting from chrysocolla attack by acid)
to diffusion of acid from flow fractures toc copper minerals

"along non-flow fractures which connect to flow fractures. The

slope of “the curve of F versus (t- t, )l/ is proportional to the
square root of the diffusion coefflclent 91v1ded by the square’
of the maximum diffusion length (D /lc) . Other mechanisms
would produce a different relatlonshlp betwveen F and t.

Additional analyses of the data that are suggested which involve

plotting 'the following as a function of copper recovery:

o]
0
0
o)

¥, and Y,
k |
[Ca][504]

Gangue cation ratios relative to Na.

7.3 SET II TYPE TESTS-SIGNIFICANT ENVIRONMENTAL -PERMITTING

7.3.1 Tracer Testing

The volume of rock and corresponding quantity of copper swept by

the injected acid as it moves between injection and production wells and

the time required to travel through this volume is a function of a

number
o]
)
o}

o]

A

of geologic and process variables:

Heterogeneity of rock permeab111ty and porosity, including
directional permeability.

Average value of rock porosity.

Vell spacing, configuration, and den31ty

Flow rate per well module.

chemical tracer added to the f1u1d that is circulated through the

wvell pattern provides both a means of quantifying rock heterogeneity and

© a baseline to make material balances for all reactive chemicals in the

fluid.

To be effective a tracer must be: non-reactive with the rock
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and solvent; not adsorb onto rock or mineral surfaces; added at levels
an order of magnitude higher than backgrbund levels present in the
native in situ water; and compatible with the environment.

Tracer tests can be carried out in a variety of modes of operation.
Two examples are: continuous injection at fixed leve; of cqncentrationg
or injection of a slug of tracer. For the former, the tracer continu-
ally increases at the production well, while in the latter mode of oper-
ation, the produced concentration reaches a peak level and then
gradually declines. By using a reservoir flow simulator, the rate of
tracer rise and the shape of the tracer curve can be related to the
volume of rock sweﬁt and the porosity of the rock. For examples of the
application of reservoir simulators to in situ leaching reference is
made to studies by Kabir(69) and Schmidt(70) for in situ uranium
leaching. |

To conduct the tracer test equipment sﬁch'as mixing tanks, pump, -
valves, flowlines, and instrumentation are required. The operator must
decide to run the test in a "slug"” mode or a continuous mode. In either
case he must estimate the expected results and procure sufficient
reagents. Injection and production rates should be similar to those
that will be used for léaching. Chemical tfacer requirements will be a~
function of porosity, well spacing, and the mode of test. Most if not
all equipment to be used for leaching will be suitable for the tracer
test. However, the operator is cautioned‘aﬁout serious corrosion
problems that can result from inadvertently mixing large éhloride
concentrations with acids. Thg operator should have the tracer concen-.
tration periodically’assayed apg adjust the concentration as necessary.

This may require assaying at the test site. If that is not possible,
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quick turn around should be obtained from a laboratory. This is
particularly important if several batches mﬁs; be prepared and storage
volume is limited. |
When sampling fluids from the production vells the frequency will
depend upon the predicted nature of the tracer curve. It is recommended
that only about'one of every five samples or so be assayed. The
remaining samples should be placed in a sample library. Each sample
should be large enough for two or more complete assays if required.
WVhen looking for breakthrough, when inflection boints occur or when
-concentrations are changing quite rapidly'the operator may want to assay
more than one of five samples. I
The basis'fof tracer teéting is to calibrate the expected_;pck.
volume that will be contacted by the solvent duriqg leaching. A
concentration time plot for a leaching operétion‘is likely to have the.
form.sﬁown in Figure 7.4. A commercial opefation is designed to operate
vithin a specified‘range of effluent copper_concentrafions.l An initiai
time period t, is required'to build-up the concentration in the .
wellfield. This time is controlled Byvthe weil spacing, porosity, well
pattern type and density, vertical flow 1ossés, ground water flow and
permgability and viécosity variability. The maximum copper concen-
tration'isicontrolled by the injectéd acid strength apd acid consumptién
of copper and gangue minerals. After a period.pf time t, has elapsed,-
copper concentrations will decline for one of two reasons. |
o Not all of the fluid traveling Between wells contact the same
amount of ore.. This is illustrated by Figure 7.5. Those fluid
elements or streamlines that have the shortest distance to
travel, such as through rock volume V,, contain the least ton-
nage of copper, and will be depleted of copper more rapidly than
the longer streamlines such as V., even at 100% recovery. The

fluid effluent being produced from the longer streamlines V, is
diluted by the-barren solution that must pass through v,.
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'Figure 7-5. View of Inter-Well Fluid Stream Lines
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o The rate of copper leaching in any flow volume may decrease with
the amount of copper recovered. In many cases this is assoc-
iated with the fact that the easiest copper to recover is that
closest to the prime flow channels in the fractures of the rock.
As this copper is removed the acid must diffuse over longer
distances to contact copper, which lowers the effective leaching
rate. Acid can no longer completely react in the time it takes
fluid to move between wells, resulting in lower copper concen-
trations. Eventually the copper loadings decline to some level
vhere additional wells must be added in new sections of the ore
body to supplement the declining productivity of the initial set
of wells. :

The degree of heterogeneity and confinement of the flow to the
vicinity of the well pattern can be obtained by comparison of the swept
volume to that expected for a well pattern of homogeneous properties.
The three well patterns that are most likely to be used are a 2-spot
(one injector and one producer) and unconfined 5-spot during the pre and
pilot phases of testing, and multiple five spots for a commercial opera-
tion. The confined 5-spot (equal number of injectors and producers)
represents the maximum confinement for a commercial operation. To
assist in the design and planning of field tests with regard to esti-
mating the quantity of copper that can be contacted in a period of time,
Table 7.9 is provided in which the residence times and relative rock
volumes associated with individual streamlines for a 2-spot, single
5-spot, and confined 5-spot pattern. These data were obtained from a
two dimensional potential flow calculation to generate a system of
streamlines of equal flow that move between injection and production
wvells. The ¢alculation procedure is described by Parsons(71).

Tracer breakthrough curves for continuous tracer ihjection for the
2-spot, single 5-spot, and confined 5-spot are shown in Figures 7.6,
7.7, and 7.8 respectively. The dashed line corresponds to plug flow

displacement along each streamline, the solid curve corresponds to

chemical dispersion in each streamline. The dispersion coefficient is
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selected to be proportiocnal to thé average velocity in each streamline.
Dispersion is associated with micro-scale he;erogeneity of flow. Prior
field experience indicates that this dispersion can be represented by a
dispersivity of 22 feet. The breakthrough time for plug flow can be
scaled using equétion (7.4), but this scaling only provides an approx-
imation for the dispersion curve. The subscript o corresponds to base

conditions listed in Table 7.9.

1

o

Tine e (-
Time = (Base Time) |— (S/So) "1

] (7.4)
% q , .

7.3.2 Vell Pattern Leaching

Leaching tests are conducted to detefmine the ability torcontact
the copper mineral with the lixiviant, to determine acid consumption,
copper loadings in thg pregnant liquor (diluted and with tracer d;ta
described elsewhere undiluted), and the nature of the leaching curve.
When leaching with sulfﬁric acid the sﬁlfate anion may be used.as a
tracer provided that significant quantities of sulfate are not precip-
itated in the deposit. -

To execute the test tﬁe-lixiviant must-be prepafed, injected intbi
the deposit through the injection well, and the pregnant liquor removed
from the deposit through the production well(s}). The lixiviant con-
centration should be maintained at a constant vélue'énd the total fluid
production rate should equal the injection rate. In those tests in -
vhich the pregnant liquor is stripped of copper and is to be recycled
the stripped liquor must be recqnstituted before reinjection.

Maintaining constant concentration of the 1ixiviant is important
because interpretafion of results are facilitated. Uhiform concentra-

tion is easily accomplished when lixiviant is batch mixed. When mixing



291

6%0°0 €26 (8070 £91 010 681 oT
(%00 . 88 600 I 1070 vl 6
9%0°0 9°G8 €L0°0 9¢T 19070 €lt 8
<%0 0 T°¢8 8900 BT 05070 €6 L
€70°0 718 (790°0 BT 7700 64 9
£70°0 9761 29070 911 £0°0 oL S
2700 € 8L 090°0 Al vE0'0 €9 y
%070 Ll T 65070 on 1€0°0 85 G
700 1L 8500 601 0€0°0 33 z
170°0 0 LL 8500 801 620°0 TS 1
aunyop skeq auwnNToA mhmo SUWNTOA | sfeq *ON
JaurTweais auyyg surTwea s duTy duiweail§ awrty, dUTTWe’d IS
POZITRWION 23OUIPISdY  PIZI[BWION  DOUIPISIY  PIazI[BWION DOUIPISIY
10dS-G paurjuo) 10ds-G 213uts 10dS-¢

TeAl21ut 210 jo 1003J 13ad 31933 o1Iqnd

000°‘0% = Ammv 10dS-3AAIJ JO SuNJOA TeUIWOu O] PIZTTEWIOU DUNTOA SUTTWEIIIS
mOTJ Te1I01 JOo (8I/1) Sey SUITWeails ydes 10 S3UITWEINIS 8]

1eaa@1ul @10 jJo 1003 12d wdld -9

Ki1t1soaxod ¢

(s = 199npoad-o01-19onpoad 193] (Qg) I2onpoid-o01-1012afut 1293 (4]

(=]« R = i = o]

SAWNTOA A00d QNV SIWIL JIONIAISIY ANITWVAYLS "6°( d19VL



292

110 102 T 61 Ll 1€ T 6/7°86

81
680°0 L9t T Gee‘l - ST ©098°‘8C LT
¢L0°0 - A [4 %) 686 €'t 86C°G 91
690°0 6C1 A4V v0Y A €0€°C 61
£90°0 8IT - 9T°0 LOg 65°0 0011 y1

1 650°0 601 €170 - 8T - €£°0 (19 €1
G60°0 [40) 8 I1°0 60¢ 12°0 98¢ [4)
¢S0°0 - L"96 860°0 81 ?1°0 19¢ It
sunyop sfeq sumnyop sfeq SWNTOA sfeq *ON

2UITWE’11§ Wty SUITWEd11S aWT] =  SUITWEaxls awty - dUITWE?dII§
POZTITEWION  SJUIPISSY  PIZITEWION  JJUIPISAY  PIZTTBWION  DOUIPISIY :
10dS-G Ppautjuo) 10dS-G oT13uIs - o+ 10ds-T
1eAI21uT 210 Jo j00J 19d 1997 O1qNd
000°0% = Awmv 10dS- m>Hm JO SWNTOA [EBUTWOU 0] PIZITEWIOU SWNTOA DUITWEIIIS O
MOTJ 1101 JO (8I/1) SBYy 2uTTwWeallS Yoea 10 SDUTTWeaIls g o
TeAI21UT 310 JO 1003 Jod wd3 19 o
L11so1od y¢ o
(s = asonpoiad-o3z-1donpoad 1933 (O7) uwu:voua 01- uouuwm:H 19293 %1 ©

(PANUTIU0)) SAWNTOA W0 ANV SHHIL FONIAISIY ANTTHVANLS ‘6L A9Vl



293

1odg-g
uonoaluj 1ases; snonuiluo) g-7 ainbiy

-— m>mo

009 065 005 oG 00y 0Sg . 00E 06¢ 00¢ 05t 001 0s 0

L | | 1 | | 1 | . - [ 1 1

I

|
! 10

[eAMU 10 o 190y gL 1ad Roos ]

JO 1D9) D 0 B JO JUNjOA aseg
_:: 1O - [eadt o jun sad e moj4 4+ ; Lz 0
"4 - Ansaiod 0yG 4 ! :
vl muesip aaonpord o) 10190l I
!
1odg-z \ €0
suonipuo) aseg /
/
/

b0
1094 zZ — Anaisiadsi tso
mol4 Bnyy , L 90
o] L0
—8 0
=60




294

o -~ odggabug

uonoafu] 189e1] SNONUIIUOY /£ aanbi4

«———————sAeQ

009 055 005 05y 0ov 0SE 00€ 05¢ 00t 0st 001 0
L | 1 | I 1 - 1 1 1 1 0
!
, !
PAIIIE D10 10 300y 0L 1Od o0 |
JO 1Da) D1GND HOKJILL K JO DUINGOA JSeg + ._ [— L0
.__: 10 - 1A o pun sad o >>CI, ' |
4 — Ansosod oG !
AL aoueisip 1a0npoid-o1 101000y
10dg-g a|buig
suoIIpuo) aseq _—
—vo

Tmo
—90
— L0
—80

=60

0t




0295

10d5-g pauyuo)

uonoaluy 1aael] SNoNURUO) "g-7 ainbig

-————— sAeQ

00G 4214 (U4 0sg 00E 0S¢

GG 00z 0S1 00t 05
L 1 | | ! i | 1] 5 I ] 0
)
IPAIIRE 10 J0 Va4 OOt 1ad yom __ )
10130 NN HOIItY O FUNoA DSy ¢ | Y
:__T L Q ~ @Az M0 pun 1ad 9181 MO(4 + ]
¢ - Ausalad 0,G & !
"W - 1pl A0URISIP I012HIN-0) 1DNPOIY + _. -0
10dg -G pawjuo)
suonipuo) aseg X €0
I
i
l
} v 0
!
=G0
Ib 90
=40
1304 72 - Aunsidsig —— \\
/ —
80
/
/
[
/ —
\\ R\&:\c Ao by =60

T






296

"on line" greater care often must be exercised to maintain uniform
concentration. In either procedure samples should be taken frequently
and assayed to assure that uniform concentration of lixiviant is being
injected. Assaying for acid should be dome at the test site.

After injection commences, some time will elapse before pregnaﬁt
liquor arrives at the produétion vell(s). The time when products arrive
is termed the breakthrough time. This bréakfhrough time is related to
porosity and permeability of ore and rate of injection and productien.
If more than one production well is employed, all producing fluid at the
same rate, breakthrough time can provide information about porosity and
directional permeability. This information can be used for well pattern
layout for the commercial wellfield.

Sampling of produced fluid should be quite frequent during the
period of breakthrough and when concentrations of dissolve species are
expected to be changing rapidly. At other times during the teét,
sampling can be less frequent. However assaying of all samples may not
be necessary. Initially assays should be conducted to determine the
nature of the copper concentration curve. This may be possible by
assaying every other sample of perhaps every fifth sample. VWhen the
nature of the curve has been established additional samples can be
chosen for assay to more precisely identify points of inflection and
other portions of the curves. This curve will be useful in predicting
expected copper recovery. -

Finally samples can be chosen for assaying that provide the suite
of cations and anions of interest. 1In addition to pH and free acid the
concentration of the following anions and cations should be made:

copper, sulfate, chloride, aluminum, sodium, iron, potassium, calcium,
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and magnesium. With these assay data it is possible to determine the
‘acid consumption per pound of‘copper_produced.

The acid consumption may be calculated from the conéentrations of
cations in solution by assuming:

o No cations are put into solution by oxidation or reduction
reactions

o All cations in solution are due to reaction with acid
o Acid consumed by quartz is negligible

o No precipitation of cations occurs after they have been put into
solution.

Given the above assumptions, a simple multiplying factor may be applied
to the concentration of each of the metal ions in solution. These are

listed in Table 7.7.

7.3.3 Matrix Modification

Movement of fluid from an injection well through a deposit and into .
a production well is related to the wellbore radius, rock permeability;
ore intervalnexposed in the well, applied differentiél pressure and
distance between the injection and production wells. The term matrix
modificationwas considered for true ISL will refer to well stimulation
techniques as opposed to deposit rubbilization. Deposit rubbilization
renders the ore zone non-suitable for true ISL.

Stimulation of a well can be defined as the application of a
technique which permits the increase of fluid injection or production at
a constant applied differential pressure. Well stimulation techniques
include wellbore shooting (and variations), hydraulic fracturing, and
acidizing. Acidizing techniques have commonly employed hydrochldric

acid and more recently hydrofluoric acid or combinations. Deposits
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which coﬁtain little or no acid soluble minerals in the flow channels
are not likely to Be effegtively stimulated using acid. Driliing a
larger hole (increasing the wellbére radius) or underreaming the hole in
the ore interval will increase the flow raté. Hoﬁévgr the equivalent
effect of wellbore shdoting or hydraulic fracturing is to increase the
wellbore radius. |

Early in the hisfory of the oil industry; efforts were made to
stimulate production. The methods that evolved were‘of two classes;
explosive, and hydraulic.

The process of-"shooting" 0il and gas wells with explosives to
“‘stimuléte prodqction originated mére than 6 decades ago. During thé
late 1940’s the mechénical process of "hydraulic ffacturing" was brought
“ forth and interest in "shooting” declined. In the early 1960’'s the
' cdncept of detonating explosives in hydraulic fractures (explosive
: fraéturing) vas developed. Unfortunately, the iatter technology was not
developed at a rapid rate. |

' There seem to be two reasons for the rather slow development of
f explosive fracturing technology; WVhile good records have not been kept
or are unayailable,'it appears that the cosfﬁbenefit ratio for explosivé
fracturing may be somewhat discouraging. While handling explosives has
e always been hazardoﬁs; a few unfortunate (and in several cases fatal)
accidénts have obviously retarded the development of this technology.

In contrast to hydrauliclfracturing, vhich is thoﬁght to generate a
" single planar fracture,_ﬁellbore shooting is thought to genera&e multi-
* directional random fractures. Further, many gas welis, thch were
" completed in the Devonién shale, have been shot and an average 5-fold

increase in flow has been reported.
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Wellbore shooting evaluated in a number of pretests often creates a
significant quantity of rubble in the hole which can be quite difficulth
and time consuming to remove. Further, methods to control fluid exit
out of or entry into the hole should be available. Both of these
problems would have to be addressed and suitable solutions found for
this technique to be acceptable. Stimulation of wells by introducing
liquid explosives into an induced hydraulic fracture and detonating the -
explosive has been subsfantially abandoned.. Occidental Minerals(l4)
reported that this technique did more harm than good. A procedure
wherein a rocket propellant type of substance is burned in a controlledw
manner to generate gas which in turn creates fractures has recently been
demonstrated. This procedure reportedly eiiminates damage to the casing
and avoids rubbilization of the formation. Hovever no infermation is
available on any application of this technique for ISL.

Hydraulic frécturing was evaluated at the Kimbley pit project in
Nevada and at the Van Dyke and the Blue Bird Mine in Arizona. A
patent(l5) describes the use of hydraulic fractures to enhance flow
rates and convert the flow regime from radial (5-spot) to linear or
axial flow.

Theory suggests that induced hydraulic fracture will be horizontalh
down to a depth of about 1,000 feet below the surface. Further the
theory predicts that deeper than 3,000 feet below the surfacé, the
induced fractures will have a vertical orientation. Hence the Oxymin
technology should be workable to at least 1,000 feet. At greater depths
one should expect the possibility of vertical fractures dccurring. To
use hydraulic fracturing stimulation in an environment where vertical
fractures are likely to occur will result in wellfield design problems.

The engineer must be able to predict the azimuth of the vertical
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fracture. This azimuth will dictate the orientation of the injection
vells in relation to the production wells. A line between injection and
production wells should be orthogonal to the azimuth of the induced
fractures. Otherwise short circuiting of fluids could occur.

In order to choose a stimulation technique one will vant to
evaluate the advantages and disadvantages of each. It is'likely that
thiS‘evaluatioﬁ wili‘point to thélchoice of hydraulic fractﬁring; This
technique is the most.regdily apblied because many cémpanies are avail-
able to provide the service and it Has been applied cost effectively in
the o0il industry for ‘many decades. It is this method that will be
discussed below.

Any matrix modification or well stimulation technique should
enhance the Qellﬂs injection.or productién rate at a given differential
pressure. Hence prior to a stimulation'test the engineer will have
conducted flow or transient tests, desérihed elsewhére, to know-Lhe
initial flow cqndition associated with the test well.

The test must be designed to meet the objective or proposed |
operation at a given sjte. Therefore the engineer should attempt to
anticipate whether the fracture will be horizontal or vertical. Iﬁ
addition one must choose aldesired-flow rate to be achieved and in
conjunction with a specialist decide if a fracturing procedure can be
designed to meet the requirements. ‘Design considerations(36) include
length of the fracture, its width during installation, proppant to be
used, width of fracture uponrclosure on proppant and expected pressure‘
loss in the induced fracture when injecting into or producing from the’

well,
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With these design parameters in mind the engineer in conjunction
vith a completion specialist can decide upon the well completion
technique required for the test. For instance if a high flow capécity
horizontal hydraulic fracture is desired the engineer sﬁould consider
completing the well with a slot abraded through the casing, cement
sheath and into the ore zone to be fractured. To keep the fracture open
a proppant is used. A chgice needs to be made between using multilayers
of a smaller diameter proppant or a single layer of a large diameter
proppant, or a partial‘single layer of large diameter proppant spaced
apart with a soluble filler material. If on the other hand he should
choose a vertical fracture over a lengthy ore intercept the engineer may
choose to perforate the well in only a fraction of the ore near the
bottom of the intercept and install a fracture in this partially
completed interval. Subsequently he can repeat the process sequentially
in higher portions of the ore interval until the entire ore intercept is
fractured.

| For in situ leaching it will be important to know or be able to
predict the attitude of an induced fracture, i.e., whether it is
horizental or vertical, whether it is circular or elliptical, and if
vertical the azimuth of the fracture. Recent studies (72),(73) indicate
that fracture azimuth can be measured during installation. Some |
measurements are more suitable than others.

. Upon completion of the design the engineer will mobilize the
various cbntractors. Their arrival will coincide with fiﬁalization of
vell completion activities. Contractors will deploy their equipment for
various measurements. In the case of the service company which will

install the fracture it will supply the proppant and fluid additives for
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the frac fluid and ready the system for the activity. However the
engineer must assure that sui;able tanks and process wate£ are availqblé
for the activity. It may be nécessary to éonduct a minifrac to obtain
data prior to f1n31121ng the fracture procedure. Data from the minifrac
could dictate a change in pad volume and/or ingection rate and expected
~injection pressure. If a slot is fequired for installation of'a
horizontal fracture the service company chérged with installing the
fracture may also be able to install the slot. During installations of
the fracture nearby.geils should be monitored to detect any evidence
related to azimuthvof fhe induced fracture.
The fracture is instélledrby implementation of the following
activities: |
1. The service: company checks t§ assure all equipment is
functioning. properly. This includes the pump truck, the
blender (to blend proppant with frac £luid), and the sander

(this unit provides the proppant to the blender).

2. The frac fluid is prepared by mixing polymer chemicals with the
process water.

3. High-pressure flow lines are connected to the wellhead from the
pumper.

4. A pad (non-proppant containing frac fluid) is injected into the
zone to break down the format1on and to develop a suitable
width to the fracture. '

S. Fluid with proppant is injected.

6. Upon injecting the volume of frac fluid and proppant required,
pumping is terminated. A valve at the wellhead is closed and
the well is left shut in until the pressure bleeds off (is.
dissipated) to the formation. , ,

7. The well can then be serviced as necessary.
8. Other flow tests can be conducted to evaluate the improvement

in flov and by monitoring any nearby wells to obtain -additional
data on fracture attitude.
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‘ Analysis of test data will depend on the nature of various
measurements that were made before, during, and after installing the
fracture. Any flow tests (transient or interference) can be evaluated
as discussed elsevhere. However changes in pressure pulse arrival times

at nearby wells can be interpreted to indicate fracture attitude. ;
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CHAPTER 8

ECONOMIC ANALYSIS

8.1 DESCRIPTION OF DCF/ROR CALCﬁLATIONS

Discounted cash flow, rate of return (DCF/ROR}, or the discounted
cashflowv return of investment (DCF/ROI) afe special versions of the more
generic term internal rate of return (IRR). The terms DCF/ROR and
DCF/ROI are used interchangeably and refer to the same method. This
criterion is commonly employed in the minerals industry (74) for
evaluation of different investment options. The more general concept of
internal rate of return is discussed in books such as "Managerial
Economics: Analysis and Cases" (73). This manual uses the DCF/ROR
method. In this method the IRR is such that the sum of all cash inflows
is equal to the sum of all cash outflows. The net present value
function is used to quantitatively define the method.

PV = Net Present Value

RR, RR, RR, RRN

= + + +

(8.1)
(1+1) (1+i)? (1+1)* A+ D)"

RR,, RR,, RR, -- RR, - Are the actual (inflow-outflow) project
cash flows in each project year

i - internal rate of return (IRR)

In the DCF/ROR method a value of i is calculated which makes the net
present value PV zero. This value of i is called DCF/ROR. For in situ
copper mining this method is used to calculate copper selling price if

DCF/ROR is specified or DCF/ROR if copper selling price is specified.
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8.2 DESCRIPTION OF COSTS

The net cash flow includes both capital and operating cost
elements. All default capital and operating costs are 1986 dollars.
Inflation Index parametsr INDC and INDM are used in the cash flow
program to adjust costs for the surface plant (INDC} and mining (INDM)

to account for inflation. The major elements of capital costs are:

o Surface Plant. This includes the solvent extraction, electro-
vinning, and leach solution injection pumping and transfer
lines. The capital cost of solvent extraction is dependent on
the soluton flow rate {(Q). The capital cost of electrowinning
is proportional to annual production capacity (Y). <Capital cost
of injection pumps is proportional to the pump horsepower. The
transfer line cost is dependent on the length of the line and
its diameter. A detailed discussion of the plant capital cost
is included in Chapter 5.0. Environmental costs related to
permitting the operation, installation of the monitoring systenm,
and annual monitoring of the operation are reported under
surface plant costs.

o Wellfield. This includes well costs for drilling, casing,
cementing, completions, fracturing, wellheads, and other
equipment such as inflation tubing, packers, downhole production
pumps. If wells are drilled from underground costs of crosscuts
and drifts put in each time a wellfield is developed are
included in wellfield capital. Wellfield priming is a start-up
cost incurred while acid is being pumped into the orebody and is

. initially diluted by groundwater. A discussion of wellfield
capital costs is included in Chapter 4.0. Environmental costs
related to wellfield restoration are included in wellfield
costs. Restoration costs are dependent on solution hold-up and
are taken as a percentage of wellfield priming costs.

o Underground Workings. This includes the cost of underground
development, if the orebody is accessed from newly developed
underground workings. Costs include cutting shafts, raises,
drifts and crosscuts, and the costs of support equipment for
ventilation, electrical facilities, hoist, headframe,
maintenance shop, etc.

For each capital expenditure, the construction may span more than a
year. If it does, the actual expenditure in each year is specified. The

total project life is equal to the sum of initial plant construction
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~time and total plant operating time. In order to provide pregnant leach
solution to the surface plant, a depleted Qellfield is replaced with a
nev wellfield. This replacement of a wellfleld is scheduled within the
operating time as many times as necessary. The surface plant is assumed

to have a 3 year construction period from -engineering to start-up. For

an operating time of 20 years the total project life is 23 years.

The operating cost elements are:

o Revenues. This is the copper selling price multiplied by copper
production. Costs such as taxes, depreciation, exploration,
property acquisition are not included. As a result the copper
selling price should be considered as "pre-tax" copper selling
price. .

o Labor. Plant and.wellfield labor includes management, admin-
istrative, engineering and technical service, maintenance and
operations. These costs are considered to depend on the size of
plant (annual copper productlon)

o Utilities. Electric power is the major utility cost. The main
consumers of electric power are electrolytic cells, and injec-
tion and production pumps. Water is the other utility used by
plant personnel, for cathode washing, and for ore body
sa turatlon

o Chemicals and Consumables. The raw materials used include
extractant, diluent, cobalt sulfate, sulfuric acid, anodes for
electrolytic cells, and lime for neutralization of bleed
streams. The annual consumption of extractant and diluent
depends on the system flow rate; all other materials are
consumed in proportion to copper production.

o Maintenance Materials and Contracts. Wellfield maintenance is
contracted out and its cost per year is estimated as percentage
of wellfield capital cost. Plant maintenance requirements are
estimated as a percentage of surface plant capital costs. ‘

¢ Environmental Monitoring. Annual environmental monitering and
reporting is taken as a fixed cost.

8.3 INFORMATION FLOW NETWORK AND LISTING OF ALGORITEMS

Various design and cost algorithms are used to calculate design

variables such as injection flow rate, and then to calculate costs.
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These algorithms are arranged into a calculation sequence which is
described by the information flow network shown in Figure 8-1. The flow
network is based on a computer flow diagram convention. Each rectangu--=
lar box involves a computation for either a design or cost algorithm.
Each diamond represents a decision based on either the user’s design gt
choice or input/output control. For a typical economic evaluation a set
of base values, such as ore body characteriétics, will be specified, and
a number of evaluations made to rank different design options or
sensitivity to a specific parameter. The initial program control logic
provides for starting computations with a base case value and then
changing the inputs to make multiple evaluations. Algorithms, either
design or ceost, used in each éomputational box are listed in Appendices’
A, B, and C.

There are many input and outpuf variables. A discussion of. these

different variables by functional groups follows.

8.3.1 Input Parameters

. The input parameters fall into the following major groups:

o Business Related Inputs: this includes parameters such as,
annual production rate Y, required ROR or copper selling price,
construction and capital expenditure schedules, and plant life. '

@

o Site Specific Orebody and Vellfield Characteristic Input
Parameters: this includes those parameters that must be
.specified at a selected site in the design of the wells and well
pattern. . ' “

o Copper Leaching Input Parameters: this includes those para-
meters that must be specified at a selected site that relate to
pregnant liquor copper loading, acid consumption, and overall
copper recovery.

o Program Control Input Parameters: these inpuf‘parameters
control the printing of output parameters by the computer
program.



308

‘ START

Call Input
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Parameters
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Input
Parameters
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Injector to
Producer AP+
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Figure 8-1. Information Flow Network
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Figure 8-1. Information Flow Network {Continued)
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Calculate:

¢ Chemicals Cost

* Total Staff and Labor Cost by
Branching to Appropriate Plant
Size i

‘e Cost of Utilities

¢ Surface Plant Cost

Calculate Start-up Costs
» Total Annual Operating Cost

s Add Cost of Chemical Inventory
and Environmental Cost to Plant
Capital -

+ Add Enviranmental Monitoring
Cost to Operating Cost
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Capital Cost o

\

Determine Schedule of Capital Costs |
* Plant and Underground Workings
¢ \Wellfield Initial and Replacements
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1
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Calculate Price
or RQI
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Output -
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Figure 8-1. Information Flow Network (Continued)
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o Well System Specification and Cost Default Input Parameters:
this includes all constants used to convert vell system input
parameters to output specification and costs.

o0 Surface Plant Specification and Cost Default Input Parameters:
this includes all constants used to compute surface plant
specifications and costs.

All the input parameters are listed in Table 8.1. The notation for

each input parameter listed in Table 8.1 and for each output parameter

listed in Table 8.2 is defined at the beginning of the IBM program

(Section D.2) as comment statements.

8.3.2 OQutput Parameters

The calculated values include design variables and costs. The
design variables include: leach area of unit cell; leach area of
wellfield; injection pressure at top of ore zone; total system ﬁ}ow
rate; injection flow rate; number of unit cells; wellfield life;
wellfield start-up or priming time; injection acid concentration; acid
and lime consumption; metal sulfates per year; G, RI and XI factors of
flow pattern pressure drop relationship; number of injection and total
wells; solution pipeline length; weight of copper in unit cell;
fractional copper recovery; number of mine operators; sizes of well
hole; casing and tubing; injection and production pump horsepower; size
of wellfield solution piping; size of plant to wellfield pipéline;‘and
total number of staff.

The calculated costs include capital costs and operating costs.
The capital costs include: wellsite preparation cost; well casing,
cementing, drilling, completion, logging, injectioﬁ and production

equipment; cost per fan for fan wells; plant capital; solution transfer
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PRIC
INDM
SCp2
SCP4
SCMI
SCM3
SCM5
scw2
SCV4

TP

Site Specific Orebody and Wellfield Characteristics

AF
H
PERM
RHOP
DRY
H1
R¥
52
SR -
THTA
| STIM

VORK

TABLE 8.1

BUSINESS RELATED

25000 TPY

0.000C/LB.

1002
0.250
0.000
0.400
0.000
0.000
0.660

0.000

FRACTION

FRACTION .

FRACTION
FRACTION
FRACTION
FRACTION

FRACTTON

20 YEARS

1 PSI/FT.

300 FT.

2 MD

162 LB/CU.FT

1

30 FT.

0.25 FT.

100 FT.

0 FT.

0.315
| #2

#2

RADIAN

INPUT PARAMETERS

ROI

. INDC

SCP1
SCP3
SCP5S
SCM2
SCM4

scvl

- SCW3

SCW5

D
GRDO
PORO
WS
AW

H2

S1
S§

SDA

" MINE

MACE

20%

100%
0.230 FRACTION
0.520 FRACTION
0.000 FRACTION
0.600 FRACTION
0.000  FRACTION
0.340 FRACTION
0.000 FRACTION
0.000 FRACTION

1000 FT.
1%

s

80%

0.43 PSI/FT.
60 FT.

8 FT.

100 FT.

0 FT.

2,000 FT.

#3

#1






TABLE 8.1 INPUT PARAMETERS (Continued)

Copper Leaching
CULD
EFFO
EFFR

.VISC

Va4

6 GRAM/L
91.2%

90%

1 Centipoise

4.000 ton acid/
ton Cu

Program Control Parameters

LSTT

LSTA

Wellfield Component Specification and

FACJ
BA
BB
BJ
BLU
BTI
BWFI
BX
B2
B3U.
B4U
B6
B7

B8U

T

T

-0.619 FRACTION
2400$

4$/CU.FT.
1.58/JET
1600$/VELL
1S/FT

308/FT

400S/FT

20458/VWELL

5000$/VELL
5600$/VELL
5000$/FRAC
0.41$/5Q. FT.
3600$/VELL

EFFL 75%

EFFP 100%

ﬁFFS 75%

w7 1.540 ton
acid/ton Cu

WD 500 FT.

LST T

Cost Constants

RC 130 FT/HR

BAU 50008

BG 15$/CU.FT.‘

BL B800S/WELL

BSI 2000$/VWELL

BW 208/FT

BWFP 10$/FT

Bl 0.5608/FT

B3 14255/VELL

B4 25008/WELL

B5 145/FT

BéU 10000S/FRAC

B8 2800$/VELL

B9 2358/FT

313
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B10
Bll
B13
B15
RV
§2°
SR
THTA
WORK
MINE
CP
CR
cS
EM
Bul
BW3
BYS
BW7

BW9

BW11

BW13
_ BW15
BV17
BW19
BW21

BW23

3135$/VELL
2.7$/FT |
92§/HP
SOOOS/?UELL |
0.250FT,

100 FT.

0 FT.

0.315 RADIAN

#2
#3
150$/HP

10008/FT

3000$/FT
2500000%
5.41$/FT
1$/FT
0.000$/VELL
12408/VWELL -
350$/HR
15$/FT

7IN

1.92IN
7.35$/FT
3$/FT
5008/WELL

1240$/VELL

TABLE 8.1 INPUT PARAMETERS (continued)

B10U
B12
Bl4
coA
S1
SDA
SS
STIM

MACE

CPL

EE

EV

BW2
BU4
BW6
BV8
BW10
BW12
BW14
BW16
BV18
BW20
BW22

BW24

4702$/VELL
 0.1§/FT

1811$/VELL

400S/FT

100 FT.

' 2000.000FT.

0 FT.
#2

81

700 KV
200000$/FT

1200008
11.95/FT
325$/HP
1100$/VELL

1758/HR .

~ 30FT/HR

33$/FT
4IN
3000%/PACKER
16.176/FT
70$/HP
1350$/VELL

2008/HR



315

TABLE B.1 INPUT PARAMETERS (Continued)

BW25 400$/HR BW26 20FT/HR
BW27 26$/FT BW28 57.2$/FT
BW29 ~ 10IN BW30 6IN

BW31 2.42IN BS32 5000$/PACKER
BW33 15.88/FT BS34 34.76$/FT
BW35 55/FT BW36 102$/HP

BW37 1000$/VELL ; BV38 25008 /WELL
BW39 1718$/FT BW40 250%/HR

BW41 500$/HR BW42 15FT/HR

BV43 35$/FT BV4G 77$/FT

BW4S | 12IN BW46 8IN

BW47  4.04IN BW48 $700/PACKER

Surface Plant Specification and Cost Constants

V1 0.015M° /GPM/YR ST 6000FT.

w3 0.261KG/TON w2 0;085M3/GPH/YR

W5 0.0650TON ANOD/TON ETA 0.7 FRACTION

V8 | 0.200 FRACTION w9 . 0.231TON ACID/
. TON CU

W12 0.571TON CAO/TON W13 2.430TON S04/

TON LIME
W15 1.360Ton FeS04/ RHOF 62.4 LB/CU.FT
Ton Acid '

Qs1. 55 GPM QS2 150 GPM

Qs3 300 GPM Q54 800 GPN

QS5 1600 GPM Qs6 2900 GPM

Qs7? 4500 GPM QS8 | 5700 GPM

Qs9 8000 GPM Qs10 : 10600 GPM
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TABLE 8.1 INPUT PARAMETERS (Continued)

vl 50 GPM V2 100 GPM

Qw3 300 GPM POPO 32 MEN

POP1 40 MEN © POP2 " 60 MEN

POP3 80 MEN o BP1 2 IN.

BP2 . 12.508/FT ' BP3 3 IN.
R4 © 18.75$/FT BPS 4 IN.

BP6 . 25,008 /FT  BPY 6 IN.

BPS 37.50$/FT . BP9 8 IN.

BP10 50.00$/FT - BP11 . 10 IN.

BP12 62.50$/FT © BP13 12 IN.

BP14 - 65.00$/FT © BP15 14 IN.

BP16 | 75.80$/FT © BP17 16 IN.

BP18 o 86.67S/FT BP19 18 IN.

BP20 ' 97.508/FT ~cL. 20$/HR

CE 650$/TPY ~ CLP1 17500008 /YR

CLPO 17460008/ YR cLP3 . 3500000%/ YR

CLPZ . 26250008/ YR

cu 0.058/KVHR - cX 2500%/GPM

c1 100008/CU. M. c2 o '300$/CU. M.

c3 6.508/KG C4 - 30$/TON

cs ‘ 185$/TON cé ~ 50$/TON

c7 | 0.02$/GALLON

Environmental Cost Constants

CMA 0.000137%/ft*/ft  CMV 0.900183$/
ft°/ft

EP6 462500% EPEM 80300$/YR
X1 5% |



A

INJ PRES
INJ FLOW
VEL LIFE
ACID C.
ACID CON
SULFATES
RI

INJ WELS
SOL.PIPE
RECOVERY
CASING
INJ TUBE
INJ PUMP
WEL PIPE
PLNT OPS
SITE PRP
CEMENT
FAN VELL
LOGGING
PRD EQIP
CHEMICLS
0 &M
SOCL TRNS
UTILITYS
EIS & PER
ENV.MON.

TABLE 8.2 OUTPUT PARAMETERS

CALCULATED VALUES,

10000.000SQ. FT.
700.000PSI
24.359GPM
4.000YR
33, 24GRAM/L
&.539TON/TON
'6.188TON/TON
16.554FT
78.000%
34932, 703FT

0.506 FRACTION

‘4, 000IN
1.920IN
636 .690HP
4.000IN
92.0004%
2400.000$/VELL
4844,762$/VELL
0.000%/FAN
5835.000$/VELL
10727.064$/VELL
4072489.25$/YR
13331525.000$/ YR
1343821.125$
3058337.25$/YR
444500.000%
80300.000S/YR

A SUB W
Q

4 CELLS
PRIM T

LIME CON

SULFATES
G

IiI

WELLS
CUWGT
MINE OPS
HOLE DIA
PRD TUBE
PRD PUMP
TRS PIPE

CASING
DRILLING
COMPLTON
INJIEQIP
UND.WORK
LABOR
PLNT CAP
UND.DEV.
WEL CAP.
MON WELS
RESTORE
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780,000.000SQ. FT.
1500.000GPH¥
78.000%
0.087YR
0.308TON/TON
141083.625TON/ YR
604 .094FT
4966.11FT?
'175.000%
2308.5 TONS/CELL
10.000%
7.000IN
1.920IN
480.310HP
10.000IN

18951.1548/VWELL

5833.3333/VELL

9300.000S/WELL

10727.000S/VELL
0.000S

4371000.0008/YR

24701136.000S
0.000s

10485404.085

894692.8758
57935.7548
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pumps and piping; total wellfield capital; environmental costs of per-
mitting, monitoring wvells, and restoration. The operating costs in-

clude: chemicais, labor, utilities, enyironmental monitoring; surface
plant and wellfield maintenance; and total 6perating cb;t. Table 8.2

lists output parameters.

8;4 CASH FLOW ANALYSiS

Ihe cash flow analysis consists of §chedulin§ the capital and
operating costs over the project life and calculating DCF/ROR or seliing
price of copper. Oncé thé individual cost‘elements are calculated the
cash flow analysis is initiated. This consists of determining the total
~ project life, whiéh is equal to the total of plant life plus the :
.construction period. The first year of pro@uction is the first year
folloving completion of construction. The costs incurred in each year
are calculated to meet these schedules. Table 8.3 lists the cash flow
summary over the life of the project. The prdject life is 23 years,
including 3 year plant constrﬁction.: An qld vellfield is replaced with
nev wellfield as the old wellfield isldepletedu' It is assumed that
wellfield construétion requires 1 1/2 years. For the example illus-
trated in Table 8.3 the well iife is 4 years. Therefore, wellfield
replacements are initiated in year 6, 10, 14, and 18 so ;hat_new
vellfields are in 6peration at the start of year 8, 12, 16 and 20.

The total opérating costgvare incurréd from jhe first year of
production (year 4 iﬁ Table 8.3) through the end of the last year of
project life (year 23). As each wellfield is put into operation, a well
priming time is required, during which time acid is pumped inte ground

but no copper is produced. Full operating costs are incurred during



Ton
PRODTN
YR TPY
1 0
2 0
3 0
4 21
5 23
6 23
7 23
8 21
9 23
10 23
11 23
12 21
13 23
14 23
15 23
16 21
17 23
18 23
19 23
20 21
21 23
22 23
23 23

TABLE 8.3 CASH FLOVW SUMMARY

*%*%%  PRICE =

Discounted Initial Value of Investment

PLANT
CAPITAL

5681
6175
12845

OO0 QCOOOO0O0O0O0O0D0O0OQ0OO00O

Annual Operating Costs =

53.19 C/LB #*%x%%*
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= 1376.54S/ANNUAL

26.66C/LB

CASH FLOWS IN $(000)

WELL
CAPITAL

0
3565
6920

0

0
3585
6959

0

0
3585
6959

0

0 .
3385
6939

0

0
3585
6959

cooo

UNDERGROUND PLANT

CAPITAL

0 &N

0

0

0
13332
13332
13332
13332

13332

13332
13332
13332
13332
13332
13332
13332
13332
13332
13332
13332
13332
13332
13332
13332

NET
CASH FLOW

~-5681
-9740
-19765
8599
10925
7340
3967
8599
10925
7340
3967
8599
10925
7340
3967
8559

10925

7340
3967
8599
10925
10923
10925

129515

DISCOUNTED

CASH FLOW

-5681
-8117
-13726
4977
5269
2950
1328
2400
2541
1423
641
1157
1225
686
309
558
591
331
149
269
285
237
198

0
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this time but therevis no net production. For the example illustrated
in Table 8.3 production in the priming years (4, 8, 12, 16, 20) is
21,000 TPY versus 23,000 TPY in non priming'year.

The DCF/ROR method described in Section B.1 is used to compute
copper selling pricg. (Table 8.3 shows the selling price for an ROR of
20%.) Two other summary numbers, namely annual operating cdst (cents |
per lb copper) and discounted initial vaiue of investment (§ per annual

ton capacity) are also listed.

8.5 OPTIMIZATION OF COMMERCIAL DESIGN AND SENSITIVITY ANALYSIS

For a specific site and plant size, the method outlined in Chapter
9, "Estimation'éf Best Mining Scenario” can be used to reduce the numberl
+ 0of designer Chéices to beveValuated on the.computer. On the other hand,
each available option can be evaluated in detail by picking values of |
appropriate input parameters and evaluating each option on the computer.
For exémple,,for each choice;of mining access and type of flow pattern,
the weli spacing can be varied to determine the "optimum" well life.
Obtimization of design specifications can Be carried out by pfeparing a
set oflihputfparameters and‘conducting a éomputer run for each change . in
an input parameter. Resuits are printed out for each set of runs. -
Input parameters may have a ievel of variability or uﬁcertainty asso-
ciated with fhem. This is especially tfue concerning ore body charac—l
teristics such as ore grade and perméability. The effect of a known
variation in these parameters or the effecf qf an uncertainty can also
be evaluated by conducting a set-of runs over the expected range of
uncertainty or variabilif&. The economics sensitivify to this variatioen

can then be determined.
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Table 8.4 illustrates an example of optimjzing well spacing for
radial flow geometry. Stimulation via small radius hydrofracturing is
also evaluated. Copper selling price at 20% ROI is used to compare
different cases. This table illustrates that small radius hydro-
fracturing is cost effective and the lowest price is almost 12¢/1b less,f
with stimulation than without. The lovest price with stimulation is u
52.1¢/1b at a well spacing of 120 ft, while the lowest price for no
stimulation is 63.7¢/1b at a vell spacing of 100 ft. Figure D-1 is a

computer generated graphic illustrating the sensitivity analysis using

Lotus 123.7

TABLE 8-4. OPTIMIZATION OF WELL SPACING FOR RADIAL FLOW

Case . Hydraulic Well Selling. Discounted Operating

No. Stimulation Spacing Price . Investment Cost
feet ¢/1b S$/AT £/1b
1 . Yes - , 530 ©72.23 2550.2 26.58
2 Yes 70 539.66 1780.4 26.66
3 Yes 100 53.19 1376.54 26.66
4 YTes 120 52.05 1282.42 26.78
5 Yes 140 52.4B 1258.72 27.07
6 Yes 160 52.75 1233.78 27.15
7 No 30 76.09 2552.38 29.67
8 No , 70 67.03 1964.38 29.85
9 No 100 63.67 1691.03 29.89
10 No 120 54.19 1648.74 29.91
11 No - 140 67.24 1674.64 30.25
12 .No 160 70.03 1694.82 30.33

Y

"Reference to specific products does not imply endorsement by the Bureau
of Mines. :
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5.1

CHAPTER 9

ESTIMATION OF BEST MINING SCENARIO

APPROACH

The approach used to estimate which of the 42 possible mining

scenarios is most likely to result in the commercial design with the

maximum DCF/ROR consists of two steps. The first one involves

determining which of the 42 possible mining scenarios is best. The

second step involves determining a copper loading to maximize the

DCF/ROR., This analysis will provide a mining scenario and copper

loading (or system gpm) as a design basis for using the functicnal

design categories to conduct the detail commercial design and economic

analysis.

The following analysis is to be used to determine which of the 42

possible mining scenarios is the best:

To achieve high copper recovery, the ore zone will have to be
saturated, independent of the initial state, otherwise acid
contact of copper and fluid communication between injection and
production wells cannot be ensured. If unsaturated, water
make-up requirements will be specified. Coppetr leaching and
fluid communication require acid to touch the minerals and form
a continuous path between injection and production points. This
criteria reduces the number of mining scenarios to 21.

All other combinations can be reduced to drilling from the
surface and drilling from underground workings, with the latter
having two sub-classifications, vertical wells and patterns of
fanned wells which induce horizontal flow parallel to crosscuts

(Figure 9-1). Drilling from the underground substitutes

drilling well footage and minihg footage for drilling overburden
footage, and underground well completion costs for those on the
surface. The ratios of these costs for the. two underground
sub-classifications relative to surface drilling can be .
expressed analytically as ratios of unit drilling and completion
costs and well pattern dimensions, and the ratio of orebody
height to depth.- Z is the cost ratio of vertical wells, Z_ is

. the cost ratio for fanned wells. The process of obtaining these
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Figure 9-1. Two Classifications for Underground

Drilling
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ratios involves developing analytic expressions for both

. underground and surface deposit access costs by:

+ Developing total costs as the product of total wells, footage
drilled and mined per well, and unit drilling and mining
costs.

+ Utilizing equal system flow rates to equate the product of
number of wells and gpm per well. This provides equal total
production capacity.

+ Utilizing equal quantities of copper to equate the product of
number of wells, well spacing, and ore thickness. This
provides equal well life, providing a comparison at equal
future investments for wellfield replacement.

+ Relating the flow rate per well to pressure drops and well
- pattern geometries and dimensions.

When both Z  and Z_ are greater than one, surface drllllng is
the best mlnlng scenarlo When only Z or ZF is less than one,
the best mining scenario is associated with the Z value that is
less than one. VWhen both 2, and 2, are less than one, the best
mining scenario is associated with the lower Z value. If the
underground workings are fully developed and meet the required
well pattern dimensions the Z values are computed by setting
unit mining costs to zero. The above process reduces the best
mining scenario to one of three; no matrix medification,
hydraulic fracturing, or borehcle blasting.

For the well configuration selected determine the flow rate per
well (gpm) without matrix modification. Determine whether it is
cost effective to increase the gpm per well using hydraulic
fracturing or borehole blasting. This results in the best
mining scenario.

The fellowing describes the analysis to be used in selecting the

copper loading that maximizes DCF/ROR. The present value of surface

plant and wellfield costs consists of fixed and flow rate dependent

costs.

The latter consists of the following -components, with costs

expressed as $ per annual ton of production, S$/AT.

Al

Surface plant flow rate dependent costs which are proportional

to the system flow rate raised to power n, represented. as Bl(Q)n

= AT,

Vell drilling and completion costs which are proportional to the
ratio of system flow rate to well flov rate raised to power m,
expressed as B, (QIq) = AT,



325

0 Well pattern start-up costs which are inversely proportional to
total system flow rate, expressed as B,/Q = AT_,

o The total flow rate dependent costs are the sum of the one time
surface plant cost and the present value of all future well
drilling and well pattern start-up costs, AT,

total present value flow rate dependent costs

+ ATTF

+ ATTF

B,(Q)" + B, (0/Q)" (148) + (B,/0)(1+8) 9.1y

+ B = present value factor of all future investments

The value of the gpm that minimizes AT,, results in the maximum value of
DCF/ROR. The copper loading is determined by dividing production
capacity by Q times 2.19.

9.2 COMPARISON OF SURFACE VERSUS UNDERGROUND DRILLING OF VERTICAL WELLS:

For this cost comparison total production capacity, copper loading,
number of well modules, and ore volumes are the same for both surface

and underground drilling.

o Nomenclature used in this section

unit cost for mining shaft, $/foot

unit cost for mining raise, $/foot

unit cost for mining crosscut, $/foot

unit. cost for vertical well from surface, $/foot

= unit cost for mining drift, $/foot

= unit cost for well drilling and casing vertical well from"
surface, $/foot

unit cost for completing vertical wells from surface,
S/foot

ratioc of well drilling and casing costs underground to ¥
surface '
ratio of well completion costs underground to surface
producer to producer spacing, feet

total number of wells in production

total number injectors in production

total number of producers in production

number of crosscuts

total depth to bottom of ore interval, feet

total thickness of ore interval, feet

fraction of total well costs for surface drilling
associated with well drilling and casing.
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Underground Drilling Costs

Costs considered are: initial costs for the shaft and raise to
depth (D-H); initial well drilling and casing costs for hole
length H; initial well completion costs for hole lengths H; and
initial costs for developing drifts and crosscuts. It is ‘
assumed that for each series of well modules that two drifts are
required, that wells are drilled in an inverted five-spot
pattern, and that the number of crosscuts is equal to the sum of
the number of injectors and producers in one row of the total
five spot pattern, see Figure 9-2,

Z Cost Ratio’

The following equations are used to calculate Z, ’ the derlvatlon

is provided in the following section. For a m1n1ng case where

the underground worklngs are initially in place U,, U,, and U,
are zero. :

2, = U (H/D) + U,(S/D) + U, (1-H/D) 4+ U, 9.2)
U = 8,8, + (1 - %38, ] ' (9.3)
ol B o
U, = |——||1 + —=— e (9.4)
i Car v, (N »e - : o
o[2c, + C1 ‘ A
U, = ————= | | (9.5)
[Cop][2N,]
“2000C, .
Uy = — = . (9.6)
2N C,. D :

- The following example illustrates the computation of Z .

+ No data base exists for drilling and completing large
diameter wells in fractured rock from underground workings,
but it is likely that unit cost can be expected to exceed 50%
‘of surface drilling, U, > 1.5 for &, equal to 1.5.

+ Assume unit crosscut costs and drift costs to be equal and
three times unit surface drilling costs ($300/foot versus
$100/foot). This results in a U, value of 3.4 for a 30
injector pattern.

+ Assume unit costs for the shaft to exceed: wunit surface
drilling costs by 30-to-1, $3000 per foot versus $100/foot;
and unit raise cost by 3-to-1, $3 000/ft vs. $1,000/£t. This
results in a U, value of 0.7. '
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+ Assume unit drift costs exceed unit drilling costs by'3-to-l,

]

P

$300/ft versus $100/ft. This results in a value of 60/D for

+ For a 1,000 foot deep ore body with a 300 foot ore thickness

2
v

is greater than 1 for all values of well spacing.

o Derivation of_Zv

Equations for calculation of underground costs are listed below:

S for
$ for
8 for
$ for
S for

shaft' and raise = (2C, + C_)(D-H) : (9.7)
drilling and'casing = (Cdséds)(Nws)(H) ’ (9.8)
well completion ='(Nw)(Cdc6dc)(H) (9.9)
drifts = (2)(N)*/?(S)(C,,) + 2000 C,, . -~ (9.10)
erosseuts = (N, )N '3 (S)(V,) - (9.11)

The cost of surface drilling is listed below:

S for

surface drilling = (C,, + C,_)(D}(N,) = (9.12)

Relationships between the number of crosscuts, total wells, and

number of injectors (total modules) are listed belo#:

Ny = (N ¢ )Y e 17 } - (5.13)

Nye = (N:

o {(NI)I/2 + 1], sum of rows of (9.14)
. producers and injectors

For N>>1, N =2N_, and N, =2(N)'/?.

Z, is qbtained by dividing total underground costs by total surface

costs; which resultsvin'(9.15), with U, Ué, U3,,andIU4 given by (9.3)

through (9.6).

Z, = U (H/D) + U,(S/D) + U,(1-H/D) + U, - (9.15)

9.3 COMPARISON OF SURFACE DRILLING VERTICAL WELLS VERSUS UNDERGROUND

DRILLING

For this

'OF ‘FAN PATTERNS (Z,).

cost comparison total production capacity, copper loading

and ore volumes are the same for both surface and underground drilling.
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o Nomenclature used in this section

unit cost for mining shaft, $/foct
unit cost for mining raise , $/fooct
unit cost for mining crosscut, $/foot
= unit cost for mining drift, S/foot )
= unit cost for drilling, casing, and completing vertical
well drilled from the surface, $/foot
well spacing surface drilling, feet “
total well depth, feet
ore thickenss, feet ‘
= unit cost of drilling and casing one well in a fan
pattern, S$/foot
= total pumping cost for fan pattern, $
separation of fan wells along a crosscut, feet
length of a well in a fan pattern, feet
number of vertical units
total number of fan units
total number of fan patterns in a crosscut
number of crosscuts
number of wells per fan face
total number of surface wells
number of injectors surface drilling

tn
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o Wellfield Costs For Fan Drilling From the Underground.

Costs considered are: initial costs for the shaft and raise to
depth D; initial well drilling and casing costs for fan wells of
hole length h; initial well completion costs pertaining to
pumping of all wells; and initial costs for developing drifts
and crosscuts, see Figure 9-3.

o 2, Cost Ratio
The folloving equations are used to calculate Z_, the derivation

is provided in the next section. For a mining case where the
underground workings are initially in place U3§ U4, Us’ and US,‘

are zero.
1/2
ZF = U, E—} [1 + U, + U, E—] ] + U3 + Ua + U, (9.16)
(2C, + €) 1 ,
u, = {9.17)
Cdf 2st

2000Cda

u, = —_— (9.18)
2N_ C,. D ‘

IS AT
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Uy = 5.5 [G” } [E“—f—} | | (9.19)
G Cax

U, = 0.055 [v" ] (9.20)

C

wt

1,2 12 .
. 1 : (9.21)
b= 0 [Cd] [E_] [r]
wa Gsi IS .

U, = & = fraction of total cost of wells drilled * (9.22)

from surface associated with production pumping

Based on (GF/G i) values shown in Table 9.1, Z
values for each’of the three surface drilling well
patterns are listed below:

+ 2Zp,4 = Z value for axial flow horizontal fractures

Vx Cda (HHc)I/ZI cwf
Z,,y = 2.85 (S/D)(S/H_) |1 + 0.055 + 0.28
daT

F 1/2
Cue Coe ) s | Lo

+ 03 + U4 + Ua (9.23)

= Z value for axial flow vertical fractures

+
[
|

FAV
v C 1 C
X da wi
Z”v = 11.5 (H/D) [1 + 0.055 + 1.39 — J &——J
. 1/2
' Cut th (st) de
+ U, + U, + U, (9.24)
+ 2., = 2 value for radial flow
’ vx Cda 1 ) wa
Zep = 1.49 (H/D) |1 + .055 + 0.38 L2  —
) Cw: wa (Ns:) CdT
+ U, + U, + U, (9.25)
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The following example illustrates the computation of 2, for
surface drilling with horizontal fractures.

+

+

Assume unit crosscut and drift costs are equal, and each is
three times unit surface drilling costs, V= C, = 3C,..

Assume unit costs of fan wells are one fifteenth of unit
crosscut costs, C , = 0.067Vx. This also results in C,e =
O;ZCdT.

Assume the sum of unit shaft costs are thirty times the unit

cost of surface drilling, C, = 30CdT.

Assume unit shaft costs are three times unit raise costs, C,
=3C|
r

Assume 30 injectors, N g = 50

Assume 10% of the total unit surface drilling costs are
associated with production pumping ¢, = O.1.

For a 1,000 foot deep ore body with 300 foot of ore inferval,
and a 30 foot separation between horizontal fractures, Z, is
given as:

2. = 0.86 + 3.45 x 107°[8% + 31(S)] (9.26)

FAH

For wvell spacings less than 38 feet Z_  will be less than one.

o Derivation of Z,

Calculation of costs of underground costs:

$ for shaft and raise = (2C_ + (D) (9.27)
$ for fan well drilling = (N, )(N, . )(C,,)(h) (9.28)
and completion
$ for crosscut mining = (N (d)(V) (9.29)
$ for drift mining = 2(N, )(N,_)(2h)(C,,) + 2000 C,, (9.30)
S for fan well_cqmpletion pumping = C_ (9.31)
Calculation of surface costs:
$ for surface drilling = (C )N )(2)(D) (9.32)

vertical wells
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is cbtained by dividing total underground costs by total surface

ug [1 +Ug + UJ] + U, + U7 + U, , (9.33)

) = e
I e

TFUWE
' 4C,, :
) [Nﬂv Hc][N ] (5.36)
NIF' TFCWE . ‘ ’ :
. c | |
o | | - (9.37)
2NISCdT ‘

The following relationships between parameters contained in U;, U:,

: Ug, and

Us are developed:

Equal total system flow rates for surface and underground well
modules to maintain the same production capacity.

(9.38)

Square geometries for surface and underground well patterns.

Noo = N (d/Zh) | ' , . ‘ (9.39)

N, = (H/h) " | (9.49)

N N 1,2 4 1/2 G 1/2 1 172 ' o
=0 B 041
Nip h Ggy LAt ¥

The cost of pumps for lifting the total system flow rate for
underground and surface drilling is assumed to be approximately
mesmm
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c ‘
L ¢, = fraction of cost of wells associated (9.42)
2N, C,. with production pumping

+ For fan drilling use 11 wells per fan face and a fan pattern
geometry of (h/d) equal to 1.68. This minimizes the unit cost
of a fan module per unit of flow rate obtained.

+ The above results in Z_ expressed as:
. 1/2
ZF_= U, E;J{l + U, + U, (H/h) ] + U, + U, + U4 (9.43)
u,, U,y Ug, U, U, and U, are given by (9.17) throﬁgh (9.22).

9.4 ESTIMATION OF SYSTEM COPPER LOADING TO MAXIMIZE DCF/ROR

As might be expected, the level of copper concentration in the
produced solutions and the 1ife of each set of wells have a major impact
on project economics. The three‘major cost areas impacted by the level
of effluent copper concentration are: _;he surface facility (initial
cost); wells (initial and future replacement costs); and solution
inventory associated with well pattern sfart—up (initial and future
replacement costs).

o Surface Facility

This investment has two components: one related to total
producticn capacity (tons per year), and one related to solution
capacity (total gpm). The latter decreases as gpm is reduced. At a
fixed level of production capacity (tons per year) the volume of
solution confinually being handled (total gpm) decreases as- the
concentration of metal in solution increases. Thus, from the standpoint
of surface facility capital if is desirable to achieve a high effluent

metal concentration. ok
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o .VWells

Total well costs are related to indiﬁidual well costs, which .
incfease with depth and the numser of wells. Since the individual
production capacity of a well is proportional to the product of flow
rate and metal concentration in solution, ‘it is desirable to have a high
metal concentration to achieve a high level of individual well capacity,
vhich in turn keeps the number of wells at a minimum level. The y
individual well life also impacts cost. The shorter the life the
greater the.number of future well replacements and costs.

0 Wellfield Start-up |

The porés of the rock in the vell pattern are ini;ially filled with
é water. .Each time é well pattern operation is initiated the solubilized
metal ié diluted by the pore fluid, requiring at,least;one eichangg_ofg
the. volume of water in a well pattérn {one pore-voluhe) to attaiq full -
production capacity. Prior to this, tﬁe cash flow is principally
:.negative. Since the time required to achieve this one-pore volume
diéplacement increases as the totél flow rate of the system i§ reduced,
the negative cash flow of start-up will be higher at increased levels of
effluent copper concentration, as the product of total gpm and metal
i.concentration is a constant for a given production capacity.
Two of the three major investments (surface facility, and wells)
| decrease with increésing_cdpper\concentratién; 'However, since the
negative cash flow associated with start-up is higher for a system
designed for high copper concentration (low gpm), it is likely that an
optimum cOncentrafion existé at vhich the initial total cash outlay is
minimized. Putting it simply, even if it is possible to technically
achieve very high metal concentrations, it may not be economically

desirable.
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Table 9.2 illustrates various options that are available in
selecting a wellfield design for a given production capacity. Columns A
and B are design options, column C represents the fluid volume asso- ¥
ciated with start-up or dilution per wellfield module, and columns D, E}
F, and G impact both present and future cost expenditures. Factors E
impacting return on investment: surface plant and well costs increase
with system gpm; wvell startup costs decrease with system gpm; future
wellfield investments increase with lower well pattern life; and
wellfield start-up costs decrease with lower well pattern life.

The purpose of this analysis is to provide a method of estimating
the'level of the system flow rate Q or the effluent copper loading [Cu]
that minimizes the present value investment. Other design factors must
then be considered to determine whether this loading can be achieved.
Examples, of these factors are:

) Effech of acid strength on materials of construction and gangue

reactivity.

0 Selection of adequate well pattern residence time to maintain

the copper loading at the design level of high fractional copper
recovery.

9.4.1 Representation of Flow Rate Dependent Costs

The present value of the flow rate dependent costs is represented

by equations (9.43) through (9.48). The derivation follows in Section

9.4.2.
(1+8)

ATTF = Bl(Q) + BZ Q (1+8) + B3 —Q— ‘ (9.44)
B, in 1986 $ = 2500/Y (9.45)

CH
B, = » C, = vell costs per well module (9.46)

YqI
o C, for vertical = 2C, D ‘ (9.47)

drilling from surface
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o C, for vertical = 2[C,, R + SV ] ) (9.48)
drilling from underground ‘

o C, for fan = (N__)[C ,h + de] ' (9.49)
drilling - .

+ For V. =15 C_,, and optimum fan pattern
costs associated with N_, = 11, and d/h = 0.60.
¢ C, = 110 C,,h | (9.50)

EPEH ¢ 1
3 5680 [E ] (YEP_t ) (9.51)
sELER 00-4¢. Py,

c

o
n

For a given deposit access the flow rate per well (q,) éan.be cal-
culated based on deposit and wellfield geometr& and bermeability. For
specific values of well life (t ) and the associated-presént value
factor for well replacements (), ore grade (F_), density (p,) and
porosity {(¢), production capacity (Y), unit vell costs (CdT o;_th), and
E, E

E ), T,, can be plotted as a func-

éfficienéy factors (EP, E. L -
tion of Q to identify the value of Q at vhich T,  is a minimum. The
copper loading is then calculated by dividing Y by (2.l9)(0). Table 9.3
lists present value factors (based on 20 year plant life) for 1, 2, 4,
6, and 10 year well life. | |

Table 9.3. Present Value Factors

: Number of
% Return on Well life Wellfield Present Value
Investment Years Replacements Factor B (1+8) t (1+B)
15 1 19 6.2 7.2 7.2
2 9 2.9 3.9 7.8
4 4 1.2 2.2 8.8
6 3 0.7 1.7 10.2
10 - 2 0.3 1.3 13.0
25 1 19 3.9 4,9 4.9
2 9 1.8 2.8 5.6
4 4 0.7 1.7 7.2
6 3 0.4 1.4 B.4
10 2 0.1 1.1 11.0




340

An alternative to the above method of locating the optimum for the
system flow rate is to: differentiéte (9.44) with respect to Q; equate
the defivative to zero; and solve for the value of'Q at which the
derivative is zero. The optimum copper loading'[Cu]H, (9.52), is

obtained by substituting for the relationship between [Cu], and Y and

£ C,(1+8)] [ 100-9 E.EE 11/°
= 5
9 v EpEx

[Cu], = 0.077 - (9.52)
, [EP_t, (1+8)] : :

Q_.

m

As an exaﬁple_calculation an optimuh copper loading of 15 gpl is
calculated for the following values of the parameters on the right hand

< side of (9.52).

C, = é x $100/foot x IOdO‘feet = SZOO,bOO

q, =25 gpm |

4 = 5%

F_ = 0.5%

E, = 95%, E = 100%

Es = 75%, EL = 55%, ER = 85% (equivalent to 48% cbpper recovery)L
t, = 4 year well life |
g = 1.2, 15% return on investment

EP = 35£4/lb copper, oberating expense

=}

As noted in (9:525, the optimum copper loadinglis related to C /q,,
the well module cost per gpm. 'The cost and flow algorithms can Ee used
to determine which combination of flow geometry and matrix modification
minimizes this ratio. This will result in the minimum capital

investment.
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9.4.2 Derivation of Flow Rate Dependent Costs

The present value of the flow rate dependent costs are-estimated as
follows: -

S

o The surface plant cost (T,,) is obtained by summing all the flow;
rate dependent costs corresponding to surface plant cost
algorithms and dividing by the production capacity Y.

AT_. = B (Q), n = 1 for this analysis (9.53)

5F

1

B, in 1986$ = 23500/Y (9.54)

o The well costs are equal to the cost per well module (C )
multiplied by the number of well modules (N ). The total number
of well modules equals the total system flow rate (Q) divided by
the flow rate per injector (q,). The total present value of
vell investments equals the total well costs divided by the
production capacity (Y) multiplied by one plus the present value
factor of future investments.

+ § for wells = CWNI B (9.55)
+ N = 0Q/q, (9.56)
c, (1+80Q
+ AT, = (9.57)
C, (9.58)
+ Bz = —
Yq

o Expressions for estimating the dollars per well module (C ) are
provided in terms of unit costs and ore body and wellfiel
dimensions for: surface drilling vertical wells; underground
drilling vertical wells; and underground drilling for wells.

+ For surface drilling vertical wells it is assumed that one
module contains two wells and the cost per well equals the
product of the cost per foot of depth (C,.) times the depth
(D).

C, = 2C4,D | (9.59)
"+ For drilling vertical wells from the underground it is assumed
that one module contains two wells, and that the module costs

include drilling vertical wells over a distance equal to the
ore interval and mining costs for crosscuts. The unit cost of
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vertical drilling from the underground is assumed to be equal

to the unit cost for surface drilling (C ar) multiplied by a

factor (SdT>1) which reflects the 1ncreased cost of drilling -
" large diameter holes from the underground.

- § for wells = 2C 8, H | (9.60)
- 5§ for crosscut = 2V, s ' (9.61)
= C, = 20C4y 8y, + V5] . - (9.62)

+ For dr1111ng fan pattern ‘wells from the underground it is
assumed that one fan module contains the total wells per fan
surface, and that module costs include drilling the wells and
mining the cross cut

- $ for wells = N_Ch S ' (9.63)
- § for cross‘cut = V.d S - ‘ : (9.64)
- C, = N,,C,h+vd . (9.65)

The hold-up costs assoc1ated with wellfzeld start-up are

calculated by multiplying the time required to attain a one pore

volume displacement of well pattern fluids (t, ), by the total

operating expense incurred over time Cy? by tge % of this time

allocated to negative cash flow (E;)- : ‘

+ The hold-up time t_ . equals the total well pattern fluid
volume in the pores divided by the system flovw rate. V is
the total well pattern volume

t,.. in years = 1.42 x 1077V -(¢/Q) » (9.66)

WH

+ The total system well pattern volume (V ) is related to
production capacity (Y), well life (t ), ore grade (F_), and
copper recovery (E;E EL)

2 x 10" Yt B (9.67)

E E,E, p, (100-)F_

+ The total negative cash flow dollars are related to the hold-
up time (t_ ), the operating cost per pound of copper (EP ),
and the % of the hold- up tlme (E ) allocated to negative cash
flow: :

S negative cash flow = 0.2 t,EP, E,Y (9.68)
+ The total presenf value of the hold-up costs equals equation

(9.68) divided by the production capacity Y multiplied by cne
plus the present value factor of future investments
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EE, ) (Tt,EB,)( ¢ ) [(1+8)
AT, = 5680 L ][’ L (9.69)
SELER Fc Py 00-¢ Q

- AT B,(1+8)/Q (9.70)»

WH

E_E, t,EP_\( ¢
- B,= 5680 [: ] [Y ] (9.71)
sE.By/ A Fop, /U00-9
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CHAPTER 10

VORKSHEET AND EXAMPLE CALCULATION
(BASED ON BASE CASE IN CHAPTER 8)

10.1 ASSUMED ORE BODY CHARACTERISTICS

o Bottom of ore body 1,000 feet below the surface
+ D = 1000

o Top of ore body 700 feet below the surface
+ D-H = 700’
+ H = 300’

o0 Average ore grade 1%
+ F_=1%

o Ore density 162 l?/ft3
+ P, = 162 1b/ft

0 Average ore permeability 2 md
+ k=2md

¢ Assume 1 centipoise viscosity
+ u=1¢cp

o Average ore porosity 5%
+ ¢=5z

o Water gradient is 0.43 psi/ft
+ a, = 0.43 psi/ft

o Fracture gradient is 1 psi/ft
+ a. =1 psi/ft

o Total ore feserges 250 million tons of rock
+ T = 250 x 10" tons

o Copper mineralization is chrysocolla

+ W, = 1.54 1b acid/1lb copper

o Gangue censumption 4 1b acid/1lb coppér

+ W, = 4 1b/1b

o Initial ore saturation is 80%
+ Sw = BO%
+ Type i

10.2 ASSUMED DESIGN BASIS

o Production rate of 25,000 TPY cathode
+ Y = 25,000 tons per on stream year
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0 Net copper loading increase per solvent pass through the ore 6

gpl copper
+ [C,14 = 6 gpl copper

0 On stream plant operating time per year 333 days
+ E_ =91.2%

P

o Negative cash flov time based on wellfield start-up is one pore
volume
.+ E, = 100% '

H

0 Sweep efficiency per wellfield is 73X
+ E, = 75% :

¢ Leach efficiency per wellfield is 75X%
+ E  =75%

o Solution recovery per wellfield is 90%

+ E; = 90%

o Plant life is 20 years
+ tp = 20 years

0 Deposit access is by surface drilling

In Chapter 9 it is shown that for the example ore body
characteristics best mining scenario is likely to be surface
drilling.

+ Type 1

0o Matrix modification and radial flow
+ Type B
+ r, =8 ft

o Assume a 100 foot well spacing
+ S5 = 100 feet

ASSUMED LEVELS OF SX/EW PROCESS PARAMETERS

0.015 m’ extractant/gpm/year

-

0.085 m’ diluent/gpm/year
0.261 Xg cobalt sulfate/ton cathode
0.065 ton anode/ton cathode

(¥}
] ]

- w

W

0.2 fraction

[--]

0.231 ton acid/ton cathode
= 0.571 ton Ca0/ton acid
2.43 ton gypsum/ton Cad

0 O O O 9O O 9O 0
T O Lo O o o€ o0
- o
~
]

-
w
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=

= 1.36 ton suif;te/tdnkﬁcid (assume ferric sulfate)
10,000 $/m* extractant
300 $/m® diluent
6.5 $/Kg cobalt sulfate
30 S/ton acid
185 $/ton anode
50 $/ton C,0

15

O a0 0 a
1] ] [} 1] 1]

O
o
1]

c, = 0.02 S/gallon water
X 2,500 S/gpm
C. = 650 $/TPY

m

70% HP efficiéncy

= 70% HP efficiency

150 S/HP

5% % of wellfield start-up costs applied for restoration
€., = $0.05/Kvhr .

® = 2,333 Kvhr/ton cathode

o, = 6359.5 Kwhr/HP-year

x,uﬂ_dj::
i
]

O 0O © 0 0 0O O 0O 0 0 0 0 0 O 0 O 0
(@]
[ ad
[}

10.4 ASSUMED LEVELS OF ENVIRONMENTAL CGST FACTORS

o EP, - initial permitting costs = $444,500

o Monitoring well installation

C,, = 1.37 x 107" §/£t7/ft
2
C, = 0.0917 S/ft”° . :
0 EP;M = annual monitoring cost = $80,300
o %, = 1% wellfield restoration cost, % wellfield hold-up cost

1

10.5 VWELLFIELD SPECIFICATIONS
o Equation numbers refer to source of calculation in the text.
The flow regime for radial flow is subscript i equal to 3.
o Total system flow rate
0.456 x 25,000

9 - - 1,900 gpm o (C.1)
.6 ‘ :
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Flow rate per well

+ &P_ =1 x (1,000 - 300) = 700 psi (A.3)
n x 300
+ 6 = = 604.1 | (A.6)
00
{in |[—{ ~ .619
812
+ q, = 3.36 x 1077 x 2 x 700 x 604.1 = 28.25 gpm (A.1)

Number of well units

,900 x 1 1
N, - - —|{ = 67.3 (4.10)
.34 x 107 x 2 x 700} |604.1 |

Round off to NI = 67

Total number of wells

2

N, = 67 Uss . 1) - 151.4 | | (A.11)

Round off to 151

+ For fan wells use (A.12)

Wellfield life

[4.06 x 10*)[5551]({3.08 x 10”*%][3183][1.56] (A.16)
3.45 years ‘

Ly

o

Round off t, to 4 years

The round off to higher whole year assures that maximum
injection flow rate calcylated above will not be exceeded.

+ Round off t, to 4 years
+ Round off N, to 78 to match new vell life
.

N, = x 67.3 =78

I

3.45
+ Recalculating q, for N, = 78

1900
q, = — = 24.36 gpm
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Plan area of the vellfield ,
A, = [4.06 x 104][10.6]L1.56] = 671,361 £t? : (a.21)
+ Rounding off wellfield area for round off in vellfield life

4

A, = 671,361 x - 780,000 ft’

3.45
Total wellfield leach area over. plant life

(25,000) 2 x 10** x 20 x 91.2

Ay, = - (A.28)
(75 x 75 x 90 x 1) (95) 162(300)
= 3.902 million ft’
Wellfield Residence Time
| A3 5 L - J100
Ly = 1.42 x 10‘ x 7.8 x107 x 300 x 5 x (A.26)
R - 11900 .
O 087 years
Number of vellfield replacements
=20/4 -1=4 : o (A.29)

Replacements in yeérs 4, 8, 12, and 16 of operation
Uellfleld vater make-up requ1rements

GA = 7. 48 x 107% x' 7.8 x 10° x 300 x 5(100 80) (A.27)

17.5 x 10° gal

10.6 VWELL COST - $57,891/INJECTOR, $57,938/PRODUCER

Surface drilling

+ For vertical wells drilled from underground use calculation
sequence in sections B.1 [(B.1), (B. 2), (B 4), {(B.6)] and B.3 .
[(B.35) through (B.56)]

+ For fan vells used calculation sequence in sections B.1
[(B.1), {B.3), (B.5), (B.7)] and B.4 [(B.58) through (B. 59)]

Drill site develbpment

C, = $2,400 ' : . {B.1)
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Well equipment (use Table B.2)

+

Production well recovery pump
1900

- qP = — 19-6 gpm
97

- well size is 4 inches

- HP

[ o

-CR

. = 4.96(325 + 92) + 0 + (1,000-300)(1+.1)
+ 1,100 + 1811 = $5,745

Tubing (use Table B.3)
C., = 5.41(1,000-300) = $3,787

TP

Packer (use Table B.4) for injection well

C.. = 3,000 + (1,000-300) = $3,700

PP

Wellhead (use Table B.5)
C,y = $1,240
Injection well flow meter

C,, = $2,000

Total equipment cost injection well

Cogr = $3,787 + 3,700 + $1,240 + $2,000 = $10,727

L

Total equipment cost production well

Cugp = 55,745 + $3,787 + $1,240 = $10,772

Vell drilling cost (use Table B.7)

= 1,000(175/30) = $5,833

Well casing cost (use Table B.6) -

= 1,000(15 + 175/130 = 0.56) + 2045 = $18,951

Well cementing (use Table B.7)

nx 1,000
—————————](49 - 16)(15 + 4) + 1,425 = $4,845
576

3.61 x 107% x 19.6 x (1,000 - 300) = 4.96 HP
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(B.
(B.
(B.
(B.
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(B.

(C.

“(B.

{B.

(B.

(B.

(B.

10)

11)

12)

13)

14)

15)
16)
17)
18)
20)1

19)

21)
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. 10.7

o Well completion
+ Assume perforated completion

+ CP = 6(300) + 800 = $2,600 = Ccp

o Well stimulation

+ Assume short radius hydraulic fracture

+ C,. = 2,500 + 14(300) = $6,700 = C

HS MM

0 Well logging

C,. = 3,135 + 2.7(1,000) = $5,835
o Total injection well cost

C... = 82,400 + $10,772 + $5,833 + $18,951 + $4,845

EWI

“+ 82,600 + $6,700 + 85,835 = $57,891
¢ Total production well cost |

C = §2,400 + $10,772 + $5,833 + $18,951 + $4,845

EWP

+ $2,600 + $6,700 + $5,835 = $57,938
VELLFIELD COSTS

o Wellfield well césts

EW, = 78(57,891) + 97(57,938) = $10,135,404
"+ For vertical wvells from underground (B.57)°

+ For fan wells (B.60)

o0 Wellfield water make-up costs
EP,, = 17.5 x 10° x 0.02 = $350,000

o Total initial wellfield cost
EV = $10,135,404 + $350,000 = $10,485,404
+ For vertical wells from underground (3.66)
+ For fan wells (B.68)

o Wellfield restoration cost

EP,_ = (5/100)(0.087)(13,371,330) = $58,165

(B.

(B.

(B.

(B.

(B

(B.

(B.

kB.

24)

28)

31)

.32)

a3)

. 34)

62)

64)

63)
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0 Wellfield replacement cost
EV,, = $10,485,404 + $58,165 = $10,543,570 (B.65)
+ Fbr vertical wells from underground (B.67) |
+ For fan wells (B.69)

o Lost copper production during start-up

T,y = 0.087 x 25,000 = 2,175 tons cathode (B.61)
10.8 SURFACE FACILITIES SPECIFICATIONS AND COSTS

o Overall materiai balance

+ Plant flow rate

5,000 B :
Q = 0.456 = 1,900 gpm (c.1)
6 S

+ Acid injection concentration - gpl

[H,80,] = [6](1.54 +« 4) = 33.2 (C.2)
+ "Unit total acid consumption - ton/ton copper

W, =4+ 1.5 x0.2 + 0.23 = 4.54 S (C.3)

10

+ Unit lime consumption - ton/ton copper

W, = 0.571(1.54 x 0.2 + 0.231) 0.31 (C.4)

6

+ Selids content of bieed stream ton sulfate/ton Cu

W, =243 %031 + 1.36 x 4 = 6.19 | (C.5)
0 Solution transfer

+ Wellfield/plant piping

From Table C.2 for 1,900 gpm use 10 inch nominal pipe
diameter.

o Interconnecting wellfield piping
+ Floﬁ rate per injector row, 3-spot
a0 = (1,900 x 24.36)*/% = 215 gpm (C.9)
+ From Table C;2 for 215 gpm use 4 inch nominal pipe diameter

+ Fan pattern use (C.10)
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Pipe length
+ DS-spot pattern
+ Ly, = 2 x 100(2(78) + 2(78)*/? + 1] = 34,932 feet
+ Fan pattern use (C.13)
Maximum surface'pressure

| 1
P -,[——— - 1[(1,000-300) = 928 feet of head

.43

Maximum lifting pressure

P, = 1000 - 300 feet = 700 feet of head

PL

Horsepowver for injection pumping

HP = 0.0252 x 928(1,900/70) = 635 HP
Horsepowver for production pumping

Hp, = 0.0252 x 700(1,900/70) = 479 HP
Capital co§t - $22,559,475

+ SX/EW plant

1

+ Injection pumps

EP, = 150 x 637 = $95,550

2

+ Production pumps
Included in well costs for vertical wells.
- For fan wells (C.20)

+ Wellfield interconnecting piping

From Table €C.2 C, , equals $25

L

EP, = 25 x 34,932 - $873,300

4

+ Wellfield/plant piping

From Table C.2'CpL = 562.5/foot
Assume L, equals E,QOO feet

EP, = 62.5(6,000) = $375,000

EP, = 2,500 x 1,900 + 650 x 25,000 = $21 million

(C.12)

(c.14j

(C.15)
(C.16)

(C.17)

(C.18)

(C.19)

(C.21)

(C.22)



+ Environmental Permitting

= $462,500

+ Monitoring well

= (1,37 x 10°% x 1000 + 1.83 x 107' x 500)3.902

x 10°

= $894,692

+ Start-up cost of consumables

= $4,072,450/4 = $1,018,120

+ Total capital cost

Staffin

. = 521,000,000 + $93,350 + $873,300 + $375,000
+ $462,500 + $894,690 + $1,018,120 = $24,701,178

g

ST = 2.4(25,000/1,000) + 32 = 92

Annual operating costs - $13,697,259

+ Salaries

EP,

1.746 x 10° + 105 x 25,000 = $4,371,000

+ Consumables

- EP

- EP

cl

c2

_EPC=

(10,000 x 0.015 + 300 x 0.085)1,900
$333,450

(0.261 x 6.5 + 30 x 4.54 + 185 x O. 065)25,000
(50 x 0.31)25,000 = $4,135,540

1.2 : -
(EP_.. + EP )Fi——J = $4,072,490
c1l €2 100

+ Utilities

- Electricity

EP

E

= 0.05[6,552.5(637 + 480) + 2,333

1.2
x 25,000] [9—{': $2,993,373

100

0.02(18,250 x 92 + 68 x 25,000 x 0.912]
$64,588

(C.

(C.

(C.

(C.

(C.

(C.

(C.

(C.

(C.
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- Total utilities
EP = $3,057,960
Contract maintenance
- Surface plant
EP,, = 0.03 x 24,701,160 = $741,040
- Vellfield, surface access

EP,, = 0.1 x 10,485,404 = $1,048,540

- Total maintenance

= $1,789,580
Environmental monitoring

EP,, = $80,300

- Total annual operating cost

= $4, 371 000 + 4,072,490 + 3,057, 960 + 1,789, 580

o + 80,300 = $13,371,330

10.9 SUMMARY OF CASH FLOW.-.

(C.41)

(c.42)

(C.44)

(C.45)

o Total initial capital investment - $35,186,564 = $1407.5/AT

+

+

Surface facilities

$988.1/AT

EP, = $24,701,178 =
Wellfield wells
EV = $10,485,404 = $419.4/AT

o Plant construction requires three years

o Wellfield construction requires 18 months

o aAnnual operating cost each year, beginning 4th year

= $13,371,330 = 26.7¢/1b copper

(C.26)

(B.34)

(C. &5)

o Wellfield replacement vell costs, including restoration cost

+

+

+

EV,, = $10,543,570 = $421.7/AT

Incurred in year 6,7; 10,11; 15}15; 18,19

1/3 in year 6, 2/3 in year 7; etc. for others

(B.65)
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o Vellfield operating expenses for start-up and shut-down

+ Lost production of 2,175 tons cathode in year (B.61)
4, 8, 12, 16, 20 :

+ Restoration costs of $38,165 in year 7, 11, 15, (B.63)
19, 23

o Copper production for 333 day operating year

+ Year of wellfield start-up (4, 8, 12, 16, 20)
- 25,000 x (333/365) - 2,175 = 20,633 tons cathode

+ Year 2,4,6,8,10,12,14,16,18,20
- 25,000 x (333/365) = 22,808 tons cathode
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CHAPTER 11

SUMMARY AND CONCLUSIONS

This design manual has been prepared tolprovide the user with a set
of procedures to design a commercial facility for in situ leaching of a
copper oxide deposit. Equations and algorithms have been-developed and
are included in this document which will permit the user to evaluate
some 42 scenarioé of ISL. These algorithms permit costing of the
installation and operation of the facility and preparation of a
cash-flow sheet in order to conduct an economic analysis for the
project.

The text provides the user with an understanding of the concept of
true in situ leaching and provides a discussion of all pertinent
parameters associated with design and costing of wells, wellfield,
surface facilities, and associated offsites. it discusses deposit
characterization and procedures for obtaining deposit information.
Because the ISL process is inter-disciplinary, the reference list
includes many books, articles, reports, patents, aﬂd other documents
vhich the user will find useful. These references include government,
petroleum and mining engineering, metallurgical publicatiens, newspaper
articles, and patents.

The manual discusses the status of Federal, State, local agency
regulations and requirements pertaining to the permit application
process for an ISL copper operation in Arizona. Cost estimates for

permitting and monitoring, are provided.
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Site specific tests for obtaining the input data required to
conduct a commercial design are described and discussed.

A computer model has been prepéred and coded which integrates
component specifications and costs with a DCF/ROR cash flow calculation.
This model permits the user to make inputs which are.cbnvefted to design
elements and coéts and generates outputs one of which is a pre-tax
copper selling price.

A worksheet illustrating the use of the manual is provided in which
design specifications ahd component costingrare shown for an example ore

body.
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APPENDIX A

ALGORITHMS FOR WELLFIELD PERFORMANCE SPECIFICATIONS

A.1 SUMMARY OF ALGORITHMS

The algorithms used to calculate individual well flow rates, the
number of wells, the operating life of a Qell pattern, the area of a
wvellfield, the wellfield fluid hold-up or residence time, the vellfield
vater make-up requirements, and the number of wellfield replacements are
expressed as combinations of groupings of input parameters common to
each well pattern type, and groupings of input parameters that are
specific to a given well pattern type. Input parameters and parameters

from other sections are listed in Table A.1l.

A.1.1 Flow Rates Per Pattern

The flow rate per pattern is given by:

C k&P, - :
q, = |[——oI|6, | ‘ (A.1)
u .
_ s (ePm)( c©p
C, = 3.3 x 107°, |—| }——— (4.2)
‘ t d-psi

8P < a,(D-B)  (A.3)

G, geometric flow factor values for the four well pattern types are:

o G, value for axial flow S .
horizontal fractures = — ‘ ‘ (A.4)

vertical fractures (4.3)

0 C{2 value for axial flow [&HSZ]






TABLE A.l. WELL PATTERN PERFORMANCE SPECIFICATIONS

PARAMETER DIRECTORY

-Input Parameter

*L
*r

w

*H_
*h
*d
*E,
*E

*E

*
alo

[ Y]

-

®

M ®m oS nn 0 (n = O

n

1 centipoise

0.25 feet for 5-spot, 0.167 feet for
fan well

10 feet

106 feet

60 feet

75%

75% or from laboratory data
90%

91.2%

162 1b/ft’

100%

20 years ,
betwveen 0.7 and 1.0 psi/foot
1/10 radians

site specific
site specific
site specific
site specific
site specific
site specific
site specific
site specific

site specific

* Recommended or typical values

Parameter From
‘Other Section

Q from C.1

339
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n H
5
o G, value for radial flow = PJ][ ] - .619} (A.5)
sl |

3
w

For the case of wellbore r
enlargement by small
hydrofractures or bore-

hole blasting, less than

10% of ore in stimulated
zone

¢,, < 0.126S (4.7)

' nh 1 v
o G, value for fan flow = (A.8)
2 dymy e @
=|[={+ = 1In |—
& n lrrrw
+ For the combination of (d/h) and (&/n) that maximizes the
flow rate per module per unit cost of the module, (&/n) =
1/10, or 11 wells per fan face, and (d/h) = 0.6 -
+ Drilling a fan well over 100 feet long is not practical

+ G, =192, for r, = 0.167 and h = 100 feet (A.9)

A.1.2 Number of Wells and Well Units

The number of well units is given by:

e B
c kap | g,

G, (5-spot):

2! 3

The number of wells is given by (A.11) for G,, G

w I

v, ) 2 ' .
N, = N_ o+ {E+-1] (A.11)

The number of wells is given by (A.12)‘for‘G4 (fan pattern):

N, = NN, . © (A.12)

W

» N,, = number of - = H/h 7 ' (A.13)
vertical units :
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r dyt?
Nye = number of = (NI)U2 ——J (A.14)
Cross cuts 2 H
per vertical unit
AR2y1/2
N,, = number of = (N; )1/2 ———) (A.15)
fans per cross cut \dH
A.1.3 Vellfield Life
Well pattern life is expressed by:
E EF_ (100-4)p :
t, = [ ] [E ol ] L — > ] (X, (A.16)
C_kap, x10°" x Y
o X, = for axial flow from horizontal fractures
X, = H_H : (A.17)
0 X2 = value for axial flow in verpical fractures
Z ‘
X2 = 51/4 ‘ (A.18)
o] X3 = value for radial flow
s? S .
X3 = —|1ln |[—]| ~ .619 (A.19)
n
2r
w
o X, = value for fan flow

- ERE - B

X, = 6237, for h = 100 feet d = 60 ft see page 58 and minimum
' cost fan module

A.1{4 Vellfield Plan Area

The wellfield area (A,) is given by:

Qu ‘ |
A, = [ ][Ri] ' _ (A.21)
C karP,
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o R, = value for axial flow horizontal fractures

1
R, = H_ , - (A.22)
o R, = value for flov between vertical fractures
1
R, = F_] - (A.23)
" |4H : -
.0 R, = value for radial flow
g2 g .
R, = —|In - .619 ' (A.24)
l2r
. ) w
o R, = value for fan pattern flow
4dh] [dn @ he |
R, = [— +—=1n |[— (A.25)
nH hé4 n 4r, ' Lo : ’
6237 o -
R, = ——, for h = 100 feet d = 60 feet see page 59 and minimum
H cost fan module

' A.1.5 Vellfield Residenée Time

- This is the time required to displace one pore volume of well

pattern fluid.

t,, = 1.42 x 107°[4 H4] Fi] - (4.26)
q .

A.1.6 Wellfield Water Make-up Requirements

This is the gallons of water required to saturate the well pattern

pore volume.

GA = 7.48 x 107" (A H$)(100-s ) (4.27)
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A.1.7 Total Wellfield Plan Area For Plant Life

x 10" x Yt
B = [2 p”.:?E E,F ] (428

(100‘¢)°bﬂ S LR €

A.1.B Number of Wellfield Replacements

The number of wellfield replacements equals the plant life divided

by the well life minus one.
N = (5,78, - 1 (A.29)

A.2 AXTAL FLOW HORIZONTAL FRACTURES

Basic assumptions include: five spot pattern; fractures overlap
completely; AP in fractures is negligible; and no fluid loss from
pattern. |

The flow rate is calculated using Darcy’s law for linear flow

between two equipotential planes separated by distance H_ over an area

c kap_1[s? ‘
el
u ‘

<

Sz, see Figure A-1.

The number of pattérns in operation is given by the system flow

rate divided by the injectien rate per well.
N, = Q/q, (A.31)

- 8ince the total ore thickness (H) is normally much greater than the
distance between fractures, the method of leaching between fractures can
be repeated vertically in a given 5-spot pattern in increments of H_ in

thickness.
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Let N, = Number of vertical intervals to be leached in a five spot
(average over whole deposit)
v

N, - B/H, O (A32)

The wellfield surface area is calculated as the product of the area

per well module and the total number of modules.

| N ? Qu
.= |—Is" = (B_] (A.33)
_ C kap,

I

The life of a well module (t,) can be calculated from the on stream
production time (Ep % on stream) and a material balance between copper
in the ground and total copper to be produced over the well life.

Yt E HA,E E; E. (100/4) p, F_

P
100 2 x 10} | o (4:36)

Solving for t_ after substituting for A :
w w

 Qu E,¢ E F_1[ (100-4) - '
t, =[ HEL 2 ][ % ] [HE_] © (A.35)

C_kaP, E, 2 x 10" x ¥

The total number of wells in a square five spot are related to the

number of injection wells by (A.36).

2

N =N, + uN—+ 1) ' (A-36)

w 1 I

This relationship also provides an adequate representation for

non-symmetric five spot geometries, see Figure A-2.
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00— . N, — Total 5-Spot Wells

10 —

—_— N YN+ 12
@ Square 5-Spot

X Non Symmetric 5-Spot

1 ‘
I I
Vo S 10 : 100

N| — Total 5-Spot Injectors

Figure A-2. Total Wells Versus Number of Injectors 5-Spot
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A.3 AXTAL FLOW VERTICAL FRACTURES

In this case a square pattern is likely not to provide the maximum
flow rate. A rectangular geometry for the well pattern is considered
with dimensions Sl and 52- S2 is the spacing along the fractures, S; is
the spacing perpendicular to the fractures. The flow rate is calculated
using Darcy’s Law for fiow between equipotential planes separated by S,
with fiow normal to area (S,H), see Figure A-3. Basic assumptions are:

. fractures form vertically and parallel; no AP in fractures; no fluid

loss from pattern; and the pattern is a staggered line drive.

CokAPIT S,H
qI = 2 ' (Ao37)
u JLS . ,
C k&P, 7 [4BS
q = { ‘J ’] (A.38)
u L S

1

The number of well patterns is calculated by dividing the total

. system flow rate by the flow rate per injector.

Qu S, ‘ :
N, = (A.39)
C kar, ] [4HS,

The total number of wells is calculated using (A.36).

The total wellfield plan area is calculated as the product of the. .,

area of one well module (S;5,) and the total number of modules [Q/q ].

A

w

Qu Si
Y — (A.41)
C kap | |4H

]

s,S,110/q,] (A.40)

o
1]
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The procedure for calculating the life of the well module is the
same as.that used in section A.2, and is based on a material balance
between copper produced and coppef initially in place in the deposit
wvithin one well module.

HA, B E, E (100-¢) p, F_

(Yt)) (E,/100) = (A.42)
F 2 x 107

Substituting for A :

Qu E, E; F ][ (100-¢)p 2 | |
T el e
C kaP, E x 10'* x Y] |4

: P

A.4 RADIAL FLOW
The flow rate is calculated by applying Darcy’s Law to radial flow
in a confined five spot, see Figure A-4. Basic assumptions are steady

state and a confined five spot pattern.

(A.44)

q, =

[cokw,] " nH
u

S
1n -~ 0.619

o,

The flow in a radial pattern may be improved by stimulation, which
can take the form of short propped hydraulic fractures (any orienta-
tion). Alternatively, borehole blasting may be used to obtain a
rubblized and a highly fractured zone around the wellbore. The increase
in flow rate is accounted for by assuming infinite permeability from r_
tor,, (the stimulated radius); The value of r, used in (A.44) is r,.-

It is understood that r, 6 is less than 12.6X of S to ensure that the

stimulated zone contains less than 10% of the copper in the wellfield.
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Vertical View
Radial Flow

R S N

. Plan View
Radial Flow

Figure A-4. Radial Flow
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For a fixed value of r _ the well spacing S should be greater than 7.9
times r__.
ws

The number of required injection units is N = Q/q,, or:

S

[ Qu ] JE;V
c 7

nH

(A.45)

N, = Qq, =

©

The total number of wells are obtained from (A.36).
The area of all well modules (A,) is calculated by taking the

product of the number of well modules (N,) and the area per module (52).
A = N_§° : (A.46)
Substituting for N, from (A.44);

Qu S s? .
A = [ } 1n - .619 [—-] (A.47)

w
C kapP )13
[} T El'u

The well life is calculated by making a material balénce between

produced copper and copper initially in place.

—_— A. .

(Yt )(E_/100) = (A, H)(E_ E_ E_ F)
L VP | L s R C[2x1013

Solving for t 6 and substituting for A :

t, = [ Qu E, E, F_1[ (100-¢)p s° S
[ HE" . C]L — H ] 1n - .619 (4.49)
C k&P - E x 100" x Yiln
J2x

P

w
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A.5 FAN PATTERN
Fan pﬁtferns are drilled from underground crosscuts, see Figure
A-5. In this pattern fluid injected along vells on one face (A) is made
to flov to a second face (B) vhere it is collected by another set of
vells. The total pressure drop can be divided into three components:
o Radial fiow in the injectioﬁ drili*hole from the wellbore radius
to some effective drainage radius r_, with associated pressure
drop 4P, .
o Linear floﬁ, straight line between fan facés, wifh associated
pressuré drop AP,.
o Radial flow into the production drill hole from a drainage
radius r_ to the wellbore r , with a#sociated pressure drop ap, .
It is assumed that the fan patterns are repeated (joined
togefher) many times, thus the flow rate between fans is q,/2.

Nomenclature used fo‘describe fan flowv is listed below:

o q, = Flov rate per fan

o 4q,, = Flov rate per drill hole

0 © = Angle between drill holes in fan pattern
o h = Length of each well

o d =

Distance between fan faces

" The radial flow rate at injection and production pressure drop

(6P ) is given by:

C,2nkhaP, A
I (A.50)

q
an u 1n(r./rw)
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One Fan Module
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el s

Vertical Stacking
of Fan Modules

Figure A-5. Fan Pattern Flow
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For flow between fans at pressure drop 4P, where the flov is divided

between fans is:

| C,2h k2P, | o |
q/2 = ———— (A.51)
ud '

n/® = number of flow sectors per. face (A.52)

a, ﬁ

o (VO (o) (4.33)
. qfe

Quy, = — ‘ (A.54)
2n

Substituting for g,, in the radial flow equation (A.50):
2(m)® c_ kh &P,
q, = (A.55)

Qu ln(r'/ru)

" Summing the three pressure drops to obtain an expression between total -

pressure drop -(4P,) and well module flow rate (q,):

AP = 24P, + OP, (A.56)
q, ©9u ln (r /r) q, ud ,
o, - — = (4.57)
.2n* C_kh c,(2n)’k
q,u e ‘ nd _ -
opP, = = 1n (£, /r,) + —| = (A.58)
C, mh n © . 4h B

It is assumed that the drainage radius r_ is equal to half the are’

length between wells at half the well distance:

By s
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C k&P, ] [rh 1
o 2
u nd <] 1°] ‘

— 4+ = 1n f] ]
4h n 4t

The number of vertical units is given by:

N,, = B/h | (A.61)

The number of fan patterns needed for development is:

N, = Q/q, (A.62)

. I .

‘  Qu 2 ‘ e )
N[ ] [ ] [(d/h) (W) + o 1n [“_} ] (A.63)
CokAPT nh n 4r

It is assumed that the area of the crosscut is square, such that

the total distance between crosscuts equals the total distance along a
crosscut. This provides the following relationship between the number

of crosscuts (N,_.) and.the number of fan units per crosscut (N_ . ).
(N, ) (2h) = (N_,) (d) | (A.64)

N, = N, (2h/d) (A.65)

HF

The number of crosscuts (N,_.) is obtained by equating the total
number of units (Nz) to the product of the number of vertical units
(N,,): the number of crosscuts (N, .), and the number of fans per

crosscut (an)‘

N, = (Ng) (00 (N,) (A.66)

From (A.66), (A.61), and (A.65):

d 172
Nye = (N) *7* [zT] (A.67)
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From (A.63) and (A.66):

hz 1,2 ‘
Ny, = (N )1./2 EH—] , . ‘ (A.68)

The well module plan area (A)) is calculated by multiplying the

area per module (2dh) by the number of modules per layer N1=]-

' Qu [4dh e : t
A, = [ ],[ ] {(d/h)(n/A) + (&m 1n r1 ]] (4.69)
c kap ) [na 4r, ‘

The well life is calculated‘by making a material balance between

produced and in-place copper recovery.

N p"] (A.70)

(Yt )(E,/100) = |A H||E, E_ E  F
P [ ][5 L R C][z " 1013

| Solving'for t, and substituting for A, from (A.68):

Qu E E F (100-4)p, 1[4hd][(md) (O ) '
e e ] e
C_ kAP, E, x 10" x Y[ n JLWh) n) lar,

The following discussion addresses the cost optimization of.the
flov rate per module q, vith regard to the number of wells per fan face
and fhe §eparation of fan faces. The flov rate can be increased by
either increasing the number of wells per module (decreasing ®), wvhich
‘ also increases the cost of the module, or_by:reducing d. The latter
requires more modules per cross cut, which also increases cost. A

minimum cross cut cost per unit flow rate is sought.

V_ = cost to excavate crosséut, $/foot
C,¢ = cost to drill and complete one fan weil, S/foot
M = unit cost of mining and wvells per‘unit flow rate
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Mining and well costs = [C ,h(we+1) + V. d

per foot of cross cut (A.72)
d
2V u
M = ———— : (A.73)
nthkAPT '
b, = wa(V' (A.74)
x = h/d - (A.75) .
y = &/n : (A.76)
b, = mh i - (A.77)
4r, )
n .
M= (M) [b x (1/y + 1) + 1] yln (b,y) + — . (A.78)

4x

A parameteric analysis of M divided by M, was conducted to identify
optimum values of x and v at a cost ratio of 15-to-1 (v, divided by

C This data is summarized in the Table A.2 below and plotted in

wel s
Figure A.6, which iﬁdieates an optimum at &'n equal to 10 (11 wells per
face) and d edual to 60 feet. In addition, the value of M/Ho is not
very sensitive to changes in © and d around the optimum valués.'

TABLE A.2. PARAMETERIC ANALYSIS TO OPTIMIZE FAN DESIGN

h = 100 feet V_ = $300/foot
r, = 0.167 feet | Coe = $20/foot
e y d=30 d=40' d=50 d=60 d=70. d-=80

w6  0.165  2.45 2.25 2.16 2.12 2,12 2.14
w8 9.124  2.23 2.06 1.96 1.96 1.96 1.99
v9  0.108 2.16  2.00 1.94 1.92 1.93 1.95
Y10 0.099  2.13 1.98 1.92 1.91 1.91 1.94
v12 0.083 2.10 1.96 1.91 1.80 1.92 1.95
w15 0.067 2.12 1.99 1.95 1.95 1.97 2.00
w20  0.051 2.22 2.11 2.08 2.08 2.11 2.15
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APPENDIX B. ALGORITHMS FOR COSTING SUB-SURFACE COMPONENTS
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The cost data base used to develop all sub-surface cost aléorithms

is summarized in this section. These algorithms are categorized by:

costing of underground development (shafts, raises, drifts, and ‘

crosscuts); costing of vertical wells drilled from the surface; costing

of vertical vells drilled from the underground; costing of fan vells;

and costing of wellfields. Table B.1 lists input parameters used in

this section and those obtained from other sections.

B.1 UNDERGROUND WORKINGS

o Mine plant for underground workings

EM = $2,500,000

o Shaft, raise, drift access development vertical wells

+ 2 shafts
+ 1 raise
+ 2,000 feet of drift = DR
ES, = (2C, + C_)(D-H) + DR C,,

"o Shaft, raise, drift access development for fan wells

+ 2 shafts

+ 1 raise '

+ 2000 feet of drift = DR
ES, = (2C_ + C.) D+ DR C_,

o Wellfield crosscut costs - §

This cost is incurred each time a new wellfield is added
+ Vertical wells
1,2
BV, = [2(Q/q,) + (Q/q,)' "]V,
+ Fan pattern

EV. = (Q/q,)dV,

(B.1)

(B.2)

(B.3)

(B.4)

(B.3)
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Table B.1 Sub-Surface Facility Parameter Directory

Input parameter Parameter from other section
*C, = $3000/ft : : Q from C,1
*C_ = $1000/ft : q, from A.1
*C,. = $300/ft ‘ *d from A.1, 60 feet
*V, = $300/ft *N,, from A.1, 11 wells
*bh = $2400 o ' t,y from A.l
Y = site specific | A, from A.1
*C_,, = $30/ft | |
*C, ., = $10/ft
D = site specific
H = site specific
S = site specific
S, = site specific
s, = site specific
¢ .= site specifie
*h = 100 feet
*M_, B,_, By, By, see Table B.2 ~  *R_, = 130 ft/hr
*Bt see Table B.3 *Brcs = $1425/well
*B,, B, see Table B.4 : . *B_ . = $800/wvell
*B, see Table B.5 © *B,,. = $2800/vell
*B_ see Table B.6 - *B_ o = $2500/well
*B,, R,, B,, d_, d, see Table B.7 *B___ = $5000/frac
*B_ between $10/ft’ and $20/ft,  *B,,. = $3135/vell
- %C, = 2¢é/gallon *Byo, = $5000
X, = 5% - *B,,, = $3600
*B, oy = $5600/vell : *DR = 2000 ft
*B, . = $0.1/ft : *B, . = $2045/vell
*B, = $1811/PUMP - G, = $5000/vell

*Recommended or typical values
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o Wellfield drift costs - $

This cost is incurred each time a new wellfield is added

+

Vertical wells

EV, = 2(0/q,)/?sc,, . (B.6)

+ Fan pattern

d 172
EV, = A(quI)E;J BC,, | (B.7)

B.2 VERTICAL WELL DRILLED FROM THE SURFACE

o Drill site development - S$/well

CA

= $2400 | | (B.8)

o Vell equipment costs - $/well

+

Recovery pump cost - data for constants are listed in
Table B.2Z.

1/2 2 '
- N, = [NF 4 1) , (B.9)
- q, = N, (B.10)
- HP, = 3.61 x 10" %q,(D-B) | (B.11)
- Cpp = (HP)(M, + 92) + B, '+ (D-H)(B,,, + B, ) (B.12)

+ Bepe *+ Bps

Tubing cost - Data for constants are listed in Table B.3

C,, = B (D-H) - (B.13)

TP

Packer cost - Data for constants are listed in Table B.4
Cop = BK + BI(D~H) 4 (B.14)
WVellhead cost - Data for constants are listed in Table B.5

C.. =B ' (B.15)

PW h

Injection well flow meter

Cpy = $2,000 o (B.16)
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TABLE B.2. DOWNHOLE PUMP COSTS COMPONENT COSTS

' B B
Well Eisgtric Eiggtric Approx.
Size M, B,q Cable Controls Flowrate
(in) $/FT - s - Range (gpm)
4 325 0 1 1100 | 0 - 55
6 70 500 3 1300 50 - 100

8 . 102 1000 5 2500 100 - 300

TABLE B.3. TUBING SPECTIFICATIONS AND COSTS

, : B ‘
Nominal Max Internal Tensile Aﬁprox; ~Flowrate Friction Loss
~ 0.D. 0.D. I.D. Press. Rating Cost/FT Range Per 100/
Lt(in) (in) (in) (psi) (1b) ) (gpm) (psi)
2 3/8 3.8 1.92 2500 17,000 5.41 0-55 0-2.3
.2 7/8 4.6 2.42 2500 21,200 7.35 50-100 0.9-2.5
4 172 7.3  4.04 2500 48,000 15.80 100-300 0.3-2.7
TABLE B.4. PACKER SPECIFICATIONS AND COSTS
| Differential B, B,
Casing Packer . Uninflated Pressure Packer Inflation
"'size, I.D. I.D. 0.D. Rating Cost.(S) _.Tube Cost
(in) (in) - (in) (psi) 316ss (S/£¢t)
4" 1.25 3.5 2000+ 3000 1.00
6" 2.0 5.25 2000 5000 - 1.00°
8" 2.5 6.5

2000 7000 1.00




383

TABLE B.5 VWELLHEAD SPECIFICATION AND CdSTS

Vell - B B
Casing Caggng velifiead : B,
Size Head Equip. Total
(in) () $ §
4 540 + 700 = 1,240
6 540 N 700 = 1,240
8 712 + 1,000 = 1,712
TABLE B.6. WELL CASING COSTS
Casihg B B B B B B B
Vell Casing Centfal- Float Float Conductor Pﬁp‘ Total" Fixed
Size Cost izers Valve  Shoe Casing Joints Cost
(in)  (8/Ft) (S/ft) ($) (%) ($) () ($)/Vell
4 15.00 0.56 180.00 + 265.00 + 200.00 + 1,400.00 = 2,045
6 26.00 0.56 180.00 + 265.00 + 200.00 + 1,400.00 = 2,045
8 35.00 0.56 180.00 + 265.00 + 200.00 + 1,400.00 = 2,045
TABLE B.7. DRILLING COSTS
d 4, _
Casing Size Hole Size B R, B
(in) (in) (s/hry (£t/hr) s/t
4 7 175 | 130 15
6 10 200 ' 20 ’ 32

8 12 250 15 45
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+ Total injection well equipment cost - §
Cugy = Cpp + Cpp + Coy + Cpy | (B.17)
'+ Total production well cost - §

Corr = Cap * Cpp + Coy e K (B.18)

o Well casing costs - §

. B _
d ] T

Cc = l)[Bc 4+ —_—+ BB] + ch'_ {B.19)
Rcs ‘ ‘

Constant B_ and B,  from Table B.6, B, from Table B.7

o Well drilling costs - §

Constants obtained from Table B.?Iv

c -2 | o | a0

. o Well cementing costs - §
d, and d_ obtained from Table B.7
. = EE- (42 - d*)(B .+ 4) + B o ‘ | (B~21)
cM 576 H € G | Fcs .

o Vell completions - §

+ Choose one of the below items for use as CCP

+ C

CP

completion cost . (B.22)

+ C 0 for large radius horizontal fracture

cP
+ Screened constants B, from Table B.7
CSC = H(Bw + Bd/Rcs) i .. (B.23)‘ .
+ Perforated ‘ |
C, = 6H + B, (B.24)

o Well stimulation - §

Choose one of the below items for use as Cox

+ C,, = matrix modification cost (B.25)



B.3

+ No modification
C =0

MM

+ Explosive stimulation

C =8 + 235H

ex EXS

+ Short-radius hydraulic fracture

C =B + 14H

HS SRS
+ Horizontal hydraulic fracture
C = B + 0."&15 — —
HC LRS HI N
i - W
+ Vertical hydraulic fracture

Cyy = B ps + 0.41S.H

o VWell logging - §

CWL = BFWL + 2.7D

o Total injection well cost - §

Cpwy = (B-8) + (B.17) + (B.19) + (B.20) + (B.21)
+ (B.22) + (B.25) + (B.31)

o Total production well cost - §$

Cowp = (B.8) + (B.18) + (B.19) + (B.20) + (B.21)
+ (B.22) + (B.25) + (B.31)

o Total cost of wellfield wells ~ §

BV, = (W/q)Cpy; + [(O/QI)I/2 + 1}2C3wp
VERTICAL WELL DRILLED FROM UNDERGROUND

¢ Drill site development - S/vell

c,, = 2,000

AU

o Vell equipment costs - $7/well

+ Recovery pumps
Cpp = (B.12)
+ Tubing costs - $/well

Cpp = 2.2 (B.13)
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(B.26)

(B.27)

(B.28)

(B.29)

(B.30)
(B.31)

(B.32)

(B.33)

(B.34)

(B.35)

(B.36)

(B.37)
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+ Packer costs - $/well

Cpp = (B.14) | (B.38)
+ Wellhead costs - $/well

Cow = (3.15) » | , (B.39)
+ Injection well flow meter - $/well

C,y = (B.16) ' s (B.40)
+  Total injection well equipment cost - S/well

Copr = Cop *+ Cop + Coy + Coyy ' (B.41)
+ Total production well equipment cost - $/vell

Cugr = Cxe * Cre * Cou E (B.42)

o Well casing costs -$/well

2B

C. = H[Z.Z B_ +
' R

g, 35} + By, o  (B.43)

cs

o Vell drilling costs - $/well

al : ’ 7 : :
¢, =2|-—|+c,, - C (B.4b)

d

o Well cementing costs - $/well

m ' N .
2 2 ' -
Con = oo (g ~ 4B + &) + By o | gs.?S)

o Well completion costs - $/well

Choose one of the below items for use as C.p

C.p, = well completion cost (B.46)

+ Screened

. 2B, -
Coc = BBy + — | (B.47)

- cs’

+ Perforated

P

C, = 6H + 2B, | ' . (B.48)
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o Well stimulation - $/well

Choose one item below as Cun

+ C‘

MM = matrix modification cost
Cuy = 0, no modification
+ ax Bsxu + 235H

+ Short-radius hydraulic fracture

C..=8B + 14H

HS SRU

+ Horizontal hydraulic fracture

c = |2B + 0.418° | |— + —
HC LRS BN

+ Vertical hydraulic fracture

C,, = 2B, + 0.41S,H

HV LRS

o Vell logging - $/well
Cop = 1.5 B ( + 2.7H

WL

o Total injection well cost - $/well

Copy = (B.35) + (B.41) + (B.43) + (B.44) + (B.45)
+ (B.46) + (B.49) + (B.54)

o Total production well costs - $/well

= (B.35) + (B.42) + (B.43) + (B.44) + (B.45)
+ (B.46) + (B.49) + (B.54)

c

WEP

o Total cost of Wellfield wells - §

1/2

EV, = (Q/q,)Cp,, + [(Q/q)"? + 11%C_,,

FAN WELLS

o Injection well costs per fan - §

TF
Cewr = F%;J(Cw51)h

o Production well costs per fan - §

Tr
CEHP = [NZ ](Cwn)h

387

(B.49)
(B.50) |
(B.51)

(B.52)

(B.33)

- (B.54)

{B.55)

(B.56)

(B.57) -

(B.58)

(B.59)
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o Total well cost for fan costs - §

EV

w

= [Cour *+ CowellQ/q,] - . (B.6O)

B.5 WELLFIELD COSTS

o]

Vellfield Start-up and Shut-Down Costs

+

Uellfield.start—up - tons lost cathode production

T.. = Yt 7 . .(B.61)
Vellfield water make-up - R

EP,, = 7.48 x 107*A H§(100-s,)C, o (B.62)

Wellfield restoration - $

EP,, = (x,/100)t  EP_ (B.63)

Total Wellfield Cost Vertical Wells Drilled from the Surface

+

Initial wellfield cost
EV =" (B.34) + (B.62) . - (B.64)
Replacement + wellfield cost

EV . = (B.63) + (B.64) \ (B.65)

Total Wellfield Cost Vertical Wells Drilled from Underground

+

Initial vellfield cost

EV = (B.1) + (B.2) + (B.4) + (B.6) (B.66)
+ (B.57) + (B.62) ‘

Replacement Wellfield Cosf

EV,, = (B.4) + (B.6) + (B.57) + (B.62) + (B.63) (B.67)

Total Wellfield Cost Fan Wells

+

Initial Wellfield Cost
EW = (B.1) + (B.3) + (B.5) + (B.?) + (B.60) + (B.62) (B.68)
Replacement Wellfield Cost |

EV,, = (B.5) + (B.7) + (B.60) + (B.62) + (B.63)  (B.69)
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APPENDIX C
ALGORITHMS FOR SURFACE FACILITY
SPECIFICATIONS AND COSTS

The following is a summary of all algorithms used to size and coét
surface facility equipment and operations. Table C.1 lists all input
parameters and those parameters calcuiated in other sections. Table C.2
lists values of surface facility process design parameters recommended
for use. |
C.1 OVERALL MATERIAL BALANCE

o System flow rate - gpm

Y
Q = 0.456 (C.1)
[Cu],
o Sulfuric acid injection concentration - gpl
[H,50,] = [Cul],[W, + W] (c.2)
o Sulfuric acid consumption in surface_g}aht
and sub-surface - ton acid/ton copper
Vo =W, + VW, + W, (C.3)
o Lime consumption - ton lime/ton acid
Vo = W, (W0, + V) (C.4)
o Solids content of bleed stream - ton sulfate/ton copper
Vi = ¥isWe + V50, (C.5)
C.2 SPECIFICATIONS, SOLUTION TRANSFER
o Plant/vellfield pipe diameter ~ in
+ Friction gradient = 0.06 ft/ft | (C-6)
+ d, = 0.613 (@°° . (c.7)

+ ds is rounded off based on data in Table C.2
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TABLE C.1. SURFACE FACILITY PARAMETER DIRECTORY

Input Parameter ‘ | Parameter From Other Section
Y ' Wl._ | _ : q, from A.1
[Cul, V¥, : " o d from A..l
H L : A, from A.1
D v, . ' - . A, from A.l
S5 v, ; ‘ ' | EW from B.5
h | v,

a, us_ ’
a, V..

S Vis

¢ Yis

Ep N9 |

Ce %

Cx le

¢ Cov

Cz LTT

C, HP

C,

Cy

Cs

C

CPLT

¢ .
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TABLE C.2. RECOMMENDED VALUES
SURFACE FACILITY PROCESS DESIGN PARAMETERS
0.015 m® extractant/gpm/year
0.085 m’ diluent/gpm/year
0.261 Kg cobalt sulfate/ton cathode
4 ton acid/ton gangue

0.065 ton anode/ton cathode

—

.54 ton acid/ton copper

.2 fraction

0
0.231 ton acid/ton cathode
0.571 ton CaO/ton acid

2

.43 ton gypsum/ton Ca0

1.36 ton sulfate/ton acid (assume ferric)
2500 $/gpm Cyp, = 150 S/HP
650 $/TPY | C,, = 0.05 &/Kvhr

10,000 $/m’ extractant 185 §/ton anode

300 $/m’® diluent

5
6 50 S/ton Ca0
,

0.02 S$/gallon water

30 $/ton acid (from next section Table C.2)

PLT

c
c
6.5 S/Kg cobalt sulfate C
C
C

700 hP (from next section Table C.2)

PLW

2333.3 kwhr/ton cathode 6552.5 Kvhr/hP-year

1.37 x 107 48/£¢2 /£t

%o
-4 2
Coy = 1.83 x 107*8/£t/£¢
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TABLE C.2 (continued)
SIZING PIPE FOR FRICTION GRADIENT < (.06 FT/FT

0

d, or d Copw OF
Nominal Fipe Flow Rate Cost of pipeline ($/ft) EPLT ‘
Diameter {(in) (gpm) Injection Production Average -

2 0 - 50 S - _ . a

3 50 - 150 | | a

4 150 - 300 112.00 38.00 25.00

6 300 - 800 | a

8 800 - 1600 | | ‘ a

10 1600 - 2900 | a

12 | 2900 - 4500 ' a

14 4500 - 5700 ‘ a

16 5700 - 8000 - : a
18 8000 - 10,600 ~ 75.00 120.00 97.50

| ggzﬁiﬁéirmediate valugs of C, orleLT (a)‘scaie préPortionally by

INJECTION PUMP COST ALGORITHM BASED ON:

$97,612 for 250 gpm 600hp pump
This is equivalent to $162.70/hp

$205,000 for 1000 gpﬁ 1500 hp pump
This is equivalent to $136.70/hp

. Use average of $150/hp for unit cost



c.3

Interconnecting pipe diameter

+ Friction gradient = 0.06 ft/ft (C.8)
+ Flow rate per rowv of patterns, gpm

- q,, = [Qq,1'"?, S-spot

2.1/2 ‘
- q, = [QqI]”2 E;—J , fan pattern
d

+ Pipe diameter, in

- d = O,&13(qze)n.4

T

- d is rounded off based on data in Table C.2

T

Pipe length per row of well pattern - feet

+ L 2,1, 3-spot

W

2512(0/q,) + 2(0/q,)

: dHY 7 ?
2d(0/q,) + 4(a/q)""? &;J , fan pattern

+
=
]

W

Maximum surface injection pressure - feet of head

a
P, = E;i - 1](0-3)

w

Maximum lifting pressure - feet of head

P, = (D-H)

Horsepower for injection pumps - hp

HP, = 0.0252P__ (Q/n)

I

Horsepower for production pumping - hp

EP, = 0.0252 P, (Q/N)

CAPITAL COSTS

o]

0

Sx/Ew - §

EP1 = CiQ + CEY

Pump Costs - §

+ Injection pumps

EP, = CHPHPI
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(C.9)

(C.10)

(C.11)

(C.12)

(C.13)

(C.14)

(C.15)
(C.16)

(c.17)

(C.lé)

(C.19)
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C.4

-+

Production pumps fan pattern

EP

3

= Cy BP,

Wellfield interconnecting piping costs - §

Surface plant to wellfield piping costs - §

EP, = C, L

PLW TW

EP, = C,, L

PLT TT

Environmental Permitting Costs - §

EP, = $444,500

Monitoring well costs - §

EP? = CmaAW'rD + meAW’rWD

Start-up cost of consumables

+

see (C.38) for EP_

Total Capital Costs - §

+

+

EP,

EP

- T

+

EP,, 3-spot

(C.26) + (C.20), fan pattern

UTILITY REQUIREMENTS

o]

Electricity - Kwhr
Konr = "uo(HPx + BP ) + ¥

o Vater

Q

"+ Personnel requirements 350 gal/man/day

+ Process usage 0.034 gal/lb cathode

-+

Wellfield saturation - gallons

GA = .7.48 .x 107'A Hé(1l-s,)

Fuel

-+

None

7

EP1 + EPz + EP4 + EP5 + .EP6 + EP

(C.20)
(C.21)
(c.zzi
(c.23f

(C.24)

(C.25)

(C.26)

(C.27)

(C.28)

(C.29)



C.5 STAFFING TOTAL SURFACE FACILITY

Staffing is a function of plant size.

interpolate for intermediate values.

o Small plant 12,500 TPY

" ST = 3.2(Y/1000) + 22

o Medium plant 25,000 TPY

ST = 2.4(Y/1000) + 32

o Large plant 50,000 TPY

ST = 1.6(Y/1000) + 32

C.6 OPERATING COSTS

o Salaries - S/year

+

+

+

EP, = 1,746,000 + 140Y, small plant
EP, = 1,746,000‘+ 105Y, medium plant
EP, = 1,746,000 + 70Y, large plant

1

o Consumables - $/year‘

+

+

+

EP_, = (C,¥, + czwz)q
‘EP‘:2 = (C,¥, + C4U10 + C W, + Csus)Y
EP_ = (EP_, + EPcz)(EP/IOO)

o Utilities - $/year

+

+

+

Electricity

P
EPy = C, [, (HP, + HP,) + %Y][iTO
Vater for the plant

EP, = C,[18,250 x ST + 6BY(E_/100)]

Fuel (none)

Use equations below to

|

(C.

(C.

(C.

(c.
(C.

(C.

(C.

(C.

(C.

(C.
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30)
31)

32)

33)
34)
33)

36)
37)
38)

.39)

40)
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o Contract maintenance - S$/year

+ Surface plant

EPHs = 0.03EPT . . (C.41)
+ Wellfield, surface access

EPHw = 0.1EV ' : ' ) (C.42)

+ Wellfield, underground access

EP,, = 0.15EVW o o | (C.43)

o Environmental monitoring - $/yéar

EP,, = 580,300 : : (C.44)

o Total annual operating cost - S/year .

EP, = EP, + EP_ + EP, + EP_ + EP,  + EP, + EP,,  (C.45)
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APPENDIX D. COMPUTER PROGRAM

D.1 USER GUIDE

Various algorithms developed in this manual are combined into a
computer program for the design and economic analysis of an in situ
'mining operation. This program was'writtén and compiled on an IBM PC AT
using an IBM Professional Fortran compiler. Minimum hardware réquire—
ments for operating the executable Fortran program GENERIC.EXE on an IBM
Personal Computer include 366 K memory and an 8087 or 80287 math coproc-
essor. An executable versiop of the brogram that will not require a
math coprocessor can be cbtained using some of the other available
Fortran compilers. The source code for the program is provided in
GENERIC.FOR.

The basic method of analysis, organization of different algorithms
and input data set was discussed in Chapter 8. This section describes
the mechanics of conducting the analysis. A listing“of the program is
included in the appendix.and a diskette containing the program,
executable modules, input data set and example output is encloéed.

The diskette contains the files as described below.

File o Description

COMMAND . COM DOS 3.1 commands

GENERIC.FOR Fortran program source codes
GENERIC.EXE Fortran compiled executable file
SUMMARY Program output file

PRINTFIL Program output file

Execution of the program is menu driven. A copy of all menu
screens is included in this appendix in Section D.2. The user responds

to screen prompts using keyboard input. An optional brief tutorial can



398

be printed to the screen at the initial screen prompt. Input of values
for site specific parameters is requested at the second screen. The
option to set these values by reading an external data file is provided,
as is the option to write thg_values used for a given run to an external
file. . The second screen ﬁrbmpts the user 'to enter a number corre-
sponding to the-cafegory of sité specifjc parameters to be inpUt; A
specific input parameter is then aSsigned a value by entering the
parameters name followed by the desired value. After the entering of
each new value thelscreen resets and displays all parameters and their
corresponding values, inclpding the new value just entered. All |
parameters are set using-real.values (F10.0 fo;mat)‘except_for the
Program Control Parameters which require a logical format (.TRUE. or
.FALSE.).

The program outputs a detailed set of calculated value§ to file
'PRINTFIL and SUMMARY consisting of: parameters chqnged for each run
" (called case % in output);wmain resultveither ROR or selling price, andj
total investment required and annual operating cost. SUMMARY can be
reorganized using graphics programs suéh as Lotus 123 into summary table
{summary.wkl filg on diskette) and‘suhmary graph (summary.pic). The
{[ sensitivity analysis of the example problem manipulgted by Lotus 123 is

included as examples on diskette.
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D.2 MENU DRIVEN SCREENS

Welcoﬁ; to the Ceneric In Situ Copper Mine Design Manual Program

Writcen by SAIC:
Science Applications International Corporation

under contract J0267001
for the Bursau of Mines
U.S. Department of the Interior

Last updated : APRIL 2, 1987

This program is menu driven, but you will need the
Generic In Situ Copper Mine Design Manual

in order to run this program efficiently.

If you would like a brief explanation on how

to use this program enter Y, Else,

Hit Enter key to continue.

Initial Discussion
After SAIC Welcome

The computations performed by this program
develop commercial design specifications and a

DCF/ROR cash flow analysis for a true in situ

copper mining operation at a selected site.

A commercial design involves three areas of design
specifications and costs: wells and wellfields that can be
accessed from the surface or from underground workings; surface
facilities for acid make-up and handling copper leach sclutions
(SX/EW); and environmental permitting, monitoring, and
restoration.

- The program contains all required algorithms to conduct the
integrated system design when the input parameters are specified.

The input parameters ‘are grouped into categories: (1)
Business Related; (2) Site Specific Orebody and Wellfield
Characteristics; (3) Copper Leaching; (4) Procgram Control; (5)
Well System Specification and Cost Default Values; (6) Surface
Plant Specification and Cost Default Values: (7) Environmental
Cost Default Values.

- Categories (1), (2), and (3) contain those input
parameters that the user must select to define and
conduct a specific mining scenario.
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- Category (4) contains the input parameters that the

user must speclfy to control the print out of output
data.

. = Categories (5), (6), and (7). contain those input
pParameters that correspond to design spec1f1cat10n and
cost constants that convert a specific mining scenario
into capital and coperating costs. These should only
be changed by the user after developzng new constants
" by an independent analysis.

The input parameters required to conduct a specific mining
scenario are listed below by category.

- Business Related (Category 1)

INDC SCP1 thru SCP5"
INDM | SCM1 thru SCM5
PRIC SCW1 thru SCWS
ROI - TP

Y

- Site Specific Orebody and Wellfield Characteristic

(Category 2) -
‘AF RA RHOP DRY
D " RW WS . WORK
H S1 . H1 : H2
GRDO 52 MACE PORO
PERM STIM MINE

- Copper Leaching‘

CULD EFFR

EFFL EFFS
EFFO - W4
EFFP W7

VIsC PLNT

- Program Control

'LSTI
LSTA
LST

To assign new values to specific parameters, enter
the menu driven screen containing that parameter and type
in the variable's four character name followed by the
new value. (Note: all parameter name entries must
consist of four characters or the parameter's full name
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followed by enough spaces to fill a four character

entry.)

The comment section lists all input parameters. For
Categories (1), (2), (3), and (4) typical values or ranges are
specified for some parameters, for others no value or range is
specifidd Because it is so broad. For Categories (5), (6), and
(7) default values for all constants are provided.

Note the following with regard to surface versus underground
drilling of wells. ‘ '

- Large diameter vertical wells can be drilled from
the surface or from underground. Designs are
provided for three well sizes, the well size being
determined by the well flow rate; 0-50gpm the
smallest size; S0-100gpm the intermediate size; and
100-300gpm the largest size. Algorithms contained
in the program select which well size is to be

used. :

- Fan wells are drilled from underground workings.
along crosscuts.

- Underground wellfields require shafts, raises,
drifts, crosscuts, and supporting mine plant
facilities.

-0
The surface versus underground option is executed using input
-parameter WORK,

For large diameter vertical wells, four well pattern design
options can be selected.

- Radial flow no stimulation

- Radial flow short radius hydrotrac
- Axial flow large radius horizontal hydrotrac
- Axial flow large radius vertical hydrotrac

For fan well matrix modification is not an option. The flow
regime and method of completion is selected using input parameters
MINE and STIM.

Note the following with regard to the business raelated input
parameters:

- Either select as input the rate of return (ROR) or
the copper selling price (PRIC). Selection of cne
parameter then results in the calculation of the
other. If the ROR is saelected as an input
parameter, then input zero for PRIC.

- To account for inflation an inflation index for
mining (INDM) and plant (INDC) capital costs are
provided. A value of 100% is equivalent te current
cost, no inflation.



402

- The parameters SCPl through SCP5, SCWl1l through
SCW5, and SCM1 through SCM5 provided the option of
scheduling c¢apital cost expenditures over a five

year time frame.

In the default mode for surface

- plant construction a total time of 3 years for

. installation of the surface plant is used, with
0.23 of the total capital in the first year
(SCP1=0.23), 0.25 in the second year (SCP2=0.,25),
0.52 in the third year (SCP3=,.052). This requires
setting SCP4 and SCPS5 equal to zero. In the
default mode for well system capital an 18 month
installation is used, with 0.40 of the total
capital in the first year (SCWl=0.4) and 0.60 in
the second year (SCW2=0.6). This requires SCW3,
SCW4, and SCW5 to be 0.

INPUT PHASE
Business RelatedIVariablES
Orebody and Wellfield Char.
Copper Leachi;g Inputs
Program Control Parameters

Well System Spec. and Cost Inputs

0.

Surface Plént and Cost Inputs '
Environment and Cost Parameters
READ a Saved Data File

SAVE Data to File

Quit Input & Go Calculate

TYPE in Option Number and Hit the Enter Key



Business Related Input Parameters

INDC

ROI

SCML

SCM3

SCM5

5CP2

5Cp&

SCW1

SCW3

SCWS

Y

100.
20.
0.

0.

0

0.

25000.

000 %

000 %

400 .

000

.000

.250

.000

.340

.000

#1al4)

000 TPY

INDM

PRIC

SCM2

SCM4

SCP1

sCp2

SCP5

SCW2

SCW4

TP

100.

20.

000

.000
.600
.000
.230
.520
.000
.660

.000

000

TYPE in Variable NAME and New Value, or Hit the Enter Key for menu
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%

c/LB

YRS

Site Specific Orebody and Wellfield Characteristic Parameters

AF

DRY

H2

MINE

PORO

RHOP

sl

SDa

1.000

1.000

300.000

60.000

3.000

5.000

162.000

100.000

2000.000

PSI/FT

FT

FT

%
LB/CU.FT
FT

FT

b

GRDO

H1

MACE

PERM

RA

RW

§2

SR

1000,

1.

30.

100.

000
000

000

.000

.000

.000

.250

000

.000

FT

FT

FT
FT
FT

FT
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s : 0.000 FT STIM 2 .000
THTA 0.315 RADIAN "WORK 2.000
s | 80.000 ; WD 500.000 FT

. IType U or D to move UP or DOWN a screen In this category
TYPE in Variable NAME and New Value, or Hit the Enter Key for menu

Copper Leaching Input Parameters

CULD 6.000 GRAM/L EFFL 75.000 %

EFFO 91.200 % EFFP 100.000 %

EFFR ~ 50.000 % EFFS 75.000 %

PLNT ~2.000 vIsc 1.000 CENTI P
A 4.000 T ACID/T w7 1.540 T ACID/T

TYPE in Variable NAME and New Value, or Hit the Enter Key for menu

Program Control Parameters

-LSTI ‘ T
LSTA T

LST . T

TYPE in Variable NAME_and'New Value, or Hit the Enter Key for menu



Well System Spec.
AW
B2
Ba
B6
B8
B10
B12
Bla

B3U

B6U
B10U
BAU
BG
BL
BST
BW
BW2

BW&4

BW6
BW8
BW10
BW12
BWl4
BWieé
BW18
" BW20

Bw22

and Cost Input Parameters

0.430
' 2045.000
2500.000

5000.000

2800.000

3135.000
0.100
1811.000

15000000

10000.000
4702.500
5600.000
15.00C0
800,000
2000,000
20,000
11.909

325.000

1100.000
175.000
30.000
33,000
4,000
3000.000

16.170

70.000

1350.000

PSI/FT
§/WELL
$/WELL
§/FRAC
$/WELL
$/WELL
$/FT

$/WELL
$/WELL

$/FRAC
$/WELL
$
$/CU.FT.
$/WELL
$/WELL
$/FT
$/FT
$/HP

$/WELL
$/HR
F1/im
$/FT

IN
$/PACKER
$/FT
$/KP
$/WELL

Bl

B3

B5

B7
B9
Bl1l

B13

B1S

B4U

BBU

BA

BB

BJ

BLU
BTI
EWl
BW3

BW5

BW7
BW9
Bl
BW13
BW15
BW17

BW19

BW21"

BW23

1425

14,

235

92

3000.

5600.

3600.

2400.

1240

350.

15,

500.

1240.

.560

.000

000

.410

.000

.700

.000

000

000

000

000

.000
.500
.000
.bOO
410
.000

.000

.000

000

000

.000

.920

.350

.000

000

000

405

$/FT
$/WELL
$/FT
$/SQ.FT.
$/FT H
$/FT
$/HP
$/WELL
§/WELL

$/WELL

s/cu.FE.
$/JET
$/WELL
$/FT
$/FT
$/FT
§/WELL

$/WELL
$/HR
$/FT
IN

IN
$/FT
$/FT
$/WELL
$/WELL
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BW24
BwW26

BwW238

BW30

BW32
BW34
BW36
BW38
BW40

BW42

BW4s

BW&6

BW48 .

BWFP

CDA

CPL

cs
EM

FACJ

Type U or D to move UP or DOWN'a screen in this category

200

20.

57.

5000.
34,
102.
2500.
250.
15.
77,
8.
7000.
10.
400.
700.
3000.
2500000.

-0.

000

000

200

.000

000
760
000
000
000

000

000

000
000
000
000
0co
000

000

$/HR
FT/HR
$/FT

IN
$/PACKER
$/FT
$/HP
$/WELL "
$/HR
FI/HR
$/FT

IN

$/PACKER

$/FT
$/FT

KW

$/FT

619

BW2S
BW27
BW29
BW31
BW33
BW35
8W37
BW39

BW41l

BW43

BW4S

BW47

BWFI
BX
cp
cR
EE
EV

RC

400.

26

10.
15.

1000.
1718,

| 500.
35.

12.

4.

~30.

. 400.
150.
1000,
200000.
120000.

130.

000

.000
000

420

800

.000

000

000

000

000

000

040

Q00

000
000
000
000
000

000

TYPE in Variable NAME and New Value, or Hit the Enter Key for menu

Surface Plant and Cost Input Parameters

BPl

BP3

BF3

BB

2.000 IN

3,000 IN .

4.000 IN

6.000 IN

BP2

BP4

" BP6

BPS

$/HR
$/FT
W
IN
$/FT
§/FT
§/WELL
$/WELL
$/HR
$/FT
IN

IN
S/FT
$/FT
§/HP

$/FT

FT/HR

12.500 $/FT

18.750 $/FT

25.000 '$/FT

37.500 §/FT



BRa.
BP11
BP13
BP15

BP17

BP19
cl
C3
C5
c7
CL
CLPl
CLP3

cX

POPO
POP2
Qsl
Qs3
Qss
Qs7
Qs9
Qw1

Qwl

8

10.

12

14.

16.

18,

10000.

185.
0.
20.

1750000,

3500000

2500

32

60.

55

300.

1600.

4500,

8000.

50.

300.

.000

000

.000

000

000

000

000

.500

000

020

000

000

.000

.000

.000

000

.000

000
000
000
000
000

000

IN
IN
IN

IN

N
$/CU.M.
$/KG
$,/TON
$/GALLON
$/HR
$/TR
$/YR
$/GPM

MEN
MEN
GPM
GPM
GPM
GFM
GEM
GPM

GPM

BP10
BP12
BPl4
BPle

BP18

BP20
c2
C4
Cé
CE
CLFO
CLP2
CU

ETA

POP1
POP3
Qs2
Qss
Qs6
Qs8
Qs10
Qw2

RHOF

50.

62

€5

75.

86.

97

300.
30.

50.

650.
1746000.
2625000.
0.

0.

40.
80.
150.
800.
'2900.
5700.
10600.

100.

62

000

.500

.000

800

670

500

000
000
000
000
000
000
050

700

000
000
000
000,
Q00
000
000

000

400"

407

$/FT
$/FT
$/FT
$/FT
S/FT

§/FT
$/CU.M.
$/TON \
$/TON
$/TPY
$/YR
§/YR.

§ /KWHR

FRACTION

MEN
MEN
GPM
GPM
GPM
GPM
GPM
GPM

LB/CU.FT
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ST §000.000 FT Wl 0.015 M/GPM/YR
Wi T 0.085 M/GPM/YR w3 0.261 KG/TON
ws ) 0.065 T ANOD/T we 0.200

we 0.231 T gcro/r' ' wi2 0.571 T CAQ/T
W13 2.430 SO4/LIME | W15 1.360 FESO4/AC

Type U or D to move UP or DOWN a screen in cthis category
TYPE in Variable NAME and New Value, or Hit the Enter Key for menu

Environmental and Cost Input Parameters

CMA 0.00014 $/SQFTFT CMW £ 0.00018 §$/SQFTFT
EP6  462500.00000 $ . EPEM  80300.00000 $/YR
XL - 5.00000 %

TYPE in Variable NAME and New Value, or Hit the Enter Key for menu



D.3 COMPUTER PROGRAM GENERIC DESIGN

INDC
INDM
FRIC

ROI
SCMl

SCP1

SCwWl

TP
Y

L el e e e S S e e

$r=F
- e

PERM
PORO

RHOP
RW
Si
52

s>
SR

nnnnnnnonnnnnr)n'nnnnr)nr)nnnaﬂnnnnnnnnnnnnnnnnnnnonnnnnonnnnnn

This program is intended to support the aralysis of the
econeomics of an in-situ copper mining project.

*x% INPUT PARAMETERS =*+

BUSINESS RELATED:

Inflation Index for Plant Construction Cost, % (100 for no
inflation)

Inflation Index for Mining Construction Cost, % (100 for
no inflation)

Ccpper Selling Price, ¢/1b (No range specified)

Rate of Returrn(ROR), % (No range specified)

thry SCM5 - Annual Fraction of Capital Expenditure of

underground workings applied for each year over a five vear
installation schedule (Values to ke spacified by user)

thru SCPS - Annual Fraction of Capital Expenditure for Surface

plant applied each year over five year installation schedule
(values to te specified by user)

thru SCWS - Annual Fraction of Capital Expenditure for each

wellfield applied each year c¢ver a five year installation
schedule {(Values to be specified by user)

Plant Life, years (< 20)

Copper production,tons/on-stream year (2500 to 50,000 range)

SPECIFIC ORE30DY AND WELLFIELD CHARACTERISTICS:

-

racture gradient, psi/f%, 0.7 to 2 range
Deptn to tnhe bottom of ore zone, ft. < 3CC0
Initial State of Ore Body Saturation

1 Unsaturated

2 Saturatzed
Ore Grade, %, 0.3 to 2 1/2 range
Thickness of ore zone, £t. (No range specified)

- Vertical leach interval for horizontal fractures

and for fan flow pattern, £:t. (No range specified)

Distance along crosscut between faces, ft. (No range specified)

Type of Mining Access

1 Surface

2 Underground
Wellfield flow pattarn used in leaching,

1 Axial flow with herizontal fractures

2 Axial flow with vertical fractures

3 Radial flow

4 Fan flow
Permeabjility of orezone, md (No range specified)
Porosity, %, < 25
Effective wellbore radijus, ft, 8
Particle Density, lbs/cubic £t, 162
Wellbore radius prior to stzmulatzcn, £¥. (< 0.25)
Well Spacing, square pattern radial flow, heorizontal fracture
axial flow, or well spacing perpendicular to vertical
fracture, ft, {No range specified)
Well spacing parallel to vertical fracture with axial
flow, fr. (No range specified)
Drift footage underground access, ft. {2000 Defaule)
Raise footage underground access, ft. SET default teo

zero to use default value given by algorithm.

- 409
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58 - Shaft footage underground access, ft. SET value to
zero to uase default value given by algorithm.
Type of well completion and stimulation
srsenad vell completion,no stimulation
parforated well completion,no stimulation
anall radius hydrofrac and perforated complction
Large radius vertical fracs and perforated complation
Large radius horizontal fracs and slotted completion
small radius explosive fracturse and perforatad ccmpleticn
Fan angle, rad. (0.315 for OPTIMUM UNIT FAN COST)
Static Water Table, ft, (no range specified)
Status of Mine Access o

1 Existing

2 Non Existing :
ws - Orabody Water Saturation, ¥, 0 to 100 range

STIM

[}
N Oo

THTA

5
o
)

WORK

COPPER LEACHING:

CULD - Copper locading, gpl, 2 to® 20 range

EFFL - Leach Efficiency, % (75 Default)

EFFO = Plant onstream Efficiency, % (91.2 Default)

EFFP = Priming Efficiency, % (100 Dafault)

EFFR = Racovery Efficiency, % (90 Default)

EFFS - Sweep Efficiency, % (75 Default)

PLNT - Status of Surfacas Plant
1 Existing-
2 Not Existing

visc = Lixiviant viscosity, cp (1 Default)

W4 - Acid consumption by gangue material, ton ac1d/ton cu.
(4 Default)

W7 - Acid consumption by copper minerals, ton acid/ton Cu. -

(1.54 Default)

PROGRAM CONTROL: .
LSTI - Control of Print Out of Calculated Variables
True, Calculated values printed out
False, No print out
LSTA - Control of Print Out of Annual Cash Flow by Elements
True, Print out
False, No print out
LST - Control of Print Out cof All Input Parameters
True, Print out
False, No print out

‘ WELL SYSTEM SPECIFICATION AND COST:

Hydrostatic gradient in well tubing, pgi/ft (0.43 Dafault)

AW -
Bl = Depth dependant constant in casing cost, $/ft (0.56 Derault)
B2 - Conatant in casing coat, $/well (2045 Default)
B3 - constant in cementing cost for surface access, $/well
(1425 Default)
B4 - Constant in small radius Hydrofrac, S/well (2500 Default)
BS - Height dependant hydrofrac cost, $/ft (14 Default)
Bé - Constant in large radius hydrofrac, $/fracture (5000 Default)
B? - Area dependant constant in large radius hydrofrac, $/sq. !t.
L (0.41 Default)
BS - Constant in high explosive stimulation, $/well (2800 Dafault)
access, $/Wall (3600 Dafault)
B9 - Height dependant constant in high exploaive stimulation, $/ft

(235 Default)
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BlO
Bll
Bl2

513
Bl4
BlS
B3U

BsU
BeU

B8U
BioU

BA
BAU

3G

o

BL
BLU

351
BW

BW1l
BwW2

BW3
BW3

305
BWE,

BW7

8wWa

BWS

EW10
BWll
Bwlz2
BW1l3
BWl1l4
BW1S
BWle
BW17
BW.8
BW1S%
BEwW20

Bwzl
BW22
BW23

BW2a
EWZs

Cest

of logging set-up surface drilling, 5/well (3135 Daefault)

Depth dependant cost of well logging, §5/ft (2.7 Daefault)
Depth dependant cost constant in producticn eguipment, §/ft

(.1

Defaule}

Constant in Cecst of production pump, $/hp (92 Default)
Constant in production equipment cost, $s/well (1811 Default)

Constant in underground cost ¢f drilling, S/well (5000 Default)

Constant in cementing cost for undarground access, $/well
(5000 Default)

Constant in small radius hydrofrac by underground access,
S/well {5600 Default)

Constant in large radius hydrofrac via undergrocund access,
s$/fracture (1000C Default)

Constant in high explosive stimulation via underground

Cost

cf logging set=-up via underground access, $/well

(4702.50 Defaulrt)

Cost
Cost
Ccest
Cost
Cast
cost
(80C
Cost

cf preparing surface drillsite, S/well (2400 Default)

cf preparing underground drillsite, 5/well (5000 Dafaul%)
cf cement blending, $/cubic ft. (4 Default)

of cement, S/cublc ft. (15 Default)

cf et for perforated conmpletion, $/jet (1.5 Default)

cf logg‘ g for perforated ccmpletlon $/well

Default)

of logging for underground drillaed wells, S/well

(1600 Default)

cost
Unit
Unit
cost
cost

injection well flow meter, $/wall (2000 Cefault)

cost of inflation tubing, $/ft (1 Default) -
cost well screen, $/£%t (20 Default) :

cf tubing for small well, $/ft (5.:)1 Default)

of tubing via underground access for small well, S$/ft

(11.9 Default]

Cost

of production pump wire for small well, S/ft (1 Detfault)

Horsepower dependant cost of pump for small well, $/hp

(325

Defad

Constant in productlon eguipment cost for small well, $/well
(0 Default)

Constant in production eguipment cost for small well, $/well
(1100 Defaulr)

Wellhead cost for small well, S/well (1240 Default)

Surface drilling small rig cost, $/hr (175 Default)
Underground small rig cost, $/hr (350 Default)

Small well drilling rate, ft/hr {30 Default)

Cost
cost

of small casing, S$/ft (15 Default)
¢f small underground casing, $/£t (33 Derault)

Small well hole diameter, in (7 Dafault)

Small well casing diameter, in (4 Default)

small well tubing diameter, in (1.92 Default)

Small well packer cost, $/packer (3000 Default)

Medium well tubing cost, §/ft (7.35 Default) .

Medium well underground tublng cost, $/ft (16.17 Default)
Medium well preoduction pump wire, S/ft (3 Default)

Medium well horsepower dependant cost of pump, S/hp

(70 Default)

Medium well constant in productlon eguipment, §/well

(30¢C

Default)

Medium well constant in production eguipment, $/well
(1350 Default)

Medium well wellhead cost, $/well (1240 Default)

Medium well surface drxlllng rig cest, $/hr (200 Default)

Medium well underground drillling rig cost,

S/hr (400 Default)

411
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FACT
RC

SURFACE

BRl
BF2
BPJ
3P4
BPS
BPS
BP7
aPr8
BPO
BPLO
BP11l
BP1l2
BP11
3Pl4
8715
BPlS
3r17

R R I O R I R U N RO D I NN TR NN I R B TN ]

Medjum well dril_ing rate, ft/hr (20 Default)
Medium well casing cost, $/ft (28 Default)

Madium well underground casing cost, S$/ft (57.2 Default)

Medium well hole diameter, in (10 Defaulr)
Medium well casing diameter, in (6 Default)
Medium well tubing diameter, in (2.42 Default)
Medium well packer cost, $/packer (5000 Defaultz)
Large well tubing cost, $/ft (15.8 Default)

Large well underground tubing cost, S$/ft (34.76 Cefault)

lLarge well production pump wire cost, $/ft (5 Defaulr)

Large well horsepower dependant cost, $/hp (102 Defaulr)
Large well constant in praduction eqguipment cost, $/well

{1000 Default)

Large well ceonstant in producticn equipment cest, §/well

(2500 Defaulr)
Large well wellhead cost, $/well (1718 Default)

large well surface drilling rig cost, $S/hr (250 Default)
lLarge well underground drill rig cost, $/hr (500 Default)

Large well drilling rate, f%/hr (15 Default)

Large well casing cost, $5/£ft (35 Default)

Ltarge well underground casing gost, $/ft {77 Default)
Large well hole diameter, in (12 Dafault)

large well casing diameter, in (8 Default)

large well tubing diameter, in (4.04 Default)

Large well packer cost, S/packer (7000 Default)

Cost per ft of injecticn fan wells, $/ft (30 Default)
Cost per £t of production fan.wells, $/£%t (10 Default) .
Unit cost for crosscut, 5/%5% {400 Defaul<)

Unit cost of drifs, S/£t (400 Default)

Unit cost of injection pumping system, $/7p (150 Default) .
Electric _oad of underground mineplant, ¥+ ({700 Default)

Unit cost 'cof raise, S/£f%t (1000 Default)

Unit cest of shafe, $/£ft (3000 Pefaulw)

Capital cost of underground electrical installation, S
(200000 Default)

Capital cost of underground mineplant, $ (2500000 Default)

Capital cost of underground ventilaticn system, S
(120000 Default)

- Constant in radial flow equation. (=0.619 Default)

Rate casing set=-up, f£ft/hr (130 Default)

PLANT SPECIFICATION AND COST DEFAULT:

irst line size, in (2 Default) : .
Cost of line for line size BPl, $/ft (12.50 Default)
Second line size, in (3 Default) : .
Cost of line fer line size BPY, S5/£% (18.75 Default)
Third line size, in (4 Default) . : ‘
Cost of line for BPS line size, S$/ft (25 Default)
Fourth line size, in (6 Default) : .

Cost of. line for BP7 line size, S$/ft (37.50 Default)

Fifth line size, in (8 Default)

Cost of line for BP9 line size, S/ft (50.00 Default)

Sixth line size, 'in (10 Default)

Cost of line for BPll line size, §/ft (62.50 Default)
Seventh lire size, in (12 Default)

Cost of line for BP12 line size, §/ft (65.00 Default)
Eightth line size, in (l4 Default)

cost of line for BP:3 line size, §/£f% (75.80 Defaulrt)
Ninth line size, in {16 Default)
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Cost of line for BPl7 line size , $/ft (8B6.67 Default)
Tenth line size, in {18 Default) R :
Cecst of line for BP19 line size, S5/ft (97.50 Defauls%)
Unit cost of extractant, $/cubic meter (10000 Default)
Unit cost of diluent, $/cubi¢ meter (300 Default)

Unit cost of cobalt sulfate, S/kg (6.5 Default)

cost of acid, $/ton (30 Defaulw)

Cest of anode, $/ton (185 Default)

Cost of lime, S/ton (50 Defaulrt)

‘Cost of water, 5/gallon (0.02 Default)

Copper preducticn dependant Surface plant cost, $/%ton
per year (630 Default)

Labkor cocst, S/hr (20 Default)

Coest of base staff(for POPO), $/yr (1746000 Default)
Cost of addit:ional staff for small plant, S/yr
(1750000 Default) :

Cost of additicnal staff for medium plant, $/yr
(2625000 Defaulz) )
Cost of additicnal staff for large plant, $/yr '
{3300000 Default) '

Unit cost of electricity, S/KWhr (0.05 Default) o
Flow rate dependant surface plant cest, $/gpm (2500 Default) .
Pump Efficiency, fractiom (.7 Default)

Base level support staff, men [32 Default)

Additional staff for a 12500 tpy plant, men (40 Default) -

- Additional staff for a 25000 tpy plant, men (§C Default)

Additional staff for a 50000 tpy plant, men (80 Default)
Maximum flow rate thru 2 inch scluticn transfer line, gpnm
(35 Defaulcx:

Maximum £low rate thru 3 inch line, gpm (150 Dafault)

- Maximum flow rate thru 4 inch lire, gpm (300 Default).

Maximum flow rate thru 6 inch line, gpm (300 Default)
Maximum flow rate thru 8 inch line, gpm (1600 Default)
Maximum flow rate thru 10 inch line, gpm (2900 Default)

- Maximum flow rate thru 12 inch line, gpm (4500 Default)

Maximum flow rate thru 14 inch line, gpm (5700 Default)
Maximum flow rate thru 16 inch line, gpm (8000 Default)

- Maximum flow rate thru 18 inch line, gpm (10600 Default)

0\mmmmonmmma\mmmmmmo-mma\mmmmmmma\mmmmmma\mmmma\ma\mma\ma\mmmma\mmmmm

Maximum flow rate thru smallest size well, gpm (50 Default),
Maximum flow rate thru medium size well, gpm (100 Default)
Maximum flow rate thru largest size wall, gpm (300 Default)
Lixiviant density, lb/cubic ft (€2.4 Defaultw)

Length of plant to wellfield piping, ft. (6000 Default)
Usaga of extractant,cu.m/{year gpm) (0.015 Defaulr)

Usage of diluent,cu.m/(year gpm) (0.085 Default)

Usage of cobalt sulfate, Xg/ton copper cathode

{0.261 Default)

Anode usage, ton anode/ton cathode (C.065 Defaul?t)
Fractional bleed stream to remove accumulation of

gangue material from lixiviant. (0.2 Default) ‘
Acid demand by electrolytic bleed, ton acid/ton cathode
(.231 Default)

Lime,acid stoichiometry, ton Cad/ton acid (.571 Default]’
Gypsum, lime steichiometry, ten gypsum/ton lime. -«
{2¢.43 Defaulz)

FESQ4, acid stoichiometry, ton sulfate/ton acid

{1.36 Default)

'IRONMENT COST DEFAULT:

ﬂnﬂnﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ(‘)ﬁ(!ﬂqﬂﬂﬂﬂﬂﬂﬂﬂdﬂ(‘)ﬂnﬁﬁﬂﬂﬂﬂﬂﬂﬂﬁﬂﬁﬁnﬂﬁnﬁﬂﬂﬂhﬁﬁﬂ



NOO0OO0Oa0OO0NNOAO0O0NDNNONOONNDAN0ONaDDONANNOO00D0ONNNNONO0AGONDONNAN00ODN

414

CMA . = Constant in monitoring well cost, $/sg.ft./ft’

-
7 [G.,00€137 Dafault)

7 CMW ~ Constant in menitoring well cost, $/sq.ft/ft

7 (0.000183 Default) :

7 EPS - Cost of initial envirenmental permitting, $ (462500 Default)
7 EPEM - Annual cost of envireonmental monitoring, S/yr (80300 Default)
7 X1 - Wellfield restoration cost as % of wellfjeld priming

-

cast, % (3 Default)
wan OUTPUT PARAMETERS www

WELL SYSTEM:

8 A - Leach area of unit cell, sgq. ft. .

8 ASUBW - Area of wellflield, sqg.ft.

8 CASING = Cost of casing, $/well

8 CASING - Casing diameter, in

8 CEMENT « Cost of cementing, S$/well

8 COMPLION - Cost of ccmpletion and stimulation, $/well
8 CUWGT - Total weight of copper in unit cell, ton
8 DRILLING - Cost of drilling. S/well .

8 FAN WELL = Cast per fan, 5/fan

8 G - Geometric flow factor, ft

B HOLE DIA - Well hole diameter, in

8 INJ EQIP - Cost of injection equipment, §/well o -
8 INJ FLOW - Injection flow rate, gpm :

8 INJ PRES - Injection pressure at top of orezone, psi
8 INJ TUBE - Injecticn tubing diameter, in

8 INJ WELS - Number of injecticn wells

8 LOGGING = Cost of well legging, S/well

8 PRD EQIP - Cost of production egquipment, $/well

8 PRD TUBE - Producticn tubing diameter, in

8 FRIM T - Time for cne PORE veolume, year

8 - Total system flowrate, gpm

8 RECOVERY = Fraction of underground copper recovered,
8 Ri - Flow pattern geomeatric factor, £t

8 SITE PRP ~ Cost of drillsite preparation, $/well

8 UND,DEV = Tctal cost of underground facilities, $

8 UND.WORK - Capital cost of undergrsund workings, §

8 WEL CAP - Total wellfield capital cost, $..

8 WEL LIFE - Wellfield life, years

8 WELLS - Total number of wells

8 Xi - Flow pattern gecmetric facter, ft(2)

8 s cells = Number of unit cells

SURFACE PLANT:

9 ACID CON - Acid consumpticon, ton acid/ton copper

3 ACID C. = Acid concentration, gpl

§ CHEMICLS - Annual cost of chemical and consumables, S/yr’
3 INJ PUMP - Injection pump power requirement, hp

3 LABOR - Annual cest of laber, 5/yr

9 LIME CON = Lime consumption, teon lime/ton copper

9 MINE OPS - Number of mine/wellfield cperators

9 0 &M - Annual total operating and maintenance cost, §/yr
9 PLNT CAP - Total surface facility capital cest, §

9 PLNT OPS - Total size of plant staff

9 PRD PUMP = Production pump power reguirement, hp
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Total cost of solution transfer system, §

Length of wellfield solution transfar piping, ft
Ratio of metal sulfates, ten/tcon copper

Total retal sulfates, ton/yr

Size of wellfield =o plant transfer plpxng, in
Annual cost of utilities, $/yr

Size of wellfield solution transfer piping, in

SOL TRNS
SOL.PIPE
SULTATES
SULFATES
TRS PIPE
UTILITYS
WEL PIPE

[ToJRYs IRV RRTo JAT¢ BT+ JRY )

ENVIRONMENTAL:

10 EIS &PER Cost of initial envirenmental permitting, §
10 ENV.MON. = Annual environmental monitoring cost, $/yr
10 MON WELS = Cost of monitoring wells, $

10 RESTORE Wellfield restoration cost, S

ONOONONDHOONDHDONOO0

INTEGER TP,FNDMOD,OPMODE,UNITS, TWELLL,T1,T2,TL,TW1,TW2,
1 TW3,TW4,TNEXT,TPROD,STIM,DRY,MACE, MINE, PLNT, WORK
REAL ITC,INDC,INDM,ATP,ALRY,ASTIM,AMACE, AMINE, APLNT, AWORK
RzAL*8 VARL,VAR2,VAR3,VARS5,VAR6E,VAR?,VARE, VARY &,
LOGICAL LSTI,LSTA,LST,VALSG(3) g
CHARACTER*18 UPDATE,AK*l
COMMON/INPUT1/INDC,INDM,ROI,PRICE,SCM(5),SCP(5),SCW(5) ,ATP,Y,AF,D,
ADRY,GRDO,H,H1,H2, AMACE, AMINE, PERM, PORO, RA, RHOP,RW,S51,52,5DA, SR, ' -
55,ASTIM, THTA , AWORK,WS,WD,CULD,EFFL,EFFO,EFFP,EFFR,EFFS, APLNT,
VISC,W4,W7,AW,B1,B2,B3,B4,B5,86,B7,B8,B%,B10,B11,812,B13,8B14, i
Bl5,B3U,B4U,B6U,B8U,B10OU, BA, BAU, BB, BG,BJ,BL,BLU,BSI,BTI, BW,
BWW(1&,3) ,BWFI, BWFP,BX,CDA,CP,CPL,CR,CS5,EE,EM,EV,FACT ,RC,
BP(2,10),€1,€2,¢€3,C4,C5,C6,C7,CE,CL,CLPO,CLP1,CLDP2,CLPD,
CU,CX,ETA,POPO, PC..,POPZ,POPE.QS(IO),QW(3),RHOF,SI,WI,WZ,
W3,W3,W8,W9, W12, W13, W15,CMA,CMW,EPFG,EFEM, X1
COMMON/INPUTE/LSTI,ZSTA,LST
COMMCN/NAMEL/IVAL(22),IVA2(24),IVA3(10),IVA4(3),IVAS(92),IVAE(64),
1 IVAT(S)
COMMON/OUTL1/A,AWF,PRESI, Q,QI,RNT,TW,TWP,CH2S504,W6, W10, W1l ,W14,G,
1 RI,XI,RINJ,RWELL,SW, CuWG;,RCOVRY 2MOP,5C, 0K, DI, DP,HPI, HPP DPI
2 DPF2,RPOP
. COMMON/OUT2/CA cc,cCH, CD,CF, CW, CWL, CWEI,,CWEP, EA, EC,EL, EO EP,ES,
1 ET,EUV,EW,E1,E2,E3,E4
COHMON/OLT3/PRINCE OPERAT
COMMON/NAME2/VARL (21) ,VAR2(24) ,VARI(10),VARS (92),VARG (64},
1 VAR7(3),VARB(2,31), VARQ(Z 22)
DIMENSION CAP(40),PROD(40).HEXF(40),ACF(&O),DCF(40),IRPL(40),
1 OMP(40) ,OMT(40) ,0PMODE(2,2) ,UNITS(2),
2 WCAP(40) ,RESULT(2),VAL(21),VA2(24),VA3{10Q),
3
4

@~ N

VAS{92) ,VA6(64) ,VA7(5),VAB(2,31),VA3(2,22),VALl0(3]),
VAll(22)
EQUIVALENCE (RESULT(1),RCI), (RESULT(2),PRICE), (VAl(l),INDS),
1 . (VA2(1) ,AF). (VA3 (1),CULD) , (VAS(Ll) ,AW), (VA6(21),Cl),
2 (VA7 (1),CMA}, (VALO(Ll) ,A), (VALLI(1),CA), {VAL4 (1) ,L5TI)
DATA FNDMOD/1/,0PMODE/&H +&H ROI,4H P?,4HRICE/,
1 UNITS/1HS, sHC/LB/ )
DATA PI/3.1416/,ALPHAL,ALPHAZ,
1 ALPHA3/.456,3.35E-5,1.42E-9/,
2 ALPHA4 ,ALPHAS ,ALPHAG6,ALPHA7/576.,3.61E-4,.1244,4.0512E-6/,
3 . ALPHAB,ALPHAS ,ALPH10/3162.2,2333.33,6552.5/
DATA No/lHN/
c .
c CONVERT REAL PARAMETERS FROM BLOCK DATA SUBROUTINES TO INTEGERS
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C  WHERE NECESSARY.
c
[ . ‘ .
C ~DATE OF LAST COMPUTER PROGRAM REVISION (UPDATE).
c
UPDATE=' APRIL 11, 1988 *
c
C Start off the program with a welcoms
c . ‘

9000 CONTINUE -
WRITE (*,2000) UPDATE
2000 FORMAT (//10X, ‘Welcome to the Generic In Siru Copper Mine *,
1* 'Design Manual Program’,//,l0X,’'Written by SAIC:',/,
2 10X,’Science Applications International Corporatioen’,//,
3 10X,’under contract JO267001’,/,
4 10X, 'for the Bureau of Mines',/,
5 10X,'U.S. Department of the Interior',//,
6 10X, ’Last updated : ', al8,///,
7 10X,'This program is menu driven, but you will need che’,/,
8 10X, ’'Generic Tn Situ Copper Mine Design Manual’,/,
9 10X, 'in order to run this program efficiently.’,/,
A 10%,'If you would like a brief explanation on hew',/,
B 10x,'to use this program enter ¥, Else,’,//,
C 10X, 'Hit Enter key to continue.’)
READ (*,2020,ERR=5000) ak

c
c Write Initial Discussion.
- C
IF (AK .NE. ‘Y’) GO TO 50
c o 7 -
o} READ THE TUTCRIAL FILE aND PRINT NLINES {NUMBER OF LINES)
Cc - TO THE SCREEN AT A TIME. - '
C .
NLINES = 11 ‘
CALL TUTORIAL(NLINES)
30 CONTINUE
c .
c Initialize files
c .
OPEN(7,FILE="PRINTFIL")
REWIND 7 .
OPEN(8 ,FILE='SUMMARY"' )
REWIND 8
"ICASE =0
o4
c LOOP FOR A NUMBER OF EVALUATIONS
c
100 CONTINUE

. ICASE=ICASE+l
C :Iniclalize variables
. DO 3060 I =1,31
3060 VAlO(I)=0.0
DO 3061 I = 1,22
3061 vall(I)= 0.0

o e sl sk e e e skalrake dir e s sl vl vk v e e o vk dede ke A kel ek Aok

Check if there are any more cases to be run.
Frdededededed ook e g e el vk S ok

GCanon

IF (ICASE .EQ. 1) GO TO 110
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WRITE (%,2010)
2010 FORMAT (//,' Do you want to run any more cases(Y/N)?7',/)
READ (*,2020,ERR=9001) IYN ,
2020 FORMAT (Al)
IF (IYN .EQ. No) GO TO 900
110 WRITE (#,6100) CHAR(12),UPDATE,ICASE
WRITE (7,6100) CHAR(12),UPDATE,ICASE
WRITE(8,6101) ICASE

Subrdutine INPUT ildentifies input parameter and changes its valus.
CALL INPUT |

Initialize integer constants. These values werae read in as real
number in SUBROUTINE INPUT. .

aoan o000

TP = NINT(ATP)
DRY = NINT(ADRY)
STIM = NINT(ASTIM)
MACE = NINT(AMACE)
MINE = NINT(AMINE)
WORK = NINT(AWORK)
PLNT = NINT(APLNT)
IF (STIM .EQ. 2 .OR. STIM .EQ. 5) THEN
IF {MINE .NE. 4) RRW = RA
ELSE
RRW = RW
ENDIF L
c , 4
C Write parameter values used for a specific run to output.’ -
c

WRITE(7,6700)
WRITE(7,6220) (IVA1(I),VALl(I),VAR1I(I),I=1, 21}

WRITE(7,%)' ! : ,
WRITE({7,%)"' Site Specific Orebody and Wellfield!
WRITE(7,*)" Characteristics?
WRITE(7,6220) (IVA2{(I) ,VA2(I),VAR2(I),I=1,24)
WRITE(7,*)' !

WRITE(7,%*)' Copper Leaching'
WRITE(7,6220) (IVA3(I),VA3(I),VAR3(I),I=1,10)
WRITE(7,*)' !

WRITE(7,")* Program Control'
WRITE(7,6900) (IVA4(I),VAL4(I),I=1,3)

WRITE(7,%)' !

WRITE(7,%)! Well System Specification and Cost!

WRITE(7,6220) (IVAS(I),VAS(I),VARS5(I),I=]l,92)

WRITE(7,%)* !

WRITE(7,*)"! Surface Plant Specifiaction and Cost Default'
WRITE(7,6220) (IVA6(I),VA6(I),VAR6(I),I=1,64)

WRITE(7,#)" !

WRITE{7,*»)' Environment Cest Default!
WRITE(7,622)) (IVA7(I),VA7(I),VAR7(I),I=1,5)

IF (TP.LE.O) GO TO 900

c
C COMPUTE INTERNAL CONSTANTS.
C
PRODCT = Y *EFFQO/100.
PRDDAY = Y/365.0
c

C Compute total wellfield flow rate,acid concentration,censumpt
C acid and lime, and waste generation. nsumption of
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[ .
c relavant nomenclature : : , ‘
o Y. . = Arnual cnestream production rate tons/onstrean year
c CULD = Cocpper loading .+ grams/liter
c ALPHAL = Units conversion factor appropriate
c Q = Wellfield total flow rate gal/min
c '
Q = ALPHAL*Y/CULD
CH2S504 = CULD® (W4+W7)
W10 = Wa+WT*WB+WS
W8 = W1Z* (W7*WB~WS)
Wld = WII*WE-W1S*W4
Wil = W14*Y*ETFO/100.
c :
€ Calculate pressures and pressura drops across production and injection wells.
C .
c relevant nemenclature
c D = Depth to bottem of ore 2one. . £t
c H = Ore zone thickness e
c AF = Fracture gradienst : - psiste
< FRESI = Pressure at Ttop of ore 2one at ) psi
¢ injection well .
ol DFT = Injecstor to preducer pressure drop psi
e ‘ o ‘ ,
o Injection pressure is calculated at maximum limited by fracturing.
c Production pressure at atmospheric. . .
o =
PRESI = AF»(D-H)
DPT =PRESIL
Branch to appropriate mining method to calculate geome=ric factors G.and A.
MINE defines type ¢f flow system used for mining, ‘
MINE = 1, Axlial flow with horizontal fractures.
2, Axial flow with vertical fractures.
3, Radial flow. ,
4, FTan flow, only available with underground access.

o0oonaonno0n

- GO TO (3001,3002,3003,3004),MINE
WRITE (7,7001)

GO TO %00
c
C Axial flow,horizontal fractures.
(ot Nomenclature: i :
c S1 = Horizontal distance along cone side of square fe.
c H1l = Vertical height of leach interval ft.
c G = Effective flow area per unit length of flow fc.
c , path. ) ‘
¢ A = Leach area of unit cell "square ft.
Cc -
3001 CONTINUE
A =51*S]1
G = A/HL
SW = S1
_SWW = 51

GO TO 3005

€

¢ Axial flow, vertical, fractures.

C Nomenclature : ' :
¢ S1 = Producer to producer distance perpendicular tt.
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to fractura.

52 = Producer to producer distance parallel

to fracture.

3002 CONTINUE
G = {*H*82/81
A = Sl*S2 -
SW = (51+82)/2.
SWW = SW
GO TO 3005

Radial flow pattern.
Nemenclature @

51 = Producer to producer distance.

RW = Well radius.

RA = Well radius after stimulation.

RE = Drainage radius.

FACT = Constant in radial flow equation.
IF (STIM .EQ. 2 .OR. STIM .EQ. S) RRW = RA

3003 CONTINUE
RE = S1/SQRT(2.)

G = PI*H/(ALOG(RE/RRW)+FACJ)

= §1#S1
SW = 81
SWW = 8l
GO TO 3005

Fan flow pattern.
Nomenclature @

H1 = Height of leach unit in fan flow.

H2 = Horizontal

length of leach unit in fan flow.

THTA = Angle between wells in fan flow.
RW = Radius of well.

3004 CONTINUE

G = PI/2.%H1/(PI/4.%H2/H1+THTA/PI®ALOG (THTA%H1/ (4. *RW)))

A = 2,.*H1*H2
2005 CONTINUE

Calculata wallfield life

Neomenclature :
QI Injection
NT = Number of
TW = Well life
NWELLS = Number of

and number of unit cells in operation

well flow rata.
unit cells in operation.

wells in operaticn;

TWPRM = Time required to primes the wellfield.
EFFP = Percent of pore volume to ba filled-up
by acid selution for priming.

CUWGT = Weight of

copper in unit cell.

RCOVRY = Fraction of copper recovered.

NPROD = Number of

production wells,

DRY = Initial condition of orsebody-
1 for unsaturated orebody.
2 for saturated orebody.

IF (MINE .EQ. 4) THEN

EZ2 = H1/H
ELSE

419
ft.

£€.
ft.
ft.
fL.

ft.

ft.
rad.
ft.

at one time.

gpm.

years.

years.

teons.
fraction.
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£EZ =1

ENDIF

QI = ALPHAZ'PERM*DPT‘G/VISC

RNT = @/QI

UWGT = EZ*A*H*RHOP*(l.-PORG/100. )*GRDO*S E-§

RCOVRY= EFFS/100.«EFFL/L100.*EFFR/100.

TWO =RNT*CUWGT*RCOVRY/Y*100./EFFO

AWT = EZ*A«RNT*FLOAT(TP)/TWO

TL = INT(TIWO)+l

TW = FLOAT(TL)

X = Q/QI*FLOAT(TL} /TWO

NT = NINT(X) -

RNT = FLOAT(NT)

SQANT = SQRT(RNT)

QI = Q/RNT

AWF = EZ*A#RNT

RI = EZ*A/G

XI = EZ*A*H/G

RPROD= (1.+SQRT(RNT) ) w=2

NPROD= NINT(RFROD)

RINJ = FLOAT(NT)

RPRQD = FLOAT{NPROD)

QP = Q/RPROD .

NWELLSaNT+NPROD

IF(HINE £Q. 4)60 TO 3075
c ‘ .
¢ Look-Up weall size dependant factors for vertical wells.
¢ - '

DO 3077 I =1,1

IF(QI.GT.QW{I}))}G0 IO 3077

CH = BWW(1l3,I)

DC = BWW(14,I)

DI = BWW(iS,I)

DP = DI

BT = BWW(1l,I)

BTU = BWW(2,I)

BRW = BWW(3,I)

BRE = BWW(4,I)
. BRX = BWW(S5,I)

BRC = BWW(6,I)

BH = BWW(7,I)
BD = BWW(E,I)
BOU = BWW(9,I)
R = BWW(10,I)
BC = BWW(11,I)
BCU = BWW(12,I)
BK = BWW(16,I)
GO TO 3078
3077 CONTINUE
3078 CONTINUE
SW = 2,#SWe (2. *RNT+2. *SQRNT+1)
GO TO 3076
3075 CONTINUE
AWF =AWF*H1/H
RI =RI*H1/H
XI sXI*H1/H
NWELLS = NT#*(NINT(PI/THTA)+1)
NFACE = NWELLS/NT
SW m 2, #H2#RNT+4.*SQRNT#SQRT (H1*H2/2)
3076 CONTINUE

"ann
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4000
c
c
c N
c
C
c
C
<
c
<
c
<
<

RWELL = FLOAT (NWELLS)
TWP = ALPHAI*EFFF=PORO*EZ*A*H/QI

MACE = 1 for surface access.
2 for underground access.

IF (MACE .EQ. 1) GO TC 3007
wawd MINING BY UNDERGROUND ACCESS #ewe

Calculate underground development costs.

Nomenclature

cs = Cost per foot of shaZls.

ss = Footage of shaft.

CR 2 Cost per foot cf raise.

SR = Footage of raise.

CDA = Cost per foot of adit or drife.

$PA = Footage of adit or drift,

EA = Capital expenses for access to orebody by
underground working.

EV s Vantilaticn capital cost for underground werking.

EM = Capital expenses for supporting surface
facilities including headframe,hoist,maintenance
shops,etc.

EE = Capital expenses for electrical facilities.

ET = Total capital expenses for underground workings.

HPM =CPL

IT(85.GT.0.)G0 TO 4CCC

SDE = D

IF(MINE.NE.4)SDE = 2-H

8§ = 2,*SDE

SR = SDE

CONTINUE

EA = CS5*55 + CR#*SR + CDA¥SDA
ET = EA - EV + EM - EE
IF(WORK .EQ. 1) ET=Q.

Branch for fanwell pattern.

cte MINE =4 for fanwell pattern.

IF ( MINE.EQ.4) GO TO 3008

Sranch for type of mining access to orebody underground or surface.

§$/tt.
.
S/Lt.
fc,
$rcc.
ft.

$

5
$

Calculate ¢ocsts for vertically drilled wells via underground access.

Costs formulae are same as for surface access drilling of vertical
wells but values of cost constants may be different.If a constant has
2 different value U is added on the end for underground access.

CA = BAU

CD = BDU*H/R+Bl5

CC = H=*(BCU-BDU/RC+Bl)+B2

CCM = H#*PI* (DH##2-DC**2) /ALPHA&'(BG‘BB)+BBU
GO TO (3018,3019,3020,3021,3022),STIM

creened well completion.

CW = H=*»(BW~-BDU/RC}

421
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GO TO 3023
3018 CONTINUE
c
C Perforated well completicn.
c
CW = E#*4.*BJ+BLU
G0 TO 3022
3019 CONTINUE
c
C Well completion by small radius hydrofrac.
c
CW = B4U+B5#H+4,*H*BJ-BLU
GO TO 3023
3020 CONTINUE
fd
C Well completion by large radius vertical hydrofrac.
c
CW =BEU +37wS2#H-4 *H#*BJ-BLU
: GO TO 1023
3021 CONTINUE
c

C Well completion by large radius horizontal hnydrofrac.

c 7 .
NV = NINT(H/H1l)
NPF = NV/2+1 :
NIF = NV+1=NPF ' :
FRACTN = (RPROD*FLOAT(NPF)~RINJ*FLOAT(NIF))/(RPROD+RINT)
CW = (B6U+B7#S1*51) *FRACTIN
GO TO 3023

3022 CONTINUE

C Well completicon by explosive fracturing.
CW = BBU~+BS*H

3023 CONTINCE

Calculate wellfield capital expenses.

nDon

CWL = BlOU+Bll#*H
CWEI = BH +BK + H#(BTU+BTI)+BSI
- HEPP = ALPHAT#*Q#*(D-H)*RHOF/ETA . ‘
CWEP = M~ (BTU+BRW+Bl2)+ALPHAS*QP#*(D~H) * (BRH+B13)+
1 BRX+BRC+BH+314
CDE = SWW#BX¥ (2, #RNT+SQRNT)+2, *SWW*SQRNT*CDA
EW = (RINJ-RPROD) *» (CA+CD+CC+CCM+-CW+CWL) +
1 RINJ*CWEI+RPROD*CWEP+CDE
GO TO 3015

Calculate cost of fanwell pattern.

Nomenclature: : .
BX - = Cost per foot of crosscut ’ . S/,

\ BP a Piping cost for fanwall pattern ‘ S/ Ex.
CF = Capital cost per fanwells unit cell S/cell.
EW = Wellfield capital cost incurrred eachtime S.

anOaOnan0nNnoO

3006 CONTINUE
CDE = RNT*H2#BX+4. *SQRNT*SQRT(H2/2./H) *H*CDA
CWEI = 0, i
CWEP = 0,
CEWI = NFACE*Q.S+BWFI*H1
CEWP = NFACE*Q.3*BWFP*H1
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CF = NFACE*0.S5* (BWFI+BWFP)*Hl
HPP = ALPHA7*Q®* (D=H) *RHOF/ETA
EW » CDE + (CEWP + CEWI)*RNT
GO TO 3¢C15

CONTINUE

IT = 0.0

HPM =»0.0

dwarwss MINING BY SURFACE ACCESS #wawss

Caleculate cost of vertically drilled wells from surface access.

Nomenclatura ]
BA = Earthmoving cost per drillsite $/sg9. f«t.
BD = Drilling rig hourly ceost $/hr.

R = Average drilling rate. . ft/hr.

RC = Casing & Screen setting rate ft/hr.

BC = Casing cost. . . $/ft,

cc = Casing cost per well. S/well.
[an4 = Drilling cost per well. S/well.
CA = Drilling site develcpment. . §/well.
cCcM = Cementing cost per well. $/well.
BG = Grout (cement) cost, - 5/cu. ft.
BB = Cemernit blending and pumping cost. ’
DH = Drilled hole diameter : in.

jolel = Casing diameter. in.

CW = Well cempletion $/well, -

STIM = Type of stimulation and well completicn.

0 for screened cr open hole.

1 feor perfcrated completion.

2 for small radius stimulation by hydrofrac.

3 for large radius stimulation by vertical hydrofrac.

4 for large radijus stimulation by horizecntal hydrofrac.

5 for explosive stinulation.
BW =2 Cost of well screen. $/fc.
BI = Cost of perforations. $/jet.
BL = Cost of logging set-up. S/well.
CWL = Cost of well logging. ‘ ‘ $/well.
CWEL = Cost of injection well eguipment. S/well.
CWEP = Cost of production well eguipment. S/well.
BH = Wellhead cost. . s/well.
BK = Packer Cost. $/well.
BRH = Cost per hp of recovery pump. $/hp.
BT = Cost of tubing. S/t
BTI = Cost of inflation tube ‘ s/tt.
BRW = Cost of recovery pump wire cable. S/ft.
BSIG = Cost of recovary pump c¢ontreols. $/punp.
Bl~B1l§ = Constants in cost eguaticns.

CA = BA
CD = BD*D/R

CC = D*(BEC+BD/RC-Bl)+B2 .
CCM = DwpPI*(DH¥*2=DC¥#2} /ALPHA4*(BG+BB)+B3
GO TO (3008,3009,3010,3011,3012),8TIM

WELL COMPLETION IS SCREENED OR QOPEN HCLE

CW = He* (BW+BD/RC)
GO TO 3013

3008 CONTINUE

423
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C WELL COMPLETION - PERFORATED
c
CW = H#4#BJ+BL
GO TO 3013
3009 CONTINUE
[
C WELL COMPLETION - STIMULATION BY SMALL RADIUS HYDROFRAC.
c
CW = B4+BS%H+4,*H*BJ+BL
GO TO 3013
3010 CONTINUE

c i . o
C WELL COMPLETION - STIMULATION BY LARGE RADIUS VERTICAL HYDROFRAC.
c
CW = B6+B7#52+H+4.+H*BJ+BL
GO TO 3013
‘3011 CONTINUE
c
C WELL COMPLETION - STIMULATION BY LARGE RADIUS HORIZONTAL HYDROFRAC.
c ‘ : .

NV = NINT(H/H1l) -
NPF = NV/2 +1
NIF = NV+1=NPF
FRACTN = (RPROD*FLOAT(NPF)+RINJ*FLOAT(HIF))/(RPROD+RINJ)
CW = (B6 + B7#*51*S1)*FRACTN
GO TO 3013
3012 CONTINUE
c .
C WELL COMPLETION - STIMULATION BY EXPLOSIVES.
c .
‘CW = B8 + B9*H
3013 CONTINUE
; CWL = Bl0 + Bll *D
CWEI‘= BH+BK+ (D=H) * (BT+BTI)+BSI
HPP = ALPHA7*Q#* (D-H) *RHOF/ETA
CWEP=(D-H)*(BT+BRW+312)+ALPHA5*QP*(D-H)*(BRH+513)+
1 BRX+BRC+BH+B14 :
EW = (RINJ+RPROD) * (CA+CD+CC+CCM+CW+CWL) +
1 RINJ*CWEI + RPROD*CWEP
3015 CONTINUE
c
C If initially orebody is dry add cost to wet it.
c
IF (DRY .EQ. 2) GO TO 3100
WATER = 7. 48*EZ*A*H*RNT*(PORO/1OO Y#*(1.=-W5/100.)
EW = EW + WATER*C7
3100 CONTINUE

g **4 Wellfield capital cost calculation complete *#%
ngalculate solution transfer system cost. '
¢ DPIT = DPT/AW-{(D-H)

HPI = ALPHA7*Q*DPIT*RHOF/ETA
g Table look-up for solution transfer pipeline size.

QSS = SQRT(Q+*QI) : : .
DO 3080 I =1,10



c
of

3C80
3081

3082
3082

Solution transfer system cocst calculated,calculate operating costs,

IF(QSS.GT.Q5(I))GO TO 3080
CrFl = BP(2,I)

DP1 = BPF(1l,I)

GO TO 3081

CCNTINCE

CONTINUE,

Do 3082 I =1,1¢C
IF(Q.GT.QS(I))G0 TO 3082
DP2 =BP(1,I)

CP2 =BP(2,I)

GO TC 2081

CONTINUE

CONTINUE

ES = CP *HPI + CPLl*SW + CP2+*ST
IF(MINE.EQ.4)ES=ES+CF*HPP

Add appropriate start-up costs to capital estimates

RMOP =1C.
EC = ((Cl*W1l+C2*W2) *Q=(CI AWI-Ca*W1l0-CS*WS+CEWWE)*Y)#ZFFQ/100.
EL =0

. RPOP = POPO

- 3200

noo

nan

3210

EL = EL +« CLPO

IF(Y.GT.12500.)G0 TC 3200

EL = EL+CLPl

RPOP = RFCP + POPl

GC TO 3230

CCNTINUE

IF(Y.GT.25000.)G0 TO 2210

CLP = CLP1*(25000,=Y)/12500. +CLP2*(¥=125800.}/1250C.

APOP = POPL#(25000.-Y)/12500. ~POP2*(¥=12500.)/125C%s.

RPCP = RPOP+APOP

EL = EL + CLP

GC TO 3239

CONTINUE

IF(Y.GT,50000.)G0 TO 3220

CL? = CLP2#(50000.-Y) /25000, + CLP3*(Y=-25000.)
APOP = POP2%(50000.-Y)/25000.+POPI*(Y¥Y-25000.)/
RPCP = RPOP+APOP

EL = EL + CLP

GO TO 3230

EL = EL + CLP3I+7C.#Y

RPOP = RPOP + PCri+1l.6%(¥=50)

CCNTINUE '

LU = CU* (ALPH10* (HPI+HPP+HPM)+ALPHAS*Y ) *EFFO/100,
EU = EU + C7%(18250.*RPOP+68.*Y* (EFFO/100.))

5000.

SURFACE PLANT

EP = CX#Q+CE®Y
IF(PLNT .EQ. 1) EP =0.
EP = EP + ES + EC/4.

inflation indices to correct costs to year of interest.

EP = Ep = INDC/100.
EW = EW *INDM/100.

Total annual operating costs.

/25000.
2
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299
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300
301

Q2
303

304

EQ = EC+EL+-EU+0.1#EW+0.C3I*EP
IF(MACE .EQ. 1) GO TO 13030
EQO = EQ+0.Q05*EW

0 CONTINUE

€ Compute environmental costs

El = EPS

E2 = (CMA*D+CHW*WD)*AWT
EPEM
X1*EC*TWP/100.
EP+EZP6+ER

EQ+EPEM

n
d
4 0 H N

ECONOMICS

DO 200 I=1,40
CAP(I)=0.
CMP(I)=0.
OMT(I)=0.
PROD(I)=0.
WEXP(I)=0.
WCAP(I)=0.
CONTINUE

DETERMINE IF PRICE OR ROI IS TO BE CZTERMINED
IF(PRICE.LE.C.) ENDMOD=2
ROUNDOFF PRIMING TIME, FIND PRODUCTION LIFE

X=TWP+.3

TWisax

TW4aTL=-TW3

IF(TW4.GT.0.) GO TO 299

WRITE(7,%) BIH NEGATIVE WELL LIFE ENCOUNTERED
GO TO 890

CONTINUE

FIND NUMBER OF YEARS FOR PLANT CONSTRUCTION, WELL DRILLING, AND
UNDERGROUND MINING ACCESS.

LASTP=6

DO 300 I=1,S

LASTP=LASTP-1

IF(SCP(LASTP). GT 0.) GO TO 301 -
CONTINUE

LASTE=6

DO 302 I=1,5

LASTE-LASTE 1

IF(SCM(LASTE) .GT.0.)GO TO 303
CONTINUE .
LASTW=6

DO 304 Ial,5

LASTW=LASTH-1

IF(SCW(LASTW) .GT.0.) GO TO 305
CONTINUE
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500

CONTINUE
IND FIRST YEAR OF CPERATION

N=AMAX0 (LASTE, LASTHW)
N1=N+TW3
TPROD=AMAXO (N1,LASTP)~1

FIND FIRST YEAR OF CONSTRUCTION

ISTCON=TPROD~LASTP
TEND=TPROD~1
IX=ISTCON-1 :

DO 306 I =ISTCON,IEND
CAP(I)=EP*SCP(I~IX)

IND TQTAL PROJECT LIFE
NYRS=TPRAD+TP-1
DERIVE WELL SCENERIO

IREPL =0
JRPL =0

E4 is restoration cost.It is expended everytime a wellfield is replaced.

EWE4=0.
ISWELL=TPROD-LASTW
IPROD=TPROD+TW4 -1
IX=ISWELL-1 N
CONTINCE
DO 330 I=ISWELL,IEND
WCAP(I)=sWCAP(I)»SCW{Z~IX)* (EW+EWE4)
JRPL = JRPL+1l ‘
IRPL(JRPL)=IEND+L
IF(IREPL.GT.Q) GO TO 3065
IREPL = 1
"EWE4 = Z4

5 CONTINUE
ISWELL=ISWELL~-TW4
IEND=IEND+TW4
IX=ISWELL-1
IF(IPROD.GE.NYRS)GQ TO 235
IPROD=IPROD+TWS
GO TO 329
CONTINUE

WELL EXPENSES

IWEXPeTPROD-LASTE
IPRD=TPROD+TW4

IX=IWEXP-1

IEND=TPROD-1

CONTINUE

DC 397 I=IWEXP,IEND
WEXP(I)=WEXP(I)+SCM(I=IX}#*ET
CONTINUE

CCNTINUE
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700

750

anao (3]

[p}

775
<

C  GENERATE PRODUCTION AND PLANT O & M

JRPL.= 1

DO 525 I=TPRCD,NYRS
PRQD(I)=PRODCT

IF (IRPL{(JRPL).NE.I) GO TO 3701
JRPL = JRPL+1
PROD(1)=PROD(I)=TWP*Y

CONTINUE '
OMP(I)=0MP(I)~-EOQ

CONTINUE

c AGGREGATE CASH FLOWS INTOQO SUBTOQTALS .

DO 600 I=1,NYRS
OMT (I)=OMP(I)+WEXE(I)
CONTINUE - .

C #whwkaww COMPUTE FRICE OF COPPER  wwkhAkdkkdkdan

IF(FNDMOD.EQ.1)GO IO 700

DENOM=1,

RATE=l./(l.+RQOI/100.)

TFUNDS=0.

TPRODS=0.

DO 650 I=1,NYRS

TFUNDS=TFUNDS+ (CAP(I)+WCAP(I)+OMT(I))*DENOM
TPRODS=TPRCDS+PROD(I)* DENCM

- DENCM=DENOM*RATE

CONTINUE

PRDTON = TFUNDS/ TFRODS
PRICE = PRDTON /20.

IF(.NOT. LSTA) GO TO 825

- C COMPUTE ANNUAL CASH FLOW

CONTINUE

PROTON = 20.+% PRICE

TACF=0,

Do 750 I= 1,NYRS
ACF(I)=(PRDTON*PROD(I)=OMT(I)=CAP(I)=WCAP(I))
TACF = TACF +ACF(I)

CONTINUE

IF(FNDMOD,NE.1l) GO TQ 775

wknukuddds COMPUTE ROI thwwasdwwdddd

ROI =ROIFCN (ACF, NYRS)

IF(.NOT.LSTA} GO TO 825
CONTINLCE

c COMPUTE DISCOUNTED CASH FLOW

¢

DENOM = 1.
RATE=1./(1l.+ROI/100.)



nnao

TDCF=0.
PRINCE =0.
DO 800 I=1,NYRS
DCF(I) = ACF(I)* DENOM ‘
PRINCE = PRINCE + (CAP(I)=WCAP(I)+WEXP(I))*DENOM/Y
TDCF=TDCF+DCF (1)
DENOM=DENOM*RATE
500 CONTINUE
825 CONTINUE

IF(LSTI) WRITE CALCULATED VALUES.

IF(.NOT.LSTI} GO TO 850
WRITE (7,6200) CHAR(12)
WRITE (7,6210) (VARS(1,I),VALC(I}),VARS(2,I),I=1,31)
WRITE (7,6210) (VAR9(1,I),VAll(I),VAR9(2,I),I=1,22)
850 CONTINUE
WRITE(7,6500) CHAR(1Z),OFPMODE(L,FNDMOD),OPMODE (2, FNDMOD),
1 RESULT(FNDMOD),UNITS (FNDMOD)
WRITE(*,6500) CHMAR(12),0PMODE(1,FNDMOD),O0PMODE (2, FNDMOD),
1 RESULT(FNDMOD),UNITS (FNDMOD)
WRITE(8,6501)RESULT (FNDMOD) ,UNITS (FNDMOD)"
OPERAT = EO/Y/20.
WRITE(7,6600) PRINCE, OPERAT
WRITE(8,6601) PRINCE, OPERAT
RESULT (FNDMOD) = O©.

IF(.NOT.LSTA) GO TO 875
WRITE(7,6300) (I,PROD(I),CAP(I),WCAP(I),WEXP(I),OMP(I),
1 ACF(I),DCF(I),I=1,NYRS)
WRITE(7,665C) TACF,TDCF

875 CONTINUE

c
890 CONTINUE

c
GO TC 100

C

800 CONTINUE
- STOP
6100 FORMAT(AL,//, :
1 20X, 'COPPER IN=-SITU MINING ECONCMIC EVALUATION',/,
2 30X,Als,//,30X,'CASE #',I3,/)
€101 FORMAT(/'CASE #',I3)
6200 FORMAT (Al,//20X,'CALCULATED VALUES,'/)
€210 FORMAT (12X,A8,F1S5.5,1X,A8,10X,A8,F15.5,1X,A8/)
6220 FORMAT(12X,A4,F15.5,1X,A8,10X,A4,F15.5,1X,A8/)
6221 FORMAT(l2X,A4,F15.5,1X,A8,10X,A4,F15.5,1X,A8/)
6300 FORMAT(//,35X, 'CASH FLOWS IN §(0CO)',//
4X,'PRODTN',S5X, "PLANT',6X, 'WELL"', 3X, "UNDERGRQUND*, 1X,
'PLANT' ,7X, 'NET', 2X, 'DISCOUNTED'/1X, 'YR' ,4X, 'TPY',
3X,'CAPITAL', 3X, 'CAPITAL',3X,'CAPITAL',5X,'0 & M',1X,
'CASH FLOW',2X, 'CASH FLCW'/
, (I3,F7.0,=-3P5F10.0,=-3PF11.0}))
6500 FORMAT(AL,/,15X, '#a%#ex ' R4 ' = ' F12.2,° ', A4, whan! /)
€301 FORMAT(Fl2.2,A4)
6601 FORMAT(2F12.2)
6600 FORMAT(/15X,'DISCOUNTED INITIAL VALUE OF INVESTMENT =',
1 Fl12.2,1%,*$/Annual Ton'/, 15X,
2 'Annual Operating Ceosts = ',Fl2.2,1X,'C/LB',//)
6630 FORMAT (50X,!  ==~es=w==!,!  eccccc-me- Yy

L6 I L PV W S
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1 ' E0X,-3PF10.0,=3PF1l1.0) .
FORMAT (/30X,' INPUT PARAMETERS '//20X,'BUSINESS RELATED'/)
FORMAT (/12X, 'INTEGERS'/12X,A4,12,A8,A4,I2,A8,A4,12,A8//)
FORMAT(12X,'LOGICAL VARIABLES'/(12X,A4,L7,8X))

FORMAT (12X, 'INCORRECT MINING PATTERN SPECIFIED')

€700
6800
6500
7001
7011

FORMAT (3I2)
END
BLOCK DATA L1

Business Related Variables

1

REAL*8 VAR1{21),VAR,VAR2
COMMON/INPUTL/VA(216)
COMMON/NAMEL/IVA(219)
COMMON/NAME2 /VAR(216)
DIMENSION IVAl(21),VAl(21)
FQUIVALENCE (VARL (1) ,VAR(1}), (

IVA(l),IVAl(l)),(VAl(l).Vhfl))

DATA IVAL/4HINDC,4HINDM,IHRCI,4HPRIC,4HSCML, 4HSCM2,4HSCM3,
1 4HSCM4,4HSCMS,4HSCPL, 4HSCPE,
2 4HSCW2,4HSCW3,4HSCW4, ¢HS5CHWS,

DATA VAl/100.0,100.90,20.0,0.0,0.4,0.6,0.9,0.0,0.0,0.23,0.25,0. 52,

4HSCP3, 4HSCP4, 4HSCPS, 4HSCWL,
2HTP, IHY/

0.0,0.0,0.34,0.66, O ,0.0,0.0, 20 Q, 25000 o/

DATA VARl/Z*lH% 1H%, GHC/LB 15+1H ,BHYRS JHTPY/

END
BLOCK DATA L2

Site Specific Orebody and Wellfjield Variables.

COMMON/INPUTI/VA1(21) VAZ({24),

1 VA7(5)

COMMON/NAMEL/IVAL(21),IVA2{24

1 IV7(3),
REAL*8 VARR,VARLl,VAR2,VAR},VARS,VARS,VAR7Y

COMMON/NAMEZ/VAR1(21),VAR2 (24

1 VAR7(5),VARR(2,53)
DATA IVA2/2HAF, 1HD, 3HDRY, ¢HGRDO, 1HH, 2HH1, 2HH2, 4HMACE, 4HMINE,

1
2

1

1

Coep

1

1

1

1

4HPERM, 4HPORQ, 2HRA, 4HRHOP, 2
4HTHTA, 4HWORK, 2HWS, 2HWD/
DATA VA2/1.0,1000.0,1.0,1.0,3

VA3(1C),VAS5(92),VAG(E3

),IVAJ(;O),IVA4(3),IVAS(QZ);IVA6(64),
) VAR3(10) ,VARS5(%2),VARG(64),

HRW, 2HS1,2HS2, 3HSDA, 2H3R, 2HSS, 4HSTINM,

090.0,30.,60.,1.0,3.0,2.0,5.0,8.0,

162.0,0.25,100,0,100.0,2000.0,9.0,0.0,2.0,0.315,2.0,80.0,5C0.0/
DATA VAR2/6HPSI/FT,2HFT,1H ,l1H%,3*2KFT,2*1K ,4HM.D.,1H%,6 2HFT,
8HLB/CU.FT,6*ZHFT,1H ,6HRADIAN,1H ,1H%, 2HFT/

END
BLOCK DATA L3

per Leaching Variables.

COMMON/INPUT1/VAL(21),VA2(24),
VA7(5)

COMMON/NAME1/IVALl(21),IVA2(24
IV7(5)

VA3 (10),VAS5(92),VAE(64),

),IVA3(10) IVad(3), IVAS(92),IVAG(64),

REAL*8 VARR,VARL,VAR2,VAR3,VARS,VAR6,VAR?

COMHON/NAME2/VAR1(21) VAR2(24
VAR7(5) ,VARR(2,53)

), VAR3 (10) , VAR5 (92), VARe(ﬁé),'

DATA IVA3/4HCULD,4HEFFL,4HEFFOQ,4HEFFP,4HEFFR,4HEFFS, 4HPLNT,

4HVISC, 2HW4, 2EW7/
DATA VAl/6.0,75.0,91.2,100.0,
DATA VAR3I/6HGRAM/L,5*1H%,1H
END
BLOCK DATA L4

90.0,75.90,2.0,1.0,4.0,1.5¢4/

, THCENTI P,2+*8HT ACID/T/
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Program Control Variables.

LOGICAL LSTI,LSTA,LST,VAL4

REAL*8 VARR,VAR1,VARZ,VAR3,VARS,VARS,VAR?

COMMON/ INPUT1/VAL(21) ,VA2(24),VA3(10),VAS(92),VAE(64),

1 VA7(5)

COMMON, INPUT2/ VAL4(3)
COHHON/NAHEI/IVAL(ZI),IVA2(24),IVAJ(IO) IVA4(3),1VA5(92),IVAE(64),
1 Ivi(s)
COMMON/NAME2/VARL (21) ,“AR2(24),VARI (10),VARS(92), VARG (64),
1 VAR?(S),VARR(2,51)

DATA IVA4/4HLSTI,4HLSTA,3HLST/

DATA VAL4/3#.TRUE./

END

BLCCK DATA LS

well system specification and cost inputs.

REAL*E VARR,VARL,VAR2,VAR3,VARS,VARS,VAR?

COMMON/INBUTL/VAL(21),VAZ(24),VA3(10),VAS{92),VA6(64),

1 VA7(S)

COMMON/NAMEL/IVAL(21),IVA2(24),IVAI(10),IVA4(3),IVAS(92), IVAE(64),

1 IV7(5)

COMMON/NAME2/VARL (21) ,VAR2(24) , VAR3 (10) ,VARS (92) , VARG (64) , -

1 VAR7(S),VARR(2,53)

DATA IVAS/2HAW,2HB1,2HB2,2HB3,2HB4,2HRBS, 2HB6, 2HB?, 2HBS, 2HB9, 3HBLO, -
3HB11,3HB12,3HB12, 3HB14, 3HBLS, 3HB3U, IHB4U, JHBEU, IKBBY, 4KB1OU,
2HBA, IHBAU, 2HBB, 2H3G, 2HRJ, 2HBL, 3HBLU, 3HBST, 3HBTT, 2HBW, JHBW1,
INBW2, 3HBWI, 3HBW4, JHBWS, 3HBWE, IHBWT, IHBWS, JHBWS, 4HBW10, 4HBW1l,
4HBW12, 4HBW13,4HBWL4,4HBW1S, 4HBWL6, 4HBW17, 4HBW1S, 4HBW19, AHBW20,
4HBW21,4HBW22,4HBW23,4HBW24,4HBW25, 4HBW26, 4HBW27, ¢HBW28 , 4HBW29,
4HBW30,4HBW31, 4HBWI2,4HBW33,4HBW34,4HBW35, 4HBW36, SHBW3 7, 4HBW3S,
4HBW39, 4HBW4 0, 4HBW4 1, 4HBWA2, 4HBW43, 4HBW44, AHBWAS, dHBWAE, AHBW4 T,
4HBW4S, 4HBWFI,4HBWFP, 2HBX, 3HCDA, ZHCP 3HCPL, 2HCR, 2HCS, 2HEE, 2HEM,
2HEV, 4HFACT, 2HRC/

DATA VAS/.43,0.56,2045.0,1425.0,2500. o 14.0,5000.0,0.41,2800.0,
235.0,3135.9,2.7,0.1,92.0,1811.0,5000.0,5000.0,5600.0,10000.0,
1600.0,4702.5,2400.0,5000.0,4:0,15.0,1.5,800.0,1600.0,2000.0,
1.0,20.0,5.41,11.9,1.0,325.0,0.0,1100.0,1240.0,175.0,350.0,
30.0,15.0,33.0,7.0,4.0,1.52,3000.0,7.35,16.17,3.0,70.0,500.0,
1350.0,1240.0,200.0,400.0,20.0,26.0,57.2,10.0,6.0,2.42,5000.0,
15.8,34.76,5.0,102.0,1000.0,2500.0,1718.0,250.0,500.0,15.0,
35.0,77.0,12.0,8.0,4.04,7000.0,30.0,10.0,400.0,400.0,150.0,
700.0,1000.0,3000.0,200000.0,2500000.0,120000.0,-0.619,130.0/

DATA VARS/6MPSI/FT,4HS/FT,3%6HS/WELL,4HS/FT, 6H5/FRAC, 8H5/5Q.FT.,
6HS/WELL,4HS/FT, 6H§/WELL, 2#4HS5/FT, 4HS/HP, 4*6H5/WELL, 6HS/FRAC,
2%6H$/WELL, 2#1HS, 2%8HS/CU.FT., 5HS/JET, 3*6HS/WELL, 4HS/FT,
4*4HS/FT, 4HS/HP, I*6HS/WELL, 2*4HS/HR, SKFT/HR, 2*4H5/FT, 3#2HIN,
8HS/PACKER, 3%4HS/FT, 4HS/HP, 3v6HG/WELL, 2*4HS /KR, SKFT/HR, 2%4HS/FT,
I*2HIN,8HS/PACKER, 3#4HS/FT, 4HS/HP, 1#6HS/WELL, 2#4HS/HR, SHFT/HR,
2%4HS/FT,3%2HIN, BHS/PACKER, 4 *4HS/FT, 4H$/HP, 2HKW, 2#4HS/FT , 3+ 1HS,
1H ,SHFT/ER/

END

BLOCK DATA L&

W@~

W~

~NaOwns LN

C Surface plant and cest inputs.

c .

REAL*8 VARR,VARL,VARZ,VAR],VARS,6 VARE, VARY
COMMON/INPUTL/VAL(21),VA2(24),VA3(10),VAS(92),VA6(64),



c
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1

VA7 (5)

COMHON/NAMEI/IVA1(21),IVA2(24) IVA3(10) IVAL (), IVAS(QZ),IVA6(64),

1

IV7(3)

COMMON/NAME2/VARL (21),VAR2{24),VARI(10), VAR5(92) + VARG (64) ,
1 VAR7(S5),VARR{2,51)

[ BB P N

DATA IVAG/3HBP1 3HBP2,3HBPF1, JHBP4, JKBPS, JHBFS, JHBP7,

JHBPS, SHBP9, 4HBPLO, 4HBPLL, {HBP12, 4HBP13, 4HBP14, 4HBPLS,
4HBDP16, 4HBP17,4HBP18,4HBPL9, 4HBP20, 2HCL, 2HCZ, 2HC3, 2HC4, 2HCS,
2HCE, 2HC7, 2HCE, 2HCL, 4HCLPO, 4HKCLPL, 4HCLPZ, 4HCLPI, 2HCU, 2HCX,
JHETA, 4HPOPO, 4HPOPL, 4HPOP2, 4HPOP3 , 3HQS 1, 3HQS2, 3HQS3, .

3HQS4, IHQSS, IHQSE, IHQS7, IHQS8, 1HQSS, 4HQS10, IHQWL, 31HQW2 , JHQW3,
4HRHOF, 2HST, 2HW1, 2HW2 , 2HW3, 2HWS, ZHW8 , 2HW9, 3HW12, 3HWL13, 3HW15/

DATA VA6/2.0,12.5,3.0,18.75,4.0,25.0,6.0,37.5,8.0,5C.0,10.0,62.5,

b W

huMHH

12.0,65.0,14.0,75.8,16.0,86.67,18.0,97.5,10000.0,2300.0,6.5,30.0,
185.0,50.0,0.02,650.0,20.0,17460C0.0,1750000.0,2625000.0,
3500000.0,0.05,2500.0,0.7,32.0,40.0,60.0,80.0,55.0,150.0,1300.0,
800.0,1600.0,2900.0,4500.0,5700.0,8000.0,10600.0,5¢.0,100.0,
300.0,62.4,6000.0,0.015,0.085,0.261,0.065,0.2,0,231,0,571,2.43,
1.3¢6/ ’ .

DATA VARE/2HIN,4HS/FT,2HIN, 4HS/FT,2HIN, 4HS/FT, 2HIN, 4HS/FT, 2HIN,

4HS/FT,2HIN,4HS/FT,2HIN,4HS/FT, 2HIN, 4HS/FT, 2HIN, 4HS/FT, 2HIN,
4HS/FT,227HS/CU. M., 4HS/KG, 3#SHS/TON,
BHS/GALLON,SHS/TPY,4HS/HR,4*4HS/YR, 6HS /KWHR, SHS/GFM, 8KFRACTION,
4*IHMEN, 13*3HGPM,8HLB/CU.FT, 2HFT, ¢*8HM/GPM/YR, 6HKG/TON,

BHT ANOD/T iH ,BHT ACID/T, 7HT CAQ/T,8HS04/LIME, 8HFESC4/AC/

END
BLOCK DATA L7

C Environment and cost parameters.

REAL#8 VARR,VARl,VAR2,VAR3, VARS,VARS,VARY
COHHON/INPUTl/VAl(Zl) VA2(24) VA3(l0) ,VAS5(92),VA6(64),

1

1

VAT (S)

COMMON/NAME1/IVALl(21) IVA2(24),IVA3(10) IVA4(3),IVA5(92),IVA6(64),

IVA7(5)

COMMON/NAME2/VARL (21) ,VAR2(24) ,VARI(10) ,VARS(92) ,VARE(64),

1 VAR7(5),VARR(2,53)

~N OV W

1
2
E)
4

DATA IVA7/3HCMA, 3JHCMW, 3HEP6, 4HEPEM, 2HX1/

DATA VA7/1.37E-4,1. BJE 4, 462500 e, 80300 0,5.¢/
DATA VAR?/SHS/SQFTFT 8H$/SQFTFT lH$ 4HS/YR, 1KY/
END

BLOCK DATA L8

#% QUTPUT VARIABLES ww
REAL*8 VARR,VARS,VARS

COMHON/NAHEz/VARR(ZlG) VARS(2,31) ,VAR9(2,22)
DATA VARS/1HA, 6HSQ. FT.,?HA SUB W, GHSQ FT.,8HINJ PRES,

JHPSI, 1HQ, IHGPM, SHINT FLOW, JHGPH  TH# CELLS, 1H#, BHWEL LIFE, 2HYR,
SHPRIH T,2HYR, 7HACID C.,6HGRAM/L,8HLIME CON, 7HTON/TON,8HACID CON,
7HTON/TON,&HSULFATES,SHTOH/YR.8HSULFATES,7HTON/TON,1HG,1H + ¢HRI,
1H ,2HXI,1H ,8HWEL MODS,1lH#,SHWELLS,1H#,8HSOL.PIPE, 2HFT, SHCUWGT,
3HTON, BHRECOVERY, SHFRAC. ,8HMINE OPS, 1H#,6HCASING,2HIN, BHHOLE DIA,
2HIN,8HINJ TUBE,2HIN,8HPRD TUBE,2HIN,8HINJ PUMP,2HHP,8HPRD PUMP,
2HHP,8HWEL PIFE, 2HIN,8HTRS PIPE, 2HIN,8HPLNT OFS, 1H#/

DATA VARY/BHSITE PRP,6HS/WELL, 8HCASING, 6HS/WELL, 6HCEMENT, 6H5/WELL,

8HDRILLING,6HS/WELL,8HFAN WELL,SHS/FAN, SHCOMPLION, 6HS/WELL,
THLOGGING, 6HS/WELL,8HINJ EQIP,S6HS/WELL,8HFRD EQIP,6HS$/WELL,
8HUND.WORK, LH$,8HCHEMICLS, 4HS/YR, SHLABOR, 4HS$/YR,S5HO & M, 4HS/YR,
SHPLNT CAP,1HS,8HS0L TRNS,lH$,8HUND.DEV., 1HS,8HUTILITYS,4H$/YR,



s

5 @HWEL CAP.,lHS$,8HEIS &PER, 1HS,8HMON WELS, 1HS,8HENV.MON.,4HS/YR,
& 7HRESTORE, 1HS/ ‘

END

SUBRQUTINE INPUT

LOGICAL VAL4, VAL4P, FLXT

REAL#*8 VARL,VARZ,VAR3,VARS,VARS,VAR7,VARR

CEARACTER*20 Filename, Temp

COMMON/INPUTY/ VAL(2L),VA2(24),VA3(10),VAS(92),VAE(64),VAT(S)
COMMON/INPUTZ2/ VAL4(3)

COMMON/NAMEL/ IVAL(21), IVAZ(24), IVAI(10), IVAL(3),

1 IVAS(92), IVA6(6&4), IVA7(S)

c
c W
c

i0
7000

COMMON/NAMEZ/ VAR1(21}, VAR2{24), VARI(10),
1 VARS5(92), VAR6(64), VAR7(5), VARR(2Z,53)
DATA ICD, ICU / 1HD, 1HU / '

DATA Iyes,No /1KY, 1HN/, Iblank/lH /

rite Main Input Menu to Screen

WRITE(*,7000)
FORMAT (//,10X, 'INPUT PHASE',//,
5X,'l. Business Related Variables',kT4S,
‘6. Surface Plant and Cost Inputs',//.
§X,'2. Orebody and Wellfield Char.',K6T4S,
7. Environment and Cost Parameters',//,
5X,'3. Copper Leaching Inputs',KT453,
'8, READ a Saved Data File',//,
5X,'4. Program Control Farameters',6T4S,
', SAVE Data to File',//,
5X,'5. Well System Spec., and Cost Inputs',T45,
'0. Quit Input & Go Calculate',//////,
10X, 'TYPE in Cption Number and Hit the Enter Key',/////)
READ (*,7001,ERR=10) Key ’
TORMAT (Il)
IF (Key .LT. 0 .OR. Xey .GT. 9} GO TO 10
GO TO (300,110,120,130,140,150,160,170,180,130), Key~+l

WX 0w -aN U W

< Key = 1 : Business Related Input Parameters

3063

CONTINUE

110 WRITE (*,701l0)

7010
7002

7C03

FORMAT (/,' Business Related Input Parameters’,/)

WRITE (*,7002) (IVAl(I),VAl(I).VAR1(I),I=}, b 21])

FORMAT (10X, A4, Fls.6, 1X, A8, 10X, A4, F13.6, 1X, A8,/)

WRITE (%,7003) :

FORMAT (' TYPE in Variable NAME and New Value, or Hit the Enter’,
1 ' Key for menu',/)

READ (#*,7004,ERR=%003) JVAR, VALP

7004 FORMAT (A4,Fl5.0)

IF (JVAR .EQ. Iblank) GO TO 10
DO 111 I = 1, 21
IF (IVAl(I) .EQ. JVAR} GO TO 1ll2

111 CONTINUE

7003

WRITE (*,70C05) ' :
FORMAT (/,' Variable NAME Neot Found...Please try again.',/)

GO 10 110

1.2 VAL(I) = VAL?P

GO TO 1llo

c Key = 2 : Site Specific Orebody and Wellfield Characteristics
c

Input Parameters

433

E
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ot
5004 CONTINUE
120 Iscreen = 1
123 WRITE (*, 7020) -
7620 FORMAT (/.' Site Specific Crebody and Wellfzeld Characterlstzc'
1 ' Parameters',/)
MAX = 24
Ml = (Iscreen ~-l1) * 18 + 1
M2 = MINC (Ml+17, MAX)
IF ((M2=-M1) .LT. 14) Ml=M2-17
T WRITE (»,7002) ({(IVA2(I),VA2(I), VARZ(I) I=M1,M2)
WRITE (%,7021)
7021 FORMAT (! Type U or D te move UP or DOWN a screen in this ',
1 'category') . :
WRITE (*%,7003)
READ (*,7004,ERR=9007) JVAR, VALP
IF {JVAR .EQ. Iblank) GO TO 10
IF (JVAR .EQ. ICU) THEN"
Iscreen = Iscreen - 1
1F (Iscreen .LE. 0) Iscreen = 1
GO TC 123
ENDIF :
IF (JVAR .EQ. ICD .AND. VALP .EQ. 0.0) THEN
IF (M2 .EQ. MAX) THEN
WRITE (*,7022)
7022 FORMAT (' No more screens in this catagcry')
GC TO 123
ENDIF
Iscreen = Iscreen + 1
GO TO 123
ENDIF
DO 121 I = M1, M2
IF' (IVA2(I) .EQ. JVAR) GO TO 122
121 CONTINUE
WRITE (¥%,7005)
GO TO 123
122 VA2(I) = VALP
GO TO 1213

NN

Key = 3 : Copper Leaching Input Parameters

9005 CONTINUVE
130 WRITE (+,703Q)
7030 FORMAT {/,' Copper leaching Input Parameters',/)
WRITE (*,7002) (IVA3(1),VA3(Il),VAR3(I),I=l,10)
DO 133 I=1,10
WRITE (+,7042)
133 CONTINUE
WRITE (#,7002)
READ (*,7004,ERR=9C05)} JVAR VALP
If (JVAR .EQ. Iblank}) GO TO 1o
o 13l I = 1, 10
IF (IVA3(I) .EQ. JVAR) GO TO 132
131 CONTINUE
WRITE (*,7005)
GC TO 130
132 VA3({I)} = VALP
GO TO 130
c .
"€  Key = 4 : Program Control Parameters
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9008

140
7040
7041

7042
143

7044

7043

7045

131

152

145
7046

3007
150
153

7050

435

CONTINUE .

WRITE (*,7040} '

FORMAT (/,' Program Control Parameters',/)

WRITE (*%,7041) (IVA4({I),VAL4(I),I=1,3)

FORMAT(12X,A4,10X,L7,/)

DO 1423 I=1,1l4

WRITE (w,7042)

FORMAT(' ")

CONTINUE

WRITE (*%,7003) ' ‘

READ (*,7044,ERR=9006) Tenp .
FORMAT (A20)

IF (LEN (Temp) .EQ. Q) GO TC 10

IF (Temp(l:1l}) .EQ. ' ') GO TO 10

READ (Temp,7043,ERR=145,I0STAT=I08) JVAR

FORMAT (A4)

IF (JVAR .EQ. Iblank) GO TO 10

READ (Temp,704S5,ERR=145,I0STAT=I05) VAL4P

FORMAT {4X,L10)

DO 141 I = 1,3

IF (IVA4(I) .EQ. JVAR) GO TO 142

CONTINUE

WRITE (*,7005)

GO TO 140 _
VAL4(I) = VAL4P

GO TQ 1490

WRITE(*,7046) IOS

FORMAT (5X,'Error #',I5,'in READing data.')
GO TO 140

Key = 5 : Well System sSpecification and Cost Default

Input Parameters

CONTINUE
Iscreen = ]
WRITE (*,7050)
FORMAT (/,' Well System Spec. and Cost Input Parameters',/)
MAX = 52 :
Ml = (Iscreen =1} * 18 + 1
M2 = MINC {(M1+1l7, MAX)
IF ((M2~-Ml) .LT. 14) Ml = M2-17
WRITE (=,7002) (IVA5(I),VAS5{I),VARS(1),I=aM1, M2}
WRITE (*,7021)
WRITE (¥,7003)
READ (*,7004,ERR=3007) JVAR, VALP.
IF (JVAR .EQ. Iblank} GO TO 10
IF (JVAR .EQ. ICU) THEN
Iscreen = Igcreen = 1
IF (Iscreen .LE. Q) Iscreaan = 1
GC TO 153
ENDIF ,
IF (JVAR .EQ. ICD) THEN
IFT (M2 .EQ. MAX) THEN
WRITE (*,7022)
GO TO 153
ENDIF
Iscreen = Iscreen + 1
GO TO 152
ENDIF
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151

152

(2 Na K Nel

9008
180
163

7060

lsl

162

c
c

9009

170

7070

7072

173

DO 151 I = M1, M2 :

IF (IVAS(I) .EQ. JVAR) GO TO 152
CONTINUE

WRITE (*,7005)

GO TG 153 :

VAS(I) = VALP

GO TO 153

Parameters

Key = 6 : surface Plant Specifications and Cost Default Input

CONTINUE
Iscreen = 1
WRITE (*,7080}
FORMAT(/," Surface Flant and Cost Input Parameters®,/)
MAX = 64
Ml = (Iscreen =-1) * 18 + 1
M2 = MINQ (M1l+17, MAX)
IF((M2=-M1) .LT. 14) Ml = M2-17
WRITE («,7002) (IVAE(I),VA6(I),VARE(I),I=aMl M2}
WRITE (*,7021)
WRITE (*,7003)
READ (#,7004,ERR=9008) JVAR, VALP
IF (JVAR .EQ. Iblank) GO TO 10
IF (JVAR .EQ. ICU) THEN
Iscreen = Iscreen = 1
IF {(Iscreen .LE. Q) Iscreen = 1
GO TO 163
ENDIF
IF (JVAR .EQ. ICD) THEN
IF (M2 .EQ. MAX) THEN
WRITE (*,7022)
GO TO 163
ENDIF
Iscreen = Iscreen + 1
GO TO 163
ENDIF
DO 161 I = M1, M2 .
IF (IVAS(I) .EQ. JVAR) GO TO 162
CONTINUE
WRITE (»,7005)
GO TC 163
VAS(I) = VALP
GO TO 161

€ Key = 7 : Environment and Cost Dafault Input Parameters

CONTINUE

WRITE (*,7070)

FORMAT (/,' Environmental and Cost Input Parameters',/)
WRITE (*,7072) (IVA7(I),VA7({I),VAR7(I),I=1,5)

FORMAT (10X, A4, F15.5, 1X, A3, 10X, A4, F1l5.5, 1X, As,/)
DO 173 I=1,16 .

WRITE (+,7042)

CONTINUE

" WRITE (*,7003)

READ (+,7004,ERR®5009) JVAR,VALP
IF (JVAR .EQ. Iblank) GO TO 10
DO 171 I = 1, 5

IF (IVA7{I) .EQ. JVAR) GO TO 172



<.

c
c

c
c
c

in INQUIRE or CPEN Read File')

IOSTAT=I0S)

Fila Name?')

ICSTAT=I0S)

Do you want to Overwrite it?')

171 CONTINVE
WRITE {*,700%)
GO TO 1790
172 VA7(I) = VALP
GO TO 170
175 WRITE (*,7075) IOS
7075 FORMAT (5X,'Error #',IS,' in READIng data‘t)
GO TO 17¢
Key = § Read a SAVED Data File
9010 CONTINUE
180 WRITE (*»,7080)
7080 FORMAT (/,' Read a SAVED Data File',//,' File Name?')
READ (»,7081,ERR=%010) Filename
7081 FORMAT (A20)
IF (LEN(Filename) .EZQ. ©) GO TO 10
IF (Filename .EQ. ' ') GO TO 10
INQUIRE (FILE=Filename, IXIST=FLXT, ERR=182,
IF (FLXT) GO TO 181
WRITE (*,7082)
7082 FORMAT (/,' File does NOT exist...please try again')
GO TO 180 '
181 OPEN (1,FILE=Filerame, ERR=182, IOSTAT=IOS)
READ (1,7083) (VAL(I),I=1,21)
READ (1,7083) (VA2(I),I=1,24)
READ (1,7083) (VA3(I),I=1,l0)}
READ (1,7084) (VAL4(I),I=1,3)
READ (1,70B3) (VAS(I),I=1l,92)
READ (1,7083) (VA&(I),I=1,664)
READ (1,7083) (VA7 (I),I=1,5)
7083 FORMAT (4(6X,Fl14.0))
7084 FORMAT (3(&X,L7)}) :
7085 FORMAT (4(6X,Fl0.0,8X),/,3(6%,F1l0.0,6X%X))
CLOSE (1)
WRITE (7,7086) Filename
7086 FORMAT (5X,'Data READ from f£ile ',A20)
GQ TO 10
"182 WRITE (*,7087) I0S
7087 FORMAT (/,' ERROR #',6IS,®
GO TC 180
Key = 9 : SAVE Data in File
130 WRITE (*,7050)
7090 FORMAT (/,' SAVE Data intec File',//,!
READ (*,7081) Filenama
IF (LEN(Filename) .EQ. Q) GO TO 10
IF (Filaname .EQ. ' '} GO TO 10
INQUIRE (FILE=Filename, EXIST=FLXT, ERR-lSJ.
IF (.NOT. FLXT) GO TC 152
191 WRITE (=,7091)
7091 FCRMAT {/,' File EXISTS,
READ (*,7082) IYN
7092 FORMAT (Al)
IF (IYN .EQ. No) GO TO 190
IF {IY¥YN .NE. Iyes) GC TO 181l
192 COPEN (1,FILE=Filename, ERR=153, IQSTAT=IOS)
WRITE (1,7093) (IVAL(I), VAL(I), I=l,21)
WRITE (1,7093) (IVA2{I), VA2(I), I=l,624)
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WRITE (1,7093) (IVA3(I), VA3(I), I=l,10)
WRITE (1,7094) (IVA4{I), VAL4{I), I=1,3)
WRITE (1.7093) (IVAS(I), VA3(I), I=1,92)
WRITE (1,7093) (IVAS(I), VA6{I), I=1,é64)
WRITE (1,7093) (IVA7(I), VA7(I), I=1,5)

7093 FORMAT (4(A6,Fl4.6))

7094 FORMAT (3(A&,L7))

7095 FORMAT (4(A6,F10.2,6X),/,3(A6,F10.2,6X)}
CLOSE (1}

' WRITE (*,709€) Filename

7096 FORMAT (SX,'Data SAVED in file ',A20)
GO TO 10

193 WRITE (»,7097) I0S

7097 FORMAT (/,' ERROR #',I5,' in INQUIRE or OPEN Write File',//)
GO TO 190 K ) :

300 RETURN
END
FUNCTION ROIFCN (STREAM, NYEARS)
DIMENSION STREAM(1}
DATA START/.009S/,DELMIN/.00005/, EPSILON/ 00¢l/

ROIFCN=0.
CUM = STREAM(1)
DG 10 I =2,NYEARS
CUM»CUM+STREAM{I)

10 CONTINUE
IF (CUM.LE.S.) GO TO 60
Rl =0.
E=START
IF(CUM.LT.0.) Ea=E

20 CONTINUE
E=2,*E
IF(ABS(E).GT.5) GO TQ &0 .
PVTRY = PVFCN{STREAM,E,NYEARS)
IF {(PVTRY*CUM).GT.0.) GO TO 20

30 CONTINUE
R2=E

40 CONTINUE

. E= (Rl+R2)/2.

PVTRY =PVFCN(STREAM,E,NYEARS)
IF (ABS(PVTRY).LT.EPSILON} GO TO 50
IF(ABS{R2-R1).LT.DELMIN) GO TO 50 °
IF((PVIRY#*CUM).LT.0.) GO TO 30
Rl =E
GO TO 49

50 CONTINUE
ROIFCN=E*100

60 CONTINUE
RETURN
END
FUNCTION PVFCN (STREAM,DCRATE,NYEARS)
DIMENSION STREAM(1}
RATE=1.+DCRATE
FACTOR = RATE
PVFCN= STREAM({1)
DO 10 I =2,NYEARS
PVFCN =PVFCN + STREAM(I)/FACTOR
FACTOR =FACTOR *RATE

10 CONTINUE
RETURN
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END
SUBROUTINE TUTORIAL(NLINES)

. CHARACTER#*80 ALINE,AK+*l

CPEN(4,FILEw'TUTOR.TXT',STATUS='0LD")
REWIND (4)
CONTINUVE
DO 2 I=l,NLINES .
READ (4,9,ERR=100,END=5,I0STAT=IOS) ALINE
WRITE(*,10) ALINE
CONTINUE ‘
WRITE(*,11)
READ(*,12) AK
IF (AK .EQ. 'E') GO TO 5
GO T0 1
WRITE(*,13) IOS
CONTINUE
CLOSE (4)
RETURN
FORMAT (A70)

. FORMAT(10X,AB0)

FORMAT(//, 15X, '"HIT RETURN TC CONTINUE OR E TO END TUTORIAL.')
FORMAT (A1)

‘FORMAT (10X, 'ERROR READING TUTORIAL FILE.',IS)

END
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APPENDIX E. NOMENCLATURE

fracture gradient, psi/ft

vater gradient, psi/ft

vellfield plan area, fr?

Total wvellfield area over plént life, fr?

SX flow rate dependent costs, S)AT.

total present value flow rate dependent costs, S$/AT
vellfield cost, $/AT

vellfield start-ub cost, S/AT

volume expansion factor, fraction

unit cost centralizérs, S/ft

unit cost casing vertical well, S/ft

surface drilling rig ﬁourly rate, $/hr

fixed charge explosive stimulation surface drilling, $/well
fixed charge explosive stimulation underground drilling,
$/vell c |
fixed cost cementing surface drilling, 5/well

fixed cost cementing underground drilling, $/vell
fixed cost logging sufface drilling, $/well

cement grout cost, $/ft’

vellhead cost, $/wellhead

inflafion tubing cost, $/ft

packer component cost, $/packer

fixed cost large radius hydrofrac surface drilling, S$/frac

fixed cost logging surface drilling, $/well

fixed cost vertical well production pump, $/pump
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W w w

PSs
RPC
RPW
SRS

S$RU

fixed cost perforating surface drilling, $/well

production ﬁump component cost, ${pump

production pump component cost, S$/ft

fixed cost short radius hydrofrac surface drilling, $/well
fixed cost sho:t radius hyd;ofrac undérground driiling,
$/well

unit cost of tubiné, $/ft

unit cost of well screen, $/frt

fixed cost casing, $/well’

unit cost‘vater level tubing vertical well productién pump,

S/ft

production pump component cost, $/pump
‘unit cost copper selective extractant, $/m’

©unit cost of organic diluent, $/m’

unit cost of cobalt sulfate, $/Kg

.unit cost of sulfuric acid, $/ton

unit cost of anode, $/ton

unit épst of lime, $/ton

uni; cost of vater, $/gallon

vertical well drill site development cost, $/well
vertical well casing cost, $/well

vertical weil cementing cost, $/wvell

vertical well completion cost, § )

vertical vell drilling cost, $/well

unit cost of drift, $/£ft

average unit cost vertical well completion of,‘$/ft

"average unit cost vertical well dfilling and casing, $/ft



PLT

PLW

WEP

443

average unit vertical well cost, $/ft

injection wvell cost per fan, $/fan

total well costs per fan, S/f;n

production well costs per‘fan, $/fan

unit capital cost electrovinning, $/ton per year

cost per well explosive stimulation, $/ve11

unit cost ﬁf electricity, $/Kvhr

cost per vertical well large radius hydrofrac, S$/well
unit cost of pumps, S/hP

cost per vertical well short radius hydrofrac, $/vell
unit cost monitoring Qells, S/ftszt

vertical well matrix modification cost, $/vell

“unit cost monitoring well, S/ftszt

performation-cost vertical well, $/wvell

packer cost per vertical well, $/well

wellhéad‘cost vertical well, S$/well

cost per vertical well fluid level measurement, $/well
unit cost surface piping, $/ft

unit cost wellfield piping, $/ft

cost per vertical well injection flow meter, $/well
unit cost mining raise, S$/ft

cost per vertical well for pump, $/well

unit cost mining shaft, §/ft

cost per wvell of screeﬁed completion, $/well
vertical well tubing cost, $/well

total vertical injection well equipment cost, $/well

total vertical production well equipment cost, $/well
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C,e; = unit cost of fan injecfioh well, S/ft
Cyep = unit cost of fan production well, $/ft
C,e = average unit cost of fan vell, $/ft

C = vertical well logging cost, va;ll

C, = cost of one well module, $ |

C = aﬁnual vellfield maintenénée cost, $/yr

C, = flov rate dependent plant»éapital cost factor, $/gpm
d = distance between fan faces, ft

d = vertical well éasing diameter, in

d, = vertical well hole diameter, in

d = diameter plant/wellfielﬁ piping,lin

d, = diameter interconnecting wellfield piping, in
D = depth to bottom of orekzpne, fi |

DR = drift footage for mine access, ft

E_. = overall recoverable copper, X |

E, = pore volume adjustment factdr, )4

E., = leach efficiency, X

E, = plant onstream time, X

E. = recovery efficiency, X

B, = swveep efficiency, X

EA = total ﬁnderground access cost, $

EE = mine plant electrical equipment costs, $

EM = total underground mine plant cost, $

EP, = total cost SX/EW plant, '$
EP, = total cost injection pumps, 5
EP, .= total cost fan production pumps, §

EP = total cost vellfield interconnecting piping, $



EP
EP
EP
EP
EPCI

EP.,

EP
EP
EP
EP
EPHS

EPMW

EPEH
EP
EP
EP
EP

EP

L]
EPWW
ES
EV
EV
EV
EV
Euﬂ?

EW
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total cost plant/wellfield piping, $

plant permitting cost, $

monitoring system cost, $

cost of consumables for start-up, §$

annual flow rate dependent consﬁmables cost, S/yr
annual production rate dependent consumables cost, S$/yr
total annual cost consumables, $/yr

total annual cost electricity, $/yr

annuél labor cost, S$/yr

annual contract maintenance cost, $/yr

‘surface plant annual cost contract maintenance, $/yr

wellfield, annuai cost contract maintenance, $/yr
annual cost environmental monitering, $/yr
total annual operating cost, S$/yr

cost surface facilities, §

annual utility cost, $/yr

annual-cost‘of v;ter, $/yr

wvellfield restoration cost, $

vellfield vater make-up cost, $
underground access development cost, $
mine plant ventilation cost, $

total initial vellfield cost, $

vellfield crosscut costs, $

vellfield drift costs, $

replacement wellfield cost, $

vellfield well cost, $

axial flov horizontal fracture flow raté factor, ft
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G, = axial flow vertical fracturevflow rate factor, ft
G, = radial flow flov rate factor, ft
G = fan pattern flow rate factor, ft
GA = volume to saturate wellfield, gallon

h = height 'of fan unit and length of faﬁihell, ft

H = ore bod& thickness, ft
H = distance between vertical véll horizontal fracs, ft
HP = vellfield‘injeﬁtion pump hbrsepower, hp

"HP, = fan wellfield production pump horsepower, Hp

HP, = mine plant horsepowver, hp
HP, = vertical yell production pump‘horsepover. hp
i = .rate of return, X |
j = wellflow flow rate transient test, barrels per day"
k = 'fock permeability, md ' 
L, = total léngth plant/wellfield piping, ft
Loy = total length wellfield inteféonnecting piping, £t
Hg> = unit compopént co§t factor vertical well production pump,
$/hp ' : ‘
N,. = number of crosscuts per_vertical unit
N,, = number of fans per crosscut
N;v = number of vertical units

N, = number of injection vells, also péfterns

NIri'= number of fan patterns
N.g = numbef of surface patterns

N, = number of vertical well producers
N., = number of wells per fan face :

- N = number of wellfield replacements



total number of wellfield wells

injection pressure top of ore intervﬁl, psi
surface injection pressure, psi

net present value, §

injection/production pressure drop, psi

.one hour transient pressure, psi

bottom hole statie pressure, psi

system flow fate, gpm

injector or well module-flow rate, gpm

vertical production well flow rate, gpm

flov rate per row of wéll pattern, gpm

flow rate per fan, gpm

flov rate per fan drillhole, gpm

vell flov rate per foot of ore intervél. gpﬁ/ft
drainage radius, ft

effective wellbore radius, ft

horizontal fracture area factor, ft

verticai fracture area factor, ft

radial‘flov area factor, ft

fan patern area factor, £t

casing set rate surface driliing. ft/hr
vertical wvell drilling rate, ft/hr

initial orebody water saturation, X

vertical well spacing, square area, ft

distance between lafge vertical fracture#, ft
vell spacing parallel to vertical fréctures, fr

minimum economic well spacing, ft

447
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S = well spacing for tracér testing, ft
ST = total staff for plant

t = plant life, yr

t, = wellfield life, yr
t,y, = time to prime vellfie}d, yr
T,y = production loss in start-up, tons

V., = unit cost of mining crosscut, §/ft

V. = SX extractant usage, m’/gpm/yr

¥. = diluent usage, mslgpm/yr

W. = cobalt sulfate usage, Kg/ton copper

v, = sulfuric acid usage by gangue, ton acid/ton copper

V. = anode usage, ton anode/ton copper

Vv, = lime‘usage, ton lime/ton copper

V., = sulfuric acid usage for coppeé, ton acid/ton copper
W, = bleed stream fraction |

Vv, = electrowinning‘bleed, ton acid/ton copper

W,o = net acid consumption, ton acid/ton copper

Vlz = 1ime/acid stoichiometry} ton lime/ton écid
Vi, = gypsuﬁ/lime stoichiometry, ton gypsom/ton lime
Vi, = total metal sulfates produced, ton sulféfes/ton coppér
wxs = :erric/acid stiochiometry, ton férric/ton écid ’
VD = water'tAble depth below surface, ft

x, = wellfield restoration cost factor, X

X, = horizontal fracthre life‘factor, ft?
X.. = vertical fracture life factor, ft?
X, = radial flow life factor, ft®

X, = well pattern life factb;, ft?
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copper cathode production rate, ton/yr

cost ratio vertical surface wells versus fan wells

cost ratio vertical wells surface versus underground
electrical usage per unit weight cathode, Kvhr/ton cathode
conversion facter, Kwhr/hp-yr \

net present value factor

ratio well drilling/casing cost vertical wells undergfound
versus surface

ratio well completion cost vertical wells underground
versus surface

angle between fan wells, radians

.poreosity, X

fraction of total vertical well cost for drilling and
casing

fluid viscosity, centipoise

ore particle density, 1b/fe?

pump efficiency, fraction

net copper concentration pick-up from orebody, gﬁl
total injected‘acid concentration, gpl

optimum copper loading, gpl
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