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ABSTRACT 

Copper from dump, heap, and in situ leaching accounts for about 

15% of United States copper production. In situ leaching is the least 

understood and most difficult to evaluate of these leaching methods. 

Several types of supergene copper deposits are derived from por

phyry copper systems depending on the geologic and climatic factors in·· 

volved in the formation of a deposit. The geologic evaluation of a 

deposit should provide most of the basic information required to access 

a deposit for in situ leaching. 

Metallurgical testing can determine the leachability and acid 

consumption of the ore as well as the need for an oxidizing agent 

through the use of agitation and column leaching tests. 

The location of the deposit with respect to the water table de

termines the type of ground preparation required. Hydraulic fracturing 

can be used for deposits below the water table and blasting or caving 

can be .used for deposits above the water table. 

Fluid flow through the deposit depends on the method of applica

tion, the permeability of the deposit, and the method of egress from 

the deposit. 

The leaching of a copper "oxide" deposit depends on the strength 

and volume of sulfuric acid which reaches the ore. The leaching of a 

copper sulfide deposit depends on an oxidant as well as sulfuric acid 

reaching the ore. 

xxii 
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The ultimate profitability and degree of risk of an in situ 

leaching operation can be determined through the use of sensitivity and 

risk analysis. 

The Luz del Cobre deposit in Sonora, Mexico contains four mil

lion tons of mixed "oxide"-sulfide ore grading 1.4% copper. The ore is 

readily leachable and, ground preparation can be provided by a coyote 

blast. The development of a set of workings below the blasted zone 

would provide counter-current airflow and avoid many of the problems 

encountered at the Old Reliable mine in Arizona. A risk analysis shows 

that a DCF-ROI with a mean of 15.5% and standard deviation of 10.7% 

could be achieved under currently anticipated levels of copper recovery 

and copper price. 



CHAPTER I 

INTRODUCTION 

There are no clear-cut definitions for the terms "solution min

ing" or "in situ leaching." Most people in the mining industry think of 

solution mining as the process of dissolution of a readily water-soluble 

substance for removal from its original location to the place where it 

is to be precipitated. 

In situ leaching, on the other hand, can be defined as the selec

tive leaching of a particular mineral or group of minerals without the 

removal of the remaining orebody from its original location. The use of 

the term "in situ" implies leaching a mineral from the place whe·re 

it was originally formed, even though it may be necessary to fracture 

the ore-bearing rock prior to leaching and thus move it slightly from 

its place of formation. Water is the only practical solvent used today 

in solution mining or for in situ leaching; however, water commonly is 

modified by the addition of acid or some other chemical in order to make 

it more effective. 

This discussion is limited to the study.of the in situ leaching 

of supergene copper minerals with sulfuric acid. The same principles 

may apply to the leaching of other types of copper deposits, but only 

those principles related to the supergene portion of porphyry copper sys

tems will be discussed. 

The environmental impact of any mining operation should be con

sidered in detail, constituting such a major topic in itself that 

I 



it is not considered in this study. An approach to the evaluation of 

environmental impact favored by the U. S. Geological Survey is that of 

Leopold et al. (1971). 

The History of Copper 
Leaching with Sulfuric Acid 

The known history of the commercial production of copper by 

2 

leaching extends back at least 1000 years. Table 1-1 shows the chronol-

ogy of the production of copper by leaching. The importance of leaching 

has grown to the point where it now accounts for 13% of United States 

copper production today (T. J. O'Neil, personal communication, 1976). 

The first copper leaching operations consisted of putting scrap 

iron in water flowing from mines to create cement copper. Joraleman 

(1973) credits the Moors with the production of copper by heap leaching 

at Rio Tinto, Spain. Pyrite is the dominant mineral in the Rio Tinto 

ores, so the addition of water would create sufficient sulfuric acid for 

leaching. Again during the 18th and 19th centuries large amounts of cop-

per were produced by heap leaching at Rio Tinto. Many of the heaps had 

been piled up by miners starting in the time of the Romans, so leaching 

was made easier by the weathered condition of the heaps. 

Although a considerable amount of expertise in copper leaching 

had been developed in Europe, little of it was transmitted to the United 

States where the process was rediscovered at Butte, Montana (Bushnell, 

1911). Most of the copper production derived from leaching came from 

the precipitation of copper from mine water. 

During the early part of this century vat leaching was the prin-

cipal means of copper production at Ajo, Arizona and Chuquicamata, Chi le 



Table I-I. 

DATE 
Middle 

Ages 

1500 
1500 

1556 

1637 

1661 

1752 

1880 
1901 

1906 

1920 

1922 

Prior 
HW II 

1941-70 

The Chronologyof the Leac1!~Ilg _qf _Cqp~er Ore. 

INDIVIDUAL OR ORGANIZATION 

Moors 

Paracelsus the Great 
Basil Valentine 

Diego Delgado 

Alonzo Barba 

Alvaro Alonso de Garfias 

Morgan 
St. Lawrence and 
Anaconda Mines 
Copper Queen Consolidated 
Mining Company 
Cananea Consolidated 
Copper 
Ohio Copper Company 

Kennecott Copper Corp. 

Miami Copper Operations 
Cities Service Co. and 
Inspiration Copper Co. 

LOCATION 

Rio Tinto, Spain 

Hungary 

Rio Tinto, Spain 

Peru 

Rio Tinto, Spain 

Rio Tinto, Spain 

Butte, Montana 
Butte, Montana 

Bisbee, Arizona 

Cananea, Sonora, 
Mexico 
Bingham Canyon, Utah 

Bingham Canyon, Utah 

Miami, Arizona 

DESCRIPTION 

Heap leaching and copper cementation on 
iron 
Reports copper cementation on iron 
Extraction of copper by cementation 
from mine waters 
Observed and reported copper cementa
tion on irun 
Extraction of copper by cementation 
from mine waters 
Patented process for recovery of copper 
from mine waters 
First large-scale leaching and precipi
tation of copper. Leaching of weathered 
piles of copper-bearing ore followed by 
precipitation of copper on iron. 
Rediscovered copper cementation on iron 
Recovery of copper from mine water and 
waste dumps 
Recovery of copper from mine waters 

Stope leaching and precipitation of ce
ment copper 
Leaching of caved area above old stopes 
with mine water 

Large-scale dump leaching of open-pit 
waste. Recirculation of leaching 
solutions. 
Leaching of block caved mine 

w 



Table I-l--Continued 

DATE 
1950's 

1950's 
1964 

1967 
1972 

INDIVIDUAL OR ORGANIZATION 
Phelps Dodge Corp. 

Phelps Dodge Corp. 
Ranchers Exploration and 
Development Corporation 
Kennecott Copper Corp. 
Ranchers 

LOCATION 
Nacozari, Sonora, 
Mexico 
Tyrone, N. M. 
Bluebird Mine 

Bingham Canyon, Utah 
. Old Reliable mine 

DESCRIPTION 
Leaching of abandoned mine workings in 
breccia pipe 
Leaching of abandoned mine workings 
Large-scale heap leaching and solvent 
extraction of copper 
Use of cementation cones 
Large~scale blasting and in situ 
leaching 

~ 
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(Joralemon, 1973). E. A. Cappelan-Smith devised the system for vat 

leaching at Chuquicamata. Most of the high-grade supergene ore at 

Chuquicamata occurred in the form of copper sulfate minerals. Copper 

sulfate minerals can be readily dissolved with the addition of water, so 

this process was relatively easy to develop. At Ajo, Arizona, on the 

other hand, L. D. Ricketts and J. C. Greenway (Joralemon, 1973) found it 

necessary to resort to sulfuric acid leaching in order to liberate the 

copper from the copper carbonate minerals found in the upper part of the 

deposit. 

Because mine water had been found to contain sufficient copper 

for economic extraction, it was a logical step to try to produce copper 

by the introduction of water into old mine workings. Anderson and 

Cameron (1926) described this process as performed at the mine of the 

Ohio Copper Company at Bingham Canyon, Utah beginning in 1922. The 

veins upon which underground mining operations had depended were worked 

out and the original stopes and surrounding area had broken down so that 

the deposit consisted of a caved area. This caved area was in the shape 

of an inverted truncated cone which was above the Mascotte tunnel where 

the copper-bearing solutions were laundered in precipitation boxes con

taining scrap iron. 

Prior to World War II, the Kennecott Copper Corporation began to 

use large-scale dump leaching to recover copper from the waste dumps de

veloped during open-pit mining. By recirculating the leaching solu

tions, they were able to make more efficient use of the water and the 

sulfuric acid created by the oxidation of pyrite in the dumps. 
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Fletcher (1971) described the leaching operations, very similar 

to those of the Ohio Copper Company, at the Miami Mine, Miami, Arizona 

from 1941 to 1970. The Miami Mine produced over 150 million tons of 

copper ore by block caving. When the block caving operation was no long

er profitable, much mineralized rock remained in the deposit. The leach

ing program was instituted to recover the last remaining copper from a 

worked out mine. Very little copper was carried in the solutions taken 

from the mine after water had been applied tp the deposit due to a lack 

of sufficient pyrite in the predominantly chalcocite deposit, which made 

the internal generation of sufficient sulfuric acid impossible. With 

the addition of sulfuric acid, however, the copper-bearing solutions 

have been rich enough to continue operations to the present time. This 

leaching operation should be able to continue for several more years, 

depending upon the price of copper (Fletcl1er, 1971). 

Since World War II, a number of copper mines have added vat 

leaching plants to their processing facilities. These plants are used 

mostly to process copper silicate, carbonate, and oxide minerals, al

though some copper sulfides, especially chalcocite, are sometimes pro

cessed by vat leaching. The recovery levels of most of these operations 

range from 60 to 70% of the copper in the ore. 

Dump leaching operations have also become common since World War 

II. Most of these dumps contain less than 0.3% copper, usually as chal

copyrite. Because many of these dumps contain substantial amounts of 

pyrite, however, it is usually possible to leach them with the addition 

of water. 



Most of the copper from leaching operations is precipitated by 

chemical substitution upon scrap iron. The copper-bearing solution 

flows through scrap iron-filled launders where the copper is precipi

tated. The Kennecott Copper Corporation has introduced cementation 

cones for the precipitation of copper from solution. The use of these 

cones has reduced the time and quantity of scrap iron required to pro

duce a given amount of cement copper. 

7 

In 1964 the Rancher's Exploration and Development Corporation 

put the Bluebird Mine into operation. The copper occurs as chrysocolla, 

azurite, malachite, and as copper absorbed on clay minerals. The ore, 

broken by ripping and scraping, is hauled to dump areas. The orebody is 

being mined at a. rate of 14,000 tons/day. Heaps are constructed in 20 

ft lifts on 0ld leached areas. A sulfuric acid solution is distrib

uted to the heaps by perforated plastic pipe. The copper-bearing solu

tion flows from the base of the heaps and is piped to a solvent extrac

tion unit. The copper is selectively extracted from the solution and 

piped to an electrowinning unit. The cathode copper from the electro

winning process is ready for fabrication. About 23 tons of refined cop

per are produced daily. Overall copper recovery from the Bluebird 

operation is aboug 50 to 55%. 

Copper can also be produced by electrowinning without prior sol

vent extraction; however, the product is not as pure and must be elec

trorefined before it is ready for fabrication. The Ray Mines Division 

of the Kennecott Copper Corporation used an operation of this type for 

many years; however, solvent extraction prior to electrowinning is now 

in use at Ray. 
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The Ranchers Exploration and Development Company has also led in 

the technology of in situ copper leaching with a mining operation at the 

Old Reliable Mine near Mammoth, Arizoria. The ore deposit was created by 

the supergene enrichment of a mineralized breccia pipe. It contained 4 

million tons of 0.8% copper ore with 60-70% of the copper occurring as 

chalcocite and chalcopyrite; the remainder occurs as malachite, chalcan

thite, and chrysocolla. 

Fragmentation of the orebody was achieved by loading and detonat

ing four million pounds of ANFO on three levels of underground workings. 

The blasting operation was carried out under the technical direction of 

E. I. duPont de Nemours and Company. Following the blast in August, 

1972 the orebody surface was terraced and a system of pipes and sprink

lers was installed. Copper production began the following December. 

Approximately six months were required to saturate the orebody 

with leaching solution. During production the leaching solution was ap

plied at a rate of 1100 gallons per minute. The copper-bearing solution 

flowed from the base of the deposit at a rate of approximately 1000 gal

lons per minute. Most of the loss occurred as a result of evaporation, 

which consumed an average of 7% of the circulating volume with a high of 

20% during June and July. 

The solution applied to the surface of the orebody contained 0.1 

gpl (grams per liter) copper, 4.8 gpl iron, mostly as ferrous ions, and 

10 gpl H2S04. The solution flowed from the orebody at a pH of 2.3 and 

contained 1.6-1.8 gpl copper and 2.5 gpl iron. Copper was precipitated 

on shreaded iron in six launders. The ratio of the consumption of iron 



per unit of copper precipitated was about 1.75. The plant produced 10 

tons of metallic copper per day (Longwell, 1974). 

9 

The operation was shut down at the end of 1974 due to economic 

conditions. Copper production to that date had been approximately 19% 

of the estimated reserves (St. Peter, 1976). The price of copper was 

relatively depressed, and the price of scrap was much higher than it had 

been at the inception of the operation. Operations are expected to re

sume when economic conditions improve .. The shutdown time will give the 

deposit an opportunity to oxidize, which should enhance the future rate 

of copper recovery. 

Capital costs for the operation were $1.6 million, whereas the 

capital investment required for an equivalent open-pit mining operation 

was estimated at $7.5 million. Thts contrast in capital investment re

quirements made in situ leaching financially favorable even though final 

extraction may not exceed 20% of the total copper in the deposit. 

The most ambitious of the in situ leaching projects to date is 

Occidental Minerals proposed in situ leaching of the Van Dyke copper de

posit under the town of Miami, Arizona. The Van Dyke deposit contains 

100 million tons of ore grading 0.5% copper. The major ore mineral is 

chrysocolla, which represents 95% of the copper in the deposit. Chryso

colla occurs as veinlets about 1 rom in width which are spaced approxi

mately 1 inch apart. The orebody averages 400 ft in thickness and is 

overlain by 600-1200 ft of Gila Conglomerate and 200-300 ft of barren 

schist. The copper probably came from a chalcocite deposit about 1000 ft 

away prior to the deposition of the Gila Conglomerate. 
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The leach solution would be applied through a series of wells 

drilled and operated from underground galleries. The fracturing of the 

rock to permit fluid flow would be done by hydraulic fracturing, which 

is commonly used to increase permeability in oil fields. The fluid 

would be withdrawn through a similar series of wells. The recovery of 

30 to 50% of the copper is anticipated (Baughman, personal communication, 

1980). Obstacles to the implementation of this operation are at the 

present time primarily political and economic. 

The preceding discussion illustrates the gradual evolution of 

leaching techniques over the past 1000 years. As technology has devel-

oped it has been possible to engage in more complex leaching techniques. 

The in situ leaching of supergene copper deposits has been the most re-

cent advance in the field of sulfuric acid leaching. As the process be-

comes more thoroughly understood, in situ leaching should become one of 

the logical alternatives for the mining of supergene copper deposits. 

Evaluation of Supergene Copper 
Deposits for In Situ Leaching 

Figure 1-1 outlines the steps to be considered in the evaluation 

of a supergene copper deposit for in situ leaching. A good understand-

ing of the geology of supergene copper deposits and how they were formed 

is basic to the understanding of in situ leaching. In situ leaching is 

essentially a man-made attempt to duplicate a naturally occurring process 

in a much shorter period of time~ Therefore, supergene copper deposits 

and how they were formed are considered in Chapter II. 

The tonnage and grade of a copper deposit are often determined 

before the method of extraction is considered in any detail. If a 



SUPERGENE COPPER DEPOSIT 

1 
Geological Evaluation 

! 
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~ 
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Electrowinning Smelting , 
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FABRICATOR 

Figure I-I. Diagrammatic Outline of Steps To Be Considered in the Evaluation of a 
Supergene Copper Deposit. 
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deposit is to be mined by in situ leaching, the mineralogy of the depos

it must be conducive to copper extraction by sulfuric acid leaching. 

The effect of the ore and gangue minerals on the leaching process are 

considered in Chapter III. 

The leaching solution must be in contact with a given fragment 

of are before the copper within that fragment can be leached. Therefore, 

supergene copper deposits must be fractured before they can be leached. 

The manner in which a given ore deposit should be fractured. is discussed 

in Chapter IV. 

The manner in which the leaching fluid comes into contact with a 

given fragment of ore and the way in which the copper-bearing fluid flows 

away from a given fragment of are is perhaps the least understood part of 

in situ leaching. This is especially true of ore zones which are not 

saturated with water. The hydrology of in situ leaching is discussed in 

Chapter V. 

All of the factors considered in Chapters II, III, IV, and V must 

be integrated into the process of in situ leaching. Much of the data 

that must be used in the evaluation of an in situ leaching project are 

based on data from dump, heap, and vat leaching operations. The way in 

which this may be done is discussed in Chapter VI. 

There is a brief discussion of the recovery of copper from 

copper-bearing solutions in Chapter VII. This is included because the 

capital and operation costs involved may make a significant difference in 

the profitability of a given in situ leaching operation. 

The economic factors involved as well as the technical problems 

must be considered. For example, what is the price of copper likely to 
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be when the deposit is in production? What are the capital and operat

ing costs likely to be? There is a discussion in Chapter VIII of the 

economics of in situ leaching which have a bearing on the evaluation of 

the mining of.a supergene copper deposit at San Antonio de la Huerta, 

Sonora, Mexico which is in Chapter IX. 

In situ leaching appears to be·a financially risky mining meth

od. It should be borne in mind, however, that it is usually not even 

considered if a deposit can be readily mined by more conventional min

ing methods. 

There are a number of questions that must be answered before 

attempting to develop a copper deposit for in situ leaching. Many of 

these questions are the same as those that must be answered before at

tempting to develop any type of mine. There are, however, a number of 

problems that are unique to in situ leaching, and these problems result 

in a greater degree of uncertainty with respect to an estimate of the 

amount and rate of copper production. 



CHAPTER II 

THE GEOLOGY OF 
SUPERGENE COPPER DEPOSITS 

The understanding of supergene copper deposits must be based on 

an understanding of the hypogene deposits from which they were derived. 

There are inherited characteristics that have dominant effects on a de-

posit to be mined by in situ leaching. Most economically significant 
.... -111_. ... 

supergene copper deposits have been derived from porphyry copper depos-

its; therefore it is appropriate to begin with a brief review of the 

overall geology of typical hypogene porphyry copper systems. 

Porphyry Copper Systems 

The understanding of porphyry copper systems has advanced con-

siderably within the past 10 to 15 years. Descriptive models of these 

systems presented by Lowell and Guilbert (1970) and Sillitoe (1973) have 

been especially helpful. 

Sillitoe's idealized cross section of a porphyry copper system 

located at the boundary between plutonic and volcanic environments is 

illustrated in Figure II-I. Porphyry copper systems consist of zonally 

arranged shells of alteration and mineralization centered on high-level, 

calc-alkaline stocks. Each zone and the intrusive rock itself will have 

a unique resistance to leaching--both in natural leaching and mining by 

in situ leaching. The intrusive bodies may be emplaced in rocks with a 

great variation in composition. Much of the copper, sometimes the major 

part of it, may be deposited in the country rock which surrounds the 

14 
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intrusive bodies congenetic with the porphyry copper system; this is of 

critical importance in supergene and in situ leaching. Although the 

country rock may vary greatly in composition, its composition generally 

ranges from one similar to the comagmatic intrusive bodies to those of 

considerably greater alkalinity. The most extreme example of this vari

ation in country rock composition is carbonate rocks which may occur as 

part of a sedimentary sequence into which the porphyry copper system is 

emplaced. 

Zoning 

Porphyry copper systems are zoned both horizontally and vertic

ally. Figure 11-2, taken from Lowell and Guilbert (1970), illustrates 

the axial-radial alteration-mineralization at San Manuel-Kalamazoo. 

They found that similar zoning patterns are exhibited by most porphyry 

copper systems. A composite "split screen" diagram, Figure 11-3, shows 

the alteration, metallic, and structural zoning in a horizontal plane. 

This zoning pattern is listed in tubular form in Table II-I. 

Structural zoning is quite evident in the vertical direction. 

Fracture intensity, which is favorable to supergene and in situ leach

ing, tends to decrease with depth. Mineralized breccias are generally 

the only economically viable zones o'f copper mineralization in the vol

canic or subvolcanic environment (Figure 11-1). Lowell and Guilbert 

(1970) found that breccia pipes are present in 20 of the 27 porphyry cop

per systems considered. Breccia pipes are mineralized in 18 of these 

porphyry copper systems. Deeper in the system, fracture densities are 

arranged zonally around the vertical axis of the deposit (Figure 11-3). 
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Figure 11-2. Concentric Alteration-mineralization Zones at San Manuel
Kalamazoo. -- (a) alteration zones. (b) mineralization 
zones. (c) mode of occurrence of sulfides. 
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Figure II-3. A Split Screen Diagram through the Center of a Porphyry 
Copper System in a Horizontal Plane. -- The upper left-hand 
portion illustrates structural zoning, the lower left-hand 
portion illustrates alteration zoning, and the right-hand 
side illustrates metallic zoning. After Duffield (1973). 



Table II-I. Summary of Concentric Mineralization Zoning Features (Middle Level) of the Typical 
Porphyry Copper Deposit. ~- Adapted from Lowell (1968) and Lowell and Guilbert (1970). 

TUBE 
NO. 

1 

2 

3 

MINERAL- THICKNESS COPPER Py/Cp TOTAL Py Cp SULFIDE 
IZATION (RADIUS) CONTENT RATIO SULFIDE CONTENT CONTENT OCCURRENCE 

ZONE (FT.) (WT. %) (WT. %) (WT. %) (WT. %) MODE 
core 1300 0.3 1:2 1.3 0.4 0.9 Py,Cp 

disseml 

ore 
shell 

600 0.5-1. 0 
avg .75 

1:1 

pyritic 200 0.1-0.5 10:1 
avg 0.3 ore shell 

pyritic 
shell 

1000-1500 .01-0.1 300:1 
avg 1250 avg .03 (avg) 

4.4 

9.5 

10.0 
(avg) 

2.2 

8.6 

6-25 
avg 10 

2.2 

0.9 

0.1 
(avg) 

Py-stock3 

Cp-dissem 

Py, CP4 
vnlts 

Py w/Qtz5 

in vnlts 

Potassic Zone: 
Qtz-Kspar-Biotite 

Phyllic Zone: Qtz
Sericite-Pyrite 

---~~~~-~~~---~l;Ol-----------------~mal;h~~I~~~~~~~~~~~~r~:-
eral (approx) grade Au, 

zone Ag, Cu, Py \proPYlitiC Zone: 
veins Chlorite-Epidote-

Ipy = pyrite, Cp = chalcopyrite 
2dissem = disseminated 
3stock = stockwork veinlets 
4vnlts = veinlets 
5Qtz = quartz 

Calcite 

I-' 
\0 
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A well-developed "crackle" zone which is a zone of higher permeability 

than the surrounding country rock is present in 26 of the 27 deposits. 

This zone of permeability permits the flow of leaching solutions both in 

natural and in situ leaching. These crackle zones are usually circular 

in outline and are always larger than the orebodies. It was also found 

that the crackle texture is often less distinct near the center of the 

deposit, particularly if a potassic alteration zone is present. The 

mode of occurrence of sulfide mineralization at San Manuel-Kalamazoo is 

illustrated in Figure II-2c. 

Mineralogy 

The mineralogy of a porphyry copper system by alteration zone is 

listed in Table 11-2. This is the mineralogical pattern available for 

supergene processes. Before considering the supergene effects on the 

minerals of a porphyry copper system, the quantitative distribution of 

these minerals by chemical grouping must be discussed. The five major 

chemical groups are the sulfides, oxides, carbonates, sulfates, and 

silicates. 

This discussion of sulfide mineralogy is taken largely from 

Lowell and Guilbert (1970). Grading outward from the center, the typi

cal lateral mineralization sequence appears to be: 1) chalcopyrite, py

rite, bornite, molybdenite; 2) pyrite, chalcopyrite, molybdenite, born

ite; 3) pyrite and chalcopyrite; and 4) sphalerite and galena. The ore 

zone is usually found straddling the line between zones (1) and (2). 

Sphalerite and galena do not occur in sufficient quantities in the ore 

zone to be significant. 



Table II-Z. Principal Hydrothermal Alteration Minerals of Porphyry 
Copper Systems. 

POTASSIC ALTERATION ZONE 
quartz 
K-feldspar 
chalcopyrite 
pyrite 
biotite 
sericite 
molybdenite 
bornite 
anhydrite 

PHYLLIC ALTERATION ZONE 
quartz 
sericite 
pyrite 
chalcopyrite 

ARGILLIC ALTERATION ZONE 
quartz 
kaolinite 
pyrite 
chlorite 
montmorillonite 
sericite 
chalcopyrite 

PROPYLITIC ALTERATION ZONE 

SiOZ 
K(AlSi30S) 
CuFeSZ 
FeSZ 
K(Mg,Fe)3(AlSi30l0) (OH)Z 
KAlZ(AlSi3010) (OH)Z 
MoS2 
CuSFeS4 
CaS04 

SiOZ 
KAlZ(AlSi30l0) (OH)Z 
FeSZ 
CuFeS 

SiOZ 
AlZSiOS(OH)4 
FeSz 
Mg3(Si~OlO)(OH)2-Mg3(OH)6 
(Al,Mg)S(Si40l0)3(OH)lO • lZHZO 
KAl2(AlSi30l0) (OH)2 
CuFeS2 

chlorite Mg3(Si40l0)(OH)2-Mg (OH)6 . 
epidote Ca(Al,Fe)Al20(Si04) (Si202) (OH) 
calcite CaC03 
pyrite FeS2 
magnetite Fe304 
sphalerite ZnS 
galena PbS 

ADDITIONAL HOOD ZONE ALTERATION MINERALS 
specularite Fe203 
siderite FeC03 
barite BaS04 
alunite KAl3 (OH)6(S04)Z 

21 
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The innermost zone is generally equivalent to the potassic al

teration zone. The pyrite content is about 1% with an average pyrite

to-chalcopyrite ratio of 3:1. This zone may be of ore grade and prob

ably accounts for much of the ore in solely hypogene ore deposits. It 

also forms the "low-grade center" in several deposits. 

The next zone out from the innermost zone corresponds to the 

zone of phyllic alteration and typically contains abundant pyrite and 

high total sulfides. This zone averages about 16% sulfides for the de

posits considered by Lowell and Guilbert (1970). The pyrite-to

chalcopyrite ratios average 12.5:1. This zone commonly constitutes the 

ore zone, especially in those deposits in which chalcocite enrichment 

has occurred. 

The next zone outward corresponds to the argillic zone. The 

bulk of the mineralization is pyrite with a pyrite-to-chalcopyrite ratio 

which averages 23:1. Ore-grade mineralization may occur in this zone, 

but it is generally outside the orebody. The propylitic zone which sur

rounds the deposit does not contain enough copper to be significant. 

Above the porphyry copper deposit there may be breccias that 

contain enough copper to be of some economic importance, especially with 

respect to in situ leaching. The sulfides found in these breccias are 

generally limited to pyrite and chalcopyrite. 

The only significant hypogene oxide minerals generally associated 

with porphyry copper systems are magnetite and specularite. The presence 

of these iron-oxide minerals usually indicates that there was insuffi

cient sulfur available to create pyrite. Magnetite is usually found in 

the deepest portion of the system and in the outer shell. Specularite, 
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on the other hand, appears to be restricted to the outer shell. Specu

larite should be more common in the more shallow portions of the system 

where the partial pressure of oxygen was greater and is frequently found 

in breccias associated with porphyry copper systems (Sillitoe and 

Sawkins, 1971). 

A porphyry copper system may be emplaced in a sedimentary se

quence that includes limestone. The presence of limestone has a consid

erable impact on supergene and in situ leaching processes. In this case, 

at least a portion of the mineralization would occur as a skarn. Exam

ples of deposits of this type occur in the Twin Buttes, Silver Bell, and 

Warren districts of Arizona. 

Carbonate minerals generally occur as alteration minerals in the 

propylitic zone. Calcite is the most common of the carbonate minerals 

to occur in this manner. Siderite may occur in very shallow portions of 

a porphyry copper system; it is known to occur in breccias associated 

with porphyry copper systems. 

Anhydrite frequently occurs as a minor alteration mineral 

in the potassic alteration zone. This mineral is apparently more common 

than is generally recognized, especially in the Chilean deposits 

(Sillitoe, 1973; Gustafson and Hunt, 1975). 

Barite has also been found in porphyry copper systems, although 

it may have been remobilized from sedimentary sequences in which the de

posits have been emplaced. Its occurrence in the upper portions of por

phyry copper systems has been reported by Sillitoe (1973). 

Substantial amounts of alunite have also been found in the upper 

portions of porphyry copper systems in Chile (Sillitoe, 1973). The Red 
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Mountain porphyry copper deposit in southern Arizona contains substan-

tia1 amounts of alunite in the upper portions of the system. 

The pre-ore host rock into which most porphyry copper systems 

have been ~mp1aced are dominantly composed of feldspar minerals. These 

feldspars may be either plagioclase or orthoclase. Orthoclase also oc-

curs as an alteration mineral in the potassic alteration zone. Other 

silicate a1ter2tion minerals from this zone include quartz, biotite, and 

sericite. Sericite is the only common silicate mineral found in the 

phy11ic alteration zone. Silicate minerals from the argillic alteration 

zone include quartz, kaolinite, chlorite, montmorillonite, and sericite. 

The common silicate minerals from the propy1itic zone are chlorite and 

epidote. 

Factors That Control 
Supergene Processes 

The creation of supergene copper deposits from porphyry copper 

systems, the main step en route to a leachable orebody, is a function of 

four principal factors. These factors are the: 1) mineralogy, 2) struc-

tura1 geology of the porphyry copper system, 3) climate, and 4) geomor-

pho1ogy of the area during the period in which the supergene processes 

acted upon the system. The first two factors are characteristic of the 

system and, to a lesser degree, of the geologic environment into which 

it was emplaced. The geomorphology of the area is a function of the 

climate and tectonic activity of the area where the deposit is located. 
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Mineralogy 

Chalcopyrite and pyrite are the two most significant minerals 

involved in the creation of supergene copper deposits. Chalcopyrite 

and, to a lesser extent, bornite supply the majority of the copper. Py

rite, on the other hand, accounts for the bulk of the sulfuric acid and 

ferric sulfate necessary for the dissolution of the copper minerals and 

the proper chemical environment required to keep the copper in solution. 

In addition, these sulfide minerals provide the reducing agents· for the 

deposition of supergene copper sulfide minerals. The ratio of pyrite to 

chalcopyrite generally determines the completeness of copper removal 

from the zone of oxidation and leaching. 

The reactivity of the wall rocks to sulfuric acid solutions is 

largely a function of the solubility and alkalinity of the minerals of 

which the wall rocks are composed. During field investigations, it is 

possible to gain some feeling for the alkalinity of a mineral by measur

ing its abrasion pH (Table 11-3); this technique can be applied to mul

tiple sites of observation over large areas (Loughnan, 1969). Essen

tially, the degree of reactivity can be thought of as the amount of acid 

the rock will react with per unit volume. 

Structure 

The rocks within a porphyry copper system have generally been 

subjected to a higher degree of fracturing than the surrounding country 

rock. This fracturing may be in the form of jointing, faulting, or brec

ciation. The greater the intensity of fracturing, the greater the perme

ability of the rock. The fracture density and continuity determine the 
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Table 11-3. Abrasion pH Values for Some Minerals. -- After Loughnan 
(1969). 

ABRASION 
MINERAL FORMULA EH 

Silicates 
actinolite Ca2(MgFe)SSiS022(OH)2 11 

diopside CaMg(Si03)2 10,11 

olivine (MgFe)2Si04 10,11 

tremolite Ca2MgsSis022(OH)2 10,11 

augite Ca(MgFeAl) (AlSi) 206 10 

hornblende (CaNa)2(MgFeAl)S (AlSi) S022(OH)2 10 

leucite KAlSi206 10 

albite NaAlSi30S 9,10 

aegerine (NaCa) (FeAlMg)Si206 9 

oligoclase Ab90-70AnlO-30 9 

talc Mg3Si40l0 (OH)2 9 

anthophyllite (MgFe)7SiS022(OH)2 S,9 

biotite K(MgFe)3(AlSi3)010(OH)2 S,9 

labradorite AbSO-30AnSO-70 S,9 

microcline KAlSi30S S,9 

anorthite CaAl2Si2OS S 

hypersthene (MgFe)2Si206 S 

muscovite KA12(AlSi3)010(OH)2 7,S 

orthoclase KAlSi30S S 

andalusite A12SiOS 7 

montmorillonite A12Si40l0(OH)2·nH20 6,7 

halloysite Al2Si2OS(OH)4 6 



Table II-3 -- Continued 27 

ABRASION 
MINERAL FORMULA eH 

Silicates, cont. 
pyrophy11ite A12Si401O(OH)2 6 

kaolinite A12Si205(OH)4 5,7 

Oxides 
boehmite AlO(OH) 6,7 

gibbsite A1(OH)3 6,7 

quartz Si02 6,7 

Hematite Fe203 6 

Carbonates 
magnesite MgC03 10,11 

dolomite CaMg(C03)2 9,10 

aragonite CaC03 8 

calcite CaC03 8 

siderite FeC03 5,7 
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macropermeability of the system. The micropermeability of the system is 

determined by the texture of the rock substance. The overall permeabi

lity of the system determines the rate and distribution of fluid move

ment through the system both in natural conditions and in in situ mining 

operations. 

Climate 

The climate to which the porphyry copper system is exposed over 

long periods of time has an important .effect on supergene processes. 

The climate at a porphyry copper deposit may pass through several stages 

over many millions of years; therefore, the paleoclimate may have had a 

great effect on the development of supergene copper deposits. The in

tensity and seasonal distribution of rainfall strongly affect the rate 

of chemical activity within the system as well as the level and stabi

lity of the water table. More leaching will take place with higher 

rainfall; however, the concentration ·of dissolved species will be di

luted by increased precipitation. Highly seasonal rainfall will result 

in alternating seasons of oxidation and leaching. It will also provide 

for seasonal changes in the level of the water table. Variations in at

mospheric pressure may be an important factor in the supply of oxygen 

for oxidation in areas with deep water tables (Lovering, 1948). The 

mean temperature in a particular area may also affect the rate of chem

ical reactions. An increase of 10°C changes the rate of chemical reac-

tions by a factor of about two (Hem, 1970). 
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Geomorphology 

Geomorphology is a function of climate, rock type, and tectonic 

activity. Significant supergene enrichment can only occur when there is 

an equilibrium between chemical and mechanical erosion. If mechanical 

exceeds chemical erosion, primary sulfides will be exposed at the sur

face. This .condition has been observed at some locations in the tropics 

where streams are actively cutting into rocks containing primary sulfide 

minerals. On the other hand, if chemical erosion greatly exceeds me

chanical erosion, only a small portion of the sulfide column would be 

exposed to supergene effects and the resulting chalcocite blanket would 

be quite thin. 

Very rapid uplift or a drastic decrease in the amount of rain

fall could result in two or more distinct cycles of supergene enrichment 

as found, for example, at Bingham Canyon, Utah. Previously formed zones 

of supergene enrichment could, on the other hand, be preserved by down

faulting and covering by water-filled alluvium as at Casa Grande, 

Arizona. Zones of supergene enrichment have also been preserved by vol

canic flows of which there are several examples in Arizona, such as at 

Bagdad and Morenci (Livingston, Mauger, and Damon, 1968). 

Supergene Copper Sulfide Enrichment 

The supergene environment consists of two zones separated on the 

basis of tite mineral assemblage that is stable in each zone (Figure 11-

4). The zone of oxidation is influenced by atmospheric oxygen. The 

zone of reduction is influenced by the prot ore chemistry. The boundary 

between these zones approximately corresponds to the water table. 
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Zone of Oxidation 

In the zone of oxidation the sulfides are oxidized to chemical 

species that are stable under the prevailing Eh-pH conditions. The 

stable minerals remain in place, while the soluble chemical Qpecies are 

transported downward by percolating meteoric water. The following equa-

tions illustrate .the chemical reactions among pyrite, chalcopyrite, oxy-

gen, and water. 

Ferrous Sulfuric 
Pyrite Oxygen Water Sulfate Acid 

4FeS2 + 1402 + 4H20 = 4FeS04 + 4H2S04 

Ferrous sulfate is further oxidized to ferric sulfate. 

Ferrous Sulfuric Ferric 
Sulfate Acid Oxygen Sulfate Water 

4FeS04 + 2H2S04 + 02 = 2Fe2(S04)3 + 2H20 

Chalco-
pyrite Oxygen 

CuFeS2 + 402 = 

Cupric Ferrous 
Sulfate Sulfate 

CUS04 + FeS04 

(1) 

(2) 

(3) 

Pyrite and chalcopyrite can also be oxidized by ferric sulfate, which is 

a much stronger oxidizing agent than oxygen. 

Ferric 
Pyrite Sulfate Water 

Ferrous Sulfuric 
Sulfate Acid 

FeS2 + 7Fe2(S04)3 + 8H20 = 15FeS04 + 8H2S04 

Chalco
pyrite 

CuFeS2 + 

Ferric 
Sulfate Water 
8Fe2(S04)3 + 8H20 

Cupric Ferrous Sulfuric 
Sulfate Sulfide Acid 

= CuS04 + 17FeS04 + 8H2S04 

(4) 

(5) 

As long as atmospheric oxygen is available in the presence of py-

rite or chalcopyrite, ferric sulfate will be created. Therefore, a cycle 

using ferric sulfate as an intermediate catalyst perpetuates itself, 
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producing cupric sulfate, sulfuric acid, and ferrous sulfate which read-

ily oxidizes to ferric sulfate in order to continue the cycle. If chal-

cocite of either hypogene or supergene origin is exposed in the zone of 

oxidation, it will be oxidized as shown below. 

Chalco-
cite Water 
CU2S + 4H20 + 

Ferric Cupric Ferrous Sulfuric 
Sulfate Sulfate Sulfate Acid 
5Fe2(S04)3 = 2CuS04 + lOFeS04 + 4H2S04 (6) 

Atmospheric oxygen is essential to the process of sulfide oxida-

tion. The oxygen may reach the sulfide minerals as a component of air 

or it may be dissolved in aqueous solutions. Lovering (1948) determined 

that it would require 90,900 cc of water containing oxygen dissolved un-

der normal atmospheric pressure at 50°F to oxidize 1 gm of pyrite. The 

same amount of oxygen would be contained in 3960 cc of air. Every change 

in barometric pressure pumps air into or out of the void that communi-

cates with the earth's surface. The amount of oxygen in the air pumped 

in and out by changes in barometric pressure would be largest near the 

surface and diminish with depth. The rate of_oxidation by air or water 

at any depth, however, would be related to the permeability of the rocks. 

Using geothermal gradients, Lovering (1948) determined that the amount of 

time required to complete oxidation at San Manuel using only oxygen dis-

solved in rain water would require 1.6 m.y. On the other hand, if the 

oxygen were supplied by barometrically pumped air only 40,000 years would 

be required to complete the process of oxidation. 

Lovering (1948) also pointed out that the rate of oxidation is 

related to the composition and physical state of the sulfides. Mixed 

sulfides oxidize more readily than do monomineralic sulfide masses. The 



presence of small amounts of some impurities also accelerates the pro

cess of oxidation. 

The degree of leaching that takes place is a function of the 

amount ~f pyrite available to make sulfuric acid, the permeability of 

the rock, and the alkalinity of the wall rock. The alkalinity of the 

wall rock determines, to a large degree, the amount of cation fixation 

that will take place. The further the cations can move before being 

fixed in place, the greater the degree of leaching. 
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Orthoclase and biotite in the potassic core of a porphyry copper 

system are not stable in a supergene environment. The biotite is read

ily altered to chlorite which may, in turn, be altered to sericite or 

kaolinite depending on the ~ concentration. The supergene alteration 

assemblage, quartz-sericite-kaolinite, strongly resembles the hypogene 

alteration assemblage of the phyllic zone. The process of supergene 

silicate alteration consumes much of the acid produced from pyrite. 

The alteration assemblage of the phyllic zone is relatively sta

ble in a supergene environment. Practically all of the sulfuric acid 

produced is available for the dissolution of the primary sulfide miner

als. As the phyllic alteration decreases toward the outer margin of the 

system, the rock is more susceptible to attack by supergene solutions. 

The majority of the iron from the hypogene sulfide, oxide, and 

ferromagnesian minerals remains in the zone of oxidation as a leached 

capping. This leached capping is used as a guide in the field evalua

tion of supergene copper deposits. The iron is usually precipitated as 

jarosite or ferric hydroxide, which are generally metastable and are 

readily converted to goethite and hematite. Blanchard (1968) and 
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Loghry (1972) have described the mineral assemblages that occur in 

leached cappings and the mineral assemblages from which they have been 

derived. 

Zone of Reduction 

Since gaseous oxygen cannot penetrate the water table, and dis-

solved oxygen and ferric sulfate are readily consumed by the oxidation 

of sulfides, the Eh drops precipitously. 

The cupric sulfate,which was produced by the oxidation of copper-

bearing sulfide,is no longer stable under conditions of a lower Eh. 

Therefore, chalcocite is precipitated as follows: 

Cupric Chalco- Cuprous Ferrous Sulfuric 
Pyrite Water Sulfate cite Sulfate Sulfate Acid 
FeS2 + 4H20 + 6CuS04 = Cu2S + 2Cu2S04 + FeS04 + 4H2S04 

However, chalcocite preferentially replaces chalcopyrite. 

Chalco- Cupric 
pyrite Water Sulfate 
2CuFeS2 + 4H20 + 6CuS04 

Chalco- Ferrous Cuprous Sulfuric 
cite Sulfate Sulfate Acid 

= 3Cu2S + 2FeS04 + CU2S04 + 4H2S04 

(7) 

(8) 

Much of what is deposited in supergene chalcocite deposits is actually 

djurleite or digenite rather than chalcocite (Appendix A). The chemical 

reactions, however, are about the same. 

Iron in the form of ferrous ions will tend to stay in solution 

in the zone of chalcocite enrichment. If, however, the Eh continues to 

decrease it will be precipitated as pyrite or marcasite. 

Ferrous Sulfuric 
Sulfate Acid Pyrite Oxygen Water 

4FeS04 + 4H2S0
4 

= 4FeS2 + 1402 + 4H20 (9) 
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The entire process of oxidation and reduction can be illustrated 

on an Eh-pH diagram (Figure 11-5). The pyrite-chalcopyrite protore (A) 

is exposed to· the atmosphere or rain water (B). The sulfuric acid and 

ferric sulfate formed as a result of this process (Eqns. I and 2) cause 

the formation of "mine water" (C). The mine water causes dissolution 

of the chalcopyrite (Eqn. 5). As this solution percolates downward 

through the unsaturated rock, ferric hydroxide and, where the sulfate and 

potassium concentrations are high enough, jarosite form. The ferric hy

droxide and, where the sulfate and potassium concentrations are low 

enough, jarosite are converted to goethite and hematite. 

Below the water table chalcocite is precipitated (D) as a re

placement product of chalcopyrite and bornite (Eqn. 8). If neither of 

these minerals are present it precipitates as a replacement product of 

pyrite (Eqn. 7). Once the available sulfide minerals have had their 

outer surfaces replaced by chalcocite, the future replacement of the 

chalcocite-coated sulfide grains must proceed by diffusion~ The copper

bearing solution will continue to percolate downward and laterally, de

pending on the ground water flow pattern, so long as the solution is in 

equilibrium with the chalcocite being formed. This accounts for the 

substantial thickness of chalcocite which may be formed during one pe

riod of supergene enrichment. Iron will remain in solution as ferrous 

ions until, with an increase in Eh, it precipitates as ferric hydroxide 

or, with a decrease in Eh, it precipitates as pyrite or marcasite. 
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Effect of Ground Water Flow 

Atmospheric precipitation and the consequent ground water flow 

are essential to the process of supergene enrichment and in some cases 

may be a factor during in situ leaching. The permeability of the rock 

at the surface of a porphyry copper deposit is usually higher than 

for the surrounding rock. This is due to the fracture pattern developed 

during intrusive activity which permitted the process of hydrothermal 

mineralization to take place. The fractured rock is generally bounded 

by relatively impermeable country rock, thus channeling the flow of 

ground water (Figure 11-6). 

Flow in the vadose (unsaturated) zone has a net downward flow 

direction due to the acceleration of gravity. The evaporation process 

tends to oppose the downward flow, and thereby aids in" the process of 

aeration. As the ground water percolates downward, readily sol~ble min

erals undergo dissolution from veinlets. The dissolution of the vein 

minerals, in turn, increases the permeability of the rock. 

Upon reaching the zone of saturation, the ground water may flow 

horizontally as well as vertically depending upon the paths of permeabi

lity. Although the surrounding country rock may be relatively imperme

able compared to the mineralized rock, some flow does take place, espe

cially along faults. Therefore, flow continues to take place throughout 

the local ground water system. 

Cycles of Enrichment 

Supergene enrichment may occur by the continuous erosion of the 

leached capping and the downward movement of the zone of supergene 
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Figure 11-6. The Top of the Zone of Saturation Moves Upward or Downward 
Depending on Relative Effects of Rainfall, Evaporation, 
and Seepage from the Min~ralized Zone along Faults and 
Other Relatively Permeable Zones. 
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enrichment with the lowering of the water table. This process, however, 

would be limited by the initial elevation above sea level and by the 

erosion rate of the surrounding country rock. Apparently it is more 

common for the process of supergene enrichment to occur in stages re

lated to changes in the climate and geologic environment. 

A study of the region between latitudes 26°S and 29°S in Chile 

by Si11itoe, Mortimer, and Clark (1968) indicated that the copper depos

its in that area underwent at least three cycles of supergene activLty. 

Supergene enrichment was found to be related to three surfaces known re

spectively as the Summit, Intermediate, and Atacama Pedip1anes. The 

zones of supergene enrichment related to the first two of these pedi

planes are of major economic significance. These are zones of "massive 

chalcocite." The massive chalcocite is dominantly djur1eite,with minor 

chalcocite and digenite. In some mines it is possible to observe a dis

tinct separation of the two zones of massive chalcocite. The last phase 

of supergene activity resulted in the deposition of a zone of "sooty 

chalcocite" consisting of djur1eite, chalcocite, and digenite. The 

sooty chalcocite developed in the vicinity of present-day or historic 

water tables. The Restauradora deposit exhibits two zones of sooty 

cha1cocite--one at the present water table and another at a shallow 

depth--indicating a lowering of the water table. 

Si11itoe et ~l. (1968) believe that the weakness of the third 

stage of supergene enrichment is due to the lack of pyrite in the ores 

undergoing oxidation, the extreme aridity of the climate, and the com

paratively short period of time (10 m.y.) during which this cycle of 

supergene activity has taken place. 
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Livingston (1973) hypothesized that the formation of the por

phyry copper deposits in the southern Basin and Range Province were the 

result of passage of the North American plate over a mantle hot spot. 

He found that northwesterly motion and clockwise rotation of the North 

American plate during the late Cretaceous and early Tertiary are compat

ible with existing concepts of plate tectonics and paleomagnetism. It 

is also compatible with paleoclimatological evidence for tropical and 

subtropical climates during the late Cretaceous and early Tertiary and 

for climatic cooling from the early to late Tertiary. A warm, wet cli

mate may also be indicated by the occurrence of blankets of supergene 

copper enrichment of early Tertiary age preserved beneath mid-Tertiary 

volcanic and sedimentary rocks. Livingston et a1. (1968) examined the 

spatial and temporal relations of these zones of supergene enrichment to 

mid-Tertiary volcanism. Among the 16 deposits examined, none of them 

was more than 6 miles from younger rocks and'6 of them are at least par-

tially covered. The lack of evidence for late Tertiary supergene copper 

enrichment in the southwest may be due to a decrease in rainfall and tem

perature as a result of northwestward plate migration. 

Effect of Hypogene Mineral Zoning 

Schwartz (1949) recognized the relationship of supergene enrich

ment to hypogene mineral zoning at San Manuel, Arizona. He was not, of 

course, aware of the overall zoning pattern of the San Manuel-Kalamazoo 

orebody. Using Schwartz's observation and the Lowell-Guilbert porphyry 

copper model, Duffield (1973) developed a model of supergene enrichment 

as related to sulfide mineralization and alteration zoning. 
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A modified version of Duffield's model is illustrated in Figures 

11-7 and II-S. The model shows only the effects of oxidation and en

richment upon hypogene mineralization, since it does not consider the 

effects of oxidation upon a supergene chalcocite blanket. 

Levels of Erosion 

The hypogene mineralization changes with depth in a porphyry 

copper system as well as with distance from the center of the system. 

This has a controlling effect on the formation of supergene copper de

posits that may be mined by in situ leaching. As erosion cuts into a 

porphyry copper system, it exposes a series of different mineral assem

blages with time. The mineralization changes as shown in Figure 11-2b. 

As pointed out by Lowell and Guilbert (1970), the total sulfide and 

copper content in the low-grade portion of the phyllic zone decreases 

with depth. A greater portion of the ore shell occurs in the potassic 

alteration zone with depth. They also found that magnetite substitutes 

for much of the pyrite in the zone of peripheral pyrite mineralization 

near the bottom of the system. 

Lowell (1974) estimated the depth of erosion for many of the 

porphyry copper deposits in the southwestern United States. He found 

that there appear.s to be a shift from deep erosion to shallow erosion 

moving from northwest to southeast (Figures 11-9 and 11-10). The con

tours for depth of erosion appear to follow a shape somewhat similar to 

that indicated by isopach contours for the thickness of marine sediments 

deposited in the Cretaceous basin. 
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Figure 11-9. Estimated Depth of Erosion Relative to the Original Column 
of Mineralization in Several Porphyry Copper Deposits. 
After Lowell (1974). 
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Deposits such as those at Morenci, Tyrone, and La Caridad have 

been eroded only to the level of protore mineralization, which may over

lie strong primary mineralization at depth. These deposits are of com

mercial copper grade only as a result of supergene enrichment. Deposits 

to the north and northwest are of ore grade both as a result of strong 

primary mineralization and supergene enrichment. Lowell (1974) also 

pbinted out that most "chalcocite" blankets in the southwest are now in 

the process of destruction by oxidation. 

Using a composite of the models proposed by Sillitoe (1973) and 

Lowell and Guilbert (1970), it is possible to hypothesize the types of 

mineralization that would be exposed to supergene processes as erosion 

progressed. After the upper reaches of the stratovolcano have been 

stripped away, the first significant copper mineralization exposed to 

supergene processes would be mineralized breccia pipes. This would re

sult in small localized bodies of enriched ore. Examples of orebodies 

of this type are found at Copper Creek and Copper Basin, Arizona and San 

Antonio de la Huerta, Sonora, Mexico. The next level exposed by erosion 

to supergene. processes would be the low-grade pyritic zone above hypo

gene ore-grade material. This would result in large extensive chalco

cite orebodies such as those found at Morenci, Arizona; Tyrone, New 

Mexico; and La Caridad, Sonora, Mexico. As erosion continued downward, 

zones of ore-grade hypogene copper mineralization and substantial 

amounts of pyrite would be exposed. At this level the ore-grade miner

alization would be derived from both hypogene and supergene processes of 

mineralization. Ultimately, as deeper portions of a porphyry copper 

system are exposed by erosion, ore-grade hypogene copper mineralization 
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with a relatively low pyrite content would be exposed. Conditions for 

supergene enrichment would be unfavorable at this level. Copper miner

alization would tend to remain in the zone of oxidation as copper ox

ides, carbonates, and silicates. Examples of this type of ore deposit 

are at Ajo, Arizona and possibly the porphyry copper deposits of British 

Columbia, Canada. Although this discussion may be oversimplified, it 

provides an idea of the importance of vertical as well as horizontal 

mineral zoning on the process of supergene enrichment. 

"Oxide Copper" Mineralization 

"Copper oxide" minerals may be derived from hypogene or super

gene copper sulfide mineralization. The resulting supergene "copper ox

ide" minerals generally differ depending on the source of the copper and 

the geochemical environment of deposition. 

Copper in Leached Cappings 

Conditions necessary for the removal of copper from the zone of 

oxidation include a high total sulfide content, a high pyrite

chalcopyrite ratio, high permeability, and a wall rock with low alkalin

ity. When one or more of these conditions does not occur, much of the 

copper will remain in the zone of oxidation. 

Copper from the dissolution of chalcopyrite may remain in the 

zon.e of oxidation in amounts varying from a few hundred to a few thou

sand parts per million and is usually deposited as tenorite, cuprite, 

copper-bearing limonite, chrysoco11a, and "copper pitch" (Allen, per

sonal communication, 1975). Tenorite (E) and cuprite (F) form under the 

Eh-pH condition shown in Figure 11-5. Copper is also found in limited 
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quantities with limonite and may be absorbed on clay minerals associ-

ated with the limonite. Chrysocolla may form where silica has been made 

available through destruction of silicate minerals by sulfuric acid. 

This occurs under Eh-pH conditions similar to those required for the 

formation ~f the copper oxides. If manganese is also available, copper 

pitch or copper-b.earing manganese silicates may form. Other oxide-zone 

copper minerals may be derived from chalcopyrite; however, those listed 

above are the most common. 

Oxidation of Supergene 
Copper Sulfide Deposits 

The supergene copper sulfide minerals will oxidize in place if 

there is insufficient pyrite available for the dissolution of the copper 

minerals and the removal of the copper. As pointed out by Sillitoe and 

Clark (1969) (Figure II-II), chalcocite (A) will oxidize to covellite 

(B) at the base of the zone of oxidation. If there is sufficient carbon 

dioxide available, the covellite (B) may be oxidized directly to mala-

chite (C). If oxidation takes'place slowly, however, the oxidation se-

quence could be chalcocite (A), covellite (B), native copper (D), cuprite 

(E), and tenorite or malachite (C) depending on the concentration of CO2 . 

The assemblage of copper minerals that would form and remain stable at 

any given time is a function of,Eh, pH, and the concentration of various 

chemical species. The manner in which the copper mineralogy is con-

trolled by the chemical environment is illustrated in Figure 11-12. 

Chuquicamata, Chile probably provides the best example of the 

variety of copper minerals that may be derived through the oxidation of 

a supergene sulfide orebody. Jarrell (1944) divided the orebody into 
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14 

Figure II-ll. Stability Relations Among Some Copper Compounds in the 
System Cu-H20-O,-S-CO? at 25°C and 1 Atmosphere Total 
Pressure. -- LeEters A-B-C illustrate a series of min
erals which may result from the oxidation of chalcocite; 
the letters A-D-E-C illustrate another possible series 
of changes in mineralogy. Modified after Garrels and 
Christ (1965). 
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Figure 11-12. The System Cu-S-C-0-H20 at 25°C and 1 atm Total Pressure. 
-- After Schmitt (1962). 
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east and west orebodies. The west orebody has been deeply leached to 

yield a barren capping with anomalous ferrimolybdite. The original hy

pogene mineralogy was apparently predominantly quartz-sericite-pyrite 

chalcopyrite. Underlying the leached capping is a thich high-grade (Cu 

::::3%) "chalcocite" orebody. The upper portion of the orebody has been 

oxidized and contains copper-bearing "red limonite." This is probably a 

mixture of limonite with cuprite and/or delafossite. 

The east orebody contains "copper oxide" ore at the surface. 

This orebody provided the ore for the first 35 years of mining. The 

wall rock was more reactive than the wall rock of the west orebody and 

has been altered to kaolinite. Pyrite, where present, was altered to 

jarosite and limonite and the "chalcocite" was altered chalcanthite, 

which in turn was altered to antlerite. If no pyrite was present, the 

chalcocite was altered directly to antlerite. Near the surface and 

along the fringe of the orebody, the antlerite was altered to brochan

tite, atacamite (Cu2Cl(OH)3), krohnkite (Na2Cu(804)2·2H20), and natro

chalcite (NaCu2(804)(OH)·H20). Native copper and cuprite were found in 

other areas around the border of the orebody. 

This unusual assemblage of copper minerals can be explained in 

conjunction with the composition of the ground water. The predominant 

anions are sulfate (804)' nitrate (N03=), and chloride (Cl-). The ca

tions in order of decreasing abundance are sodium, calcium, magnesium, 

and potassium. Chalcanthite, antlerite, and brochantite are copper sul

fates in order of decreasing hydration; krohnkite and natrochalcite are 

hydrated copper-sodium sulfates. Atacamite, which does not occur more 

than 30 m below the surface, is a hydrated copper chlorite. The sulfate 
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was probably derived from anhydrite, which is a major hypogene altera

tion mineral at the mine, and the sulfur in the "chalcocite" as well as 

any remaining pyrite. Sodium chloride and nitrate-bearing minerals were 

probably blown into the area from the salt and guano deposits to the 

west of the mine. The formation of native copper and cuprite in some 

areas indicates that these areas had relatively high pH levels and low 

sulfate concentrations. 

Ajo, Arizona had a different "copper oxide" assemblage. The 

"chalcocite" blanket, which developed prior to the deposit of the Loco

motive Fanglomerate, was oxidized in place to copper carbonates 

(Gilluly, 1942). The formation of malachite and azurite rather than 

copper sulfate minerals clearly indicates an oxidi~ing environment with 

a higher pH and a greater carbonate-to-sulfate ion ratio than the oxi

dizing environment at Chuquicamata, Chile. 

The types of leached capping developed as a result of the oxida

tion of a supergene "chalcocite" deposit are illustrated in Figure II-

13. The color of the leached capping reflects the goethite-to-hematite 

ratio which, in turn, is a function of the pyrite-to-chalcopyrite ratio 

of the deposit which has been leached. A low pyrite-to-chalcopyrite 

ratio results in a strongly hematitic leached capping. A sudden drop in 

the water table may result in the development of a leached capping after 

chalcocite ove~ a leached capping after pyrite and chalcopyrite (Richard 

and Courtright, 1958). If, on the other hand, the "chalcocite" deposit 

is oxidized in place under very arid conditions, copper minerals will be 

developed in the near-surface environment. 
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"Exotic" Copper Deposits 

A number of "exotic" supergene copper deposits have been formed 

outside the limits of hypogene porphyry copper deposits. In most cases 

the nearby porphyry copper deposit is clearly the source of the copper. 

Several of these deposits are in the southwestern United States; however, 

the most impressive deposit of this type is La Exotica at Chuquicamata, 

Chile. Among the exotic copper deposits of the southwestern U. S. there 

are several deposits near Miami, Arizona; several deposits west of 

Tyrone, New Mexico; the San Juan deposit near Safford, Arizona; the Em

erald Isle deposit near Mineral Park, Arizona; and a deposit at Ray, 

Arizona. Preparations are now underway to in situ leach the Van Dyke 

deposit at Miami, Arizona. All of these deposits with the exception of 

the one at Ray are made up predominantly of chrysoco11a. The dominant 

copper minerals in the exotic deposit at Ray are copper oxides and 

carbonates. 

The La Exotica deposit contains several hundred million tons of 

chrysoco11a-bearing alluvial gravels. The deposit is about three kilom

eters south of the Chuquicamata porphyry copper deposit. Newberg 

(1967) hypothesized that the copper was derived from the readily soluble 

copper sulfate minerals in the oxide zone of Chuquicamata. The copper 

was transported in solution to the alluvial gravels where it was precipi

tated by reaction with silica derived from the gravels to form chryso

colla as described in the previous chapter. The well-consolidated grav

els are cemented by gypsum, hydrated iron oxides, and chrysoco11a. The 

cop'per mineralization is predominantly a pervasive flooding of matrix 

and finer material that gives the gravels a greenish appearance. In 
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addition to this pervasive mineralization there is a large vein, up to 

60 cm in width, containing chrysocolla, gypsum, and "copper pitch." 

The description of the Emerald Isle deposit (Thomas, 1949) is 

similar to the description of the La Exotica deposit. The Emerald Isle 

deposit contains a mineralized blanket of alluvium and a vein. The 

prili.cipal copper mineral is chrysocolla with some dioptase (CuSi03 ·H20) 

and "copper pitch." The chrysocolla forms a matrix which cements the al

luvial gravels. The chrysocolla is a delicate crustification that ap

pears to have formed as a succession of thin layers. 

The copper oxide and carbonate minera~s at Ray, Arizona are con

centrated within a small area of a sharp bend in Mineral Creek. The de

posit apparently formed where the ground waters from the "chalcocite" 

blanket on Ray Hill were funnelled into the creek gravels (Phillips, 

Cornwall, and Rubin, 1971). A fossil log from within the deposit has a 

radiocarbon age of 7000 years, which provides a maximum age for the de

posit. The principal copper and iron minerals from the deposit include 

cuprite, tenorite, malachite, azurite, hematite, goethite, and jarosite. 

Copper minerals in the "exotic" copper deposit at Ray probably 

formed as a result of a rapid increase of the pH in the presence of oxy

gen and carbonate ions. The Eh clearly decreased toward the bottom of 

the deposit where cuprite was the only copper mineral deposited. This 

deposit is unusual among the exotic copper deposits in that it does not 

contain chrysocolla. Chrysocolla is obviously the dominant copper min

eral in most exotic copper deposits. 



Geological Evaluation of 
a Supergene Copper Deposit 

Geological examination should always be the first step in the 
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evaluation of an ore deposit, regardless of the manner in which it is'to 

be mined. Generally, in situ leaching will be considered as an alterna-

tive method of mining a supergene copper deposit that is difficult or 

impossible to mine by conventional open-pit or underground methods. The 

geological information gained during exploration will form the data base 

upon which the mining method decision will be based. Therefore, the 

gathering of geological information that may be of value for any mining 

method should be included in the exploration program of any supergene 

copper deposit. 

The initial stage of exploration is basically geologic mapping 

supported by geochemical and/or geophysical techniques where appropri-

ate. If the prospect merits further attention, it should be diamond 

core drilled. Diamond core drilling should supply the data to determine 

mineralogical, structural, and ore-reserve characteristics of the 

deposit. 

A geological map of a supergene copper deposit and the surround-

ing area forms the geologic base to which all other types of geologic 

data should be related. Geologic mapping should include lithology, 

structure, and alteration. In those areas where the surface exposure 

consists of leached capping the leached capping can be studied to pre-

dict the type and amount of sulfide mineralization to be expected below 

the surface. The technique of leached capping analysis is explained in 
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detail by Blanchard (1968). Geologic cross sections should be construct

ed from the data supplied by geologic mapping and related geochemical 

and geophysical surveys. These cross sections can be used to plan the 

diamond drilling program. 

Geological logging and chemical analysis of the core from dia

mond drill holes will provide the majority of the data upon which to 

plan an in situ leaching operation. Data obtained from diamond core 

drilling should permit the determination of the mineralogy of the depos

it, the fragment size of the ore, and the tonnage and grade of the de

posit. The logging form in Appendix B is designed specifically for log

ging core from a supergene copper deposit in igneous rock. This logging 

form can be modified to fit a specific supergene copper deposit in a va

riety of geologic environments. Data logged in this manner may be read

ily processed by digital computer. 

The mineralogy of the deposit determines the suitability of the 

ore to sulfuric acid leaching. The distribution of copper minerals with 

respect to a given fragment of ore will determine to a significant degree 

the leaching rate. The copper minerals in a given fragment of ore may 

be disseminated in veinlets or on the surface of the fragment. This in

formation should aid in the design and interpretation of metallurgical 

laboratory tests. 

The average fragment size and the range of fragment sizes may be 

obtained by logging the fragment size distribution in each interval of 

core. This information should be of considerable value to the blast de

signer, the hydrologist, and the metallurgist. The blast designer should 

be able to use this information to aid in determining the distribution of 
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the explosive for a large blast. This information should be of value 

to the hydrologist in determining the permeability and the possible pat-

terns of solution flow through the deposit. The metallurgist should 

also be able to use this information in the design of metallurgical 

:tests and in the interpretation of the test results. 

There are a number of methods available to determine the tonnage 
,

and grade of a mineral deposit. These methods are discussed in consid-

erable detail by Popoff (1966). Knudsen (1975) has applied and compared 

several of these methods. His study reveals the relative advantages and 

disadvantages of the various methods. 

Summary 

The principle factors which control the development of supergene 

copper deposits from porphyry copper deposits are the mineralogy and 

structural geology of the original deposit and the climatic and geomor-

phologic conditions during the period in which the deposit was created. 

The manner in which these factors operate to produce "chalcocite" enrich-

ment or "copper oxide" deposits is summarized in Figure 11-14. Although 

exceptions to this model of the creation of supergene copper deposits may 

be found, it provides a framework for the classification of most super-

gene copper deposits. The type of supergene copper deposit formed deter-

mines, to a major extent, the mining method appropriate for the deposit. 

If in situ leaching is determined to be the most suitable mining method, 

the geologic characteristics of the deposit will determine the manner in 

which in situ leaching should be carried out. 
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Figure II-14. A Possible Sequence of Supergene Copper Deposits Derived 
from a Porphyry Copper Deposit. 



CHAPTER III 

HYDROMETALLURGY OF SULFURIC ACID LEACHING 

Thermodynamic conditions set the ultimate theoretical limits on 

the application of hydrometallurgical processes (Peters and Warren, 

1972). The electrode potentials (Table III-I) serve as a useful indi

cator of whether a metal can be isolated by hydrometallurgical methods. 

Metals with electrode potentials of more than zero can be read

ily isolated from an aqueous system. Metals with electrode potentials 

of -1.50 or less cannot be isolated from an aqueous solution, since water 

is decomposed before the metal is precipitated. Hydrometallurgical oper

ations are, however, frequently employed during some stage of their pro

duction. Theoretically those metals with electrode potentials between 

zero and -1.50 should not be obtainable from an aqueous system; however, 

·at higher pH levels the isolation of many of them is possible (Peters 

and Warren, 1972). 

The noble metals, those with positive electrode potentials, are 

readily isolated from an aqueous system. The noble metals include cop

per, mercury, silver, gold, and the platinum group of metals. Economic 

conditions determine the application of hydrometallurgical processes to 

their production. 

The complete hydrometallurgical process can be classified into 

groups of operations. In the case of in situ leaching these groups are: 

1) Preparation - This includes ground preparation and the applica

tion of the leaching solution to the orebody. 
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Table 111-1. Standard Reduction Potentials in Acid Solution. 

COUPLE Eo VOLTS 

Li+ + e- = Li -3.045 

K+ + e- = K -2.925 

+ -Rb + e = Rb -2.925 

Ba-l+ + 2e- = Ba 

Sr-l+ + 2e- = Sr 

-1+ -Ca + 2e = Ca 

+ -
Na + e = Na 

+-1+ -La + 3e = La 

Mg-l+ + 2e- = Mg 

+-1+ -Sc + 3e = Sc 

Th4+ + 4e- = Th 

-1+ -Be + 2e = Be 

Hf 4+ + 4e - = Hf 

A13+ + 3e- = Al 

Ti-l+ + 2e- = Ti 

4+ -Zr + 4e = Zr 

U4+ + 4e- = U 

Mn2+ + 2e- = Mn 

+++ -Nb + 3e = Nb 

-1+ -Zn + 2e = Zn 

+++ Cr + 3e = Cr 

+++ - Ga Ga + 3e = 

-1+ -Fe + 2e = Fe 

-2.90 

-2.89 

-2.87 

-2.714 

-2.52 

-2.37 

-2.08 

-L90 

-1.85 

-1. 70 

-1.66 

-1.63 

-1.53 

-1.50 

-1.18 

-1.1 

-0.763 

-0.74 

-0.53 

-0.44 
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Table 111-1 -- Continued 

COUPLE 

1n+++ + 3e- = In 

Co+!- + 2e- = Co 

+!- -Ni + 2e = Ni 

Mo+!- + 3e- = Mo 

+!- -Sn + 2e = Sn 

Pb+!- + 2e- = Pb 

+ -2H + 2e = H2 

Cu+!- + 2e- = Cu 

+!- -Hg2 + 2e = 2Hg 

+ - . Ag + e = Ag 

Rh +++ + 3e - = Rh 

Pd+!- + 2e- = Pd 

Au+++ + 3e- = Au 
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Eo VOLTS 

-0.403 

·-0.342 

-0.277 

-0.250 

-0.20 

-0.136 

-0.126 

-0.00 

+0.337 

+0.789 

+0.7991 

+0.8 

+0.987 

+1.50 
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2) Solution Production - Leaching involves the bringing into solu

tion of metal values from the previously prepared orebody. 

3) Solution Purification - Solutions are chemically purified of un

desirable elements by either precipitation or solvent extraction. 

Solvent extraction has only recently become an important step in 

the treatment of copper-bearing sulfuric acid solutions. 

4) Metal Production The copper from copper-bearing solutions is 

produced by either chemical reduction or electrolysis. Scrap 

iron is commonly used as the reducing agent. Electrolysis can 

be used either with or without solvent extraction as a preced

ing step. 

The first group of processes is examined in greater detail in 

Chapters IV and V. The second group of operations is considered in this 

chapter and in Chapter VI. The last two groups of operations are exa~ 

ined in Chapter VII. 

Leaching is fundamentally a separation process. The leaching of 

copper from copper ore involves selective dissolution of copper miner

als within a matrix of gangue minerals. Leaching problems are either 

physical, thermodynamic, or kinetic (Peters and Warren, 1972). Wherever 

leaching recoveries are less than 100% it is appropriate to determine 

whether the problem is physical, thermodynamic, or kinetic. This leads 

directly to the most appropriate methods of solving the problem. 

Thermodynamics 

Thermodynamic considerations can be used to determine whether 

leaching is possible and the necessary chemical conditions for leaching. 
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Pourbaix (1966) has published an atlas of electrochemical equilibria in 

aqueous solutions which illustrates in graphical form the thermodynamics 

of aqueous solutions and solid-solution interfaces. Although Pourbaix 

originally published his work for corrosion theory, his approach is 

equally applicable for geology and hydrometallurgy. The hydrometallur

gist is interested in mineral instability and hydrothermal decomposition 

of minerals and must, therefore, apply the same thermodynamic data to 

his problems as the geologist (Garrels and Christ, 1965). The develop

ment of these Eh-pH diagrams is treated in Appendix A. 

In Pourbaix (Eh-pH) diagrams, the plotted variables are pH and 

Eh or electrochemical potential. In addition to these dominant proper

ties of an aqueous system, the thermodynamic impact of such variables as 

temperature, pressure, and the concentration of cations and anions in so

lution must be considered. The concentrations of these ions may be in

corporated in Eh-pH diagrams through the use of contour lines. 

The outlooks of the geologist and the hydrometallurgist on the 

use of thermodynamic data are somewhat different (Peters and Warren, 

1972). The geologist generally considers final equilibrium only, and 

the most stable phase is determined by the activity of water. The hydro

metallurgist, however, operates in a very narrow range of water activity 

during leaching and is concerned with what may happen during relatively 

short periods of time. 

Figures 11-5 and 11-12 illustrate the conditions required for 

the stability of most of the common copper minerals. It can be seen that 

copper will leach if the Eh is maintained above 0.5 volts and the pH is 

maintained below 4. Although ferric ions are required for the leaching 
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of many copper minerals, almost any amount of ferric ions is sufficient. 

It can be calculated that enough ferric ions would be present to leach 

chalcocite as long as the Fe3+/Fe2+ ratio is greater than about 10-6 • 

Chemical Reactions and Kinetics 

There are many ways that a mineral may decompose in an aqueous 

environment. Most copper minerals decompose through either acid disso

lution or leaching with oxidation. Those copper minerals from the zone 

of oxidation generally decompose through acid dissolution, whereas those 

from the zone of reduction require leaching with oxidation. Most of the 

reactions involved in the dissolution of copper minerals were recognized 

by Sullivan (1933). A much better understanding of how and why these 

reactions take place has been gained in the years since Sullivan's orig

inal studies. 

The importance of chemical kinetics is much greater for the 

leaching of hypogene copper minerals than it is for the leaching of su

pergene copper minerals. This is the result of the manner in which min

erals of either group are deposited, as well as the difference in resis

tance to chemical attack. The hypogene copper minerals are deposited as 

either disseminated grains or small veinlets. In either case, the copper 

minerals are accessible to leaching solutions only through the chemical 

dissolution of the surrounding gangue minerals. The supergene minerals, 

on the other hand, were deposited by percolating ground water along rela

tively open fractures. The chemical dissolution of gangue minerals is, 

therefore, much less important for the leaching of supergene copper de

posits than for the leaching of hypogene copper deposits. 



66 

The dissolution of supergene copper minerals is a function of 

particle size, Eh, pH, and temperature. Particle size is the principal 

factor controlling the rate of dissolution for all copper minerals if 

they are in the appropriate chemical environment. An increase in tem-

perature will increase reaction rates. The temperature in an orebody 

undergoing in situ leaching is a function of atmospheric temperature and 

the heat given off by exothermic oxidation reactions. The relative im-

portance of Eh and pH depends on the minerals to be leached. Minerals 

from the zone of oxidation generally require a decrease in pH for leach-

ing, whereas those from the zone of reduction require an increase in Eh 

as well as a decrease in pH. Bacteria act as a catalyst for oxidation 

reactions and therefore are important in the leaching of minerals from 

the zone of reduction. 

Copper Minerals from the 
Zone of Oxidation 

The copper sulfate minerals, found in abundance at Chuquicamata, 

Chile, require only water or a weak solution of sulfuric acid for disso-

lution. The rate of leaching of these minerals is essentially a function 

of particle size, the amount of solvent to which the mineral is exposed, 

and the pH of the solution. The leaching reactions take place as 

follows: 

Chalcanthite Water 
CuS04 • 5H20 + H20 = 

Sulfuric 
Antlerite Acid 
Cu(OH)4S04 + 2H2S04 = 

Copper 
Sulfate Water 
CUS04 + 6H20 

Copper 
Sulfate Water 
3CuS04 + 4H20 



Sulfuric 
Brochantite Acid 
Cu4 (OH)6 S04 + 3H2S04 = 

Copper 
Sulfate Water 
4CuS04 + 6H20 
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The rate of leaching of the copper carbonate minerals is a func-

tion of particle size, the amount of solvent to which the mineral is ex-

posed, and the pH of the solution. The dissolution reactions for the 

copper carbonates are: 

Ma1~chite 

CU2(OH)2 • 

Sulfuric Copper Carbon 
Acid Sulfate Dioxide 

C03 + 2H2S04 = 2CuS04 + C02 

Sulfuric Copper Carbon 
Azurite 

Cu3 (OH)2 • 
Acid Sulfate Dioxide Water 

(C03)2 + 3H2S04 = 3CuS04 + 2C02 + 4H20 

The dissolution rate for chrysoco11a is also a function of par-

tic1e size, the amount of solvent, and the pH of the solvent. Dissolu-

tion takes place as follows: 

Sulfuric 
Chrysoco11a Acid 

CuO . Si02 • 2H20 + H2S04 = 

Copper Hydrated 
Sulfate Silica 
CuS04 + Si02 . n(H20) 

Water 
+ (3-n)H20 

However, as shown by Pohlman and Olson (1974), the function of 

particle size is more critical to the dissolution rate of chrysoco11a 

than it is for the copper sulfates or carbonates. Upon contact with 

sulfuric acid, a chrysocol1a particle develops a white silica outer layer 

with an inner unreacted core. The unreacted core gradually decreases in 

diameter as leaching progresses. This indicates that diffusion of either 

hydrogen ions into the lattice or copper ions out of the lattice can be 

important to the reaction rate. Interfacial reactions, product-layer 
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diffusion, and boundary-layer diffusion may be important rate-

determining steps. Figure III-1 illustrates the relationship of these 

layers. 

Chemical reaction at the reactant-product interface is signifi-

cant initially, while diffusion rapidly becomes more significant, espe-

cia11y for the larger particles. This process can be described by the 

equation: 

where Sand 0 = constants 

a = fraction reacted 

t = time 

c = bulk concentration 

The first portion of the left side of the equation is related to diffu-

sion, while the second portion of the left side of the equation is re-

1ated to the chemical reaction. The data of Pohlman and Olson (1974) 

correlate well with this relationship, suggesting mixed kinetic control 

(diffusion and surface reaction) for chrysoco11a leaching with sulfuric 

acid. 

The leaching of tenorite, like the copper carbonates, is a func-

tion of the particle size and the amount and pH of the leaching solution. 

The chemical reaction for the dissolution of tenorite is: 

Sulfuric 
Tenorite Acid 

CuO + H2S04 = 

Copper 
Sulfate Water 

CUS04 + H20 
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Figure III-I. Diagram of a Particle of Chrysocolla Undergoing Leaching 
with Sulfuric Acid. -- During the process of leaching the 
particle contains an unreacted core, a hydrated silica 
product layer, and a boundary layer. 
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The dissolution of cuprite requires the presence of an oxidizing agent, 

since only half of the copper is put into solution by acid dissolution. 

Sulfuric 
Cuprite Acid 

Cu20 + H2S04 = 

Copper Native 
Sulfate Copper Water 

CUS04 + Cuo + H20 

The addition of an oxidizing agent results in complete dissolution of 

cuprite. 

Cuprite 
Cu20 

Sulfuric 
Acid 

+ H2S04 + 

Ferric 
Sulfate 
Fe2(S04)3 = 

Copper 
Sulfate 

2CuS04 

Ferrous 
Sulfate 

+ FeS04 
Water 

+ H20 

The oxidation step is much slower than the acid dissolution step. Native. 

copper also requires an oxidizing agent for dissolution. 

Native 
Copper 

Cuo + 

Ferric 
Sulfate 

Fe2 (S04)3 

Copper Sulfide Minerals 

= 

Copper 
Sulfate 

CUS04 + 

Ferrous 
Sulfate 
2FeS04 

When a metal sulfide (MS) is immersed in an acidified ferric ion 

solution (Dutrizac .and MacDonald, 1974), the following reaction is pre-

dieted according to the thermodynamic data: 

It has been found~ however, that the dissolution reaction often produces 

elemental sulfur and very little sulfate. This reaction takes place as 

follows: 

3+ 
MS + 2Pe 
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The sulfur formed is not thermodynamically stable but should oxidize 

according to the generalized equation: 

Kinetically, however, this rea.ction does not appear to occur. The ele-

mental sulfur remains on the surface of the metal sulfide mineral which, 

in turn, slows the reaction between the metal sulfide and the leaching 

solution. 

The dissolution of the supergene copper sulfide minerals can be 

considered together since chalcocite is progressively converted by con-

current reactions into djurleite, digenite, bleibender covellite, and 

normal covellite (Thomas, Ingraham, and MacDonald, 1967). Covellite is 

then converted into dissolved 

Chalco- Ferric 
cite Sulfate 
CU2S + Fe2(S04)3 

Ferric 
Digenite Sulfate 

SCul.SS + 4Fe2(S04)3 

Covel
lite 
CuS + 

Ferric 
Sulfate 

Fe2 (S04)3 = 

= 

copper and 

= 

Copper 
Sulfate 

CUS04 

Copper 
Sulfate 

4CuS04 

elemental sulfur. 

Covel- Ferrous 
lite Sulfate· 

+ CuS + FeS04 

Covel
lite 

+ SCuS + 

Ferrous 
Sulfate 

SFeS04 

Copper 
Sulfate 

CuS04 

Native 
Sulfur 

+ SO + 

Ferrous 
Sulfate 

2FeS04 

The dissolution of chalcocite or digenite to soluble copper and covel-

lite takes place relatively rapidly. The dissolution of covellite to 

soluble copper takes place relatively slowly probably due to the build-

up of elemental sulfur on the surface of the mineral. Virtually all of 
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the digenite or chalcocite is converted to CuS before elemental sulfur 

is formed (Wadsworth, 1972 ). 

The dissolution of chalcopyrite takes place according to the 

reaction: 

Chalcopyrite 
CuFe S2 + 

Ferric 
Sulfate 

2Fe2(S04)3 

Copper 
Sulfate 

= CuS04 + 

Ferrous 
Sulfate 

5FeS04 

Native 
Sulfur 

+ 2So 

The dissolution of chalcopyrite is much slower than the dissolution of 

the supergene copper sulfide minerals. In addition to the slower reac-

tion kinetics, the grains of chalcopyrite are generally much less acces-

sible than those of the supergene sulfides. The reaction zone model of 

Wadsworth (1972 ) is probably the best approach for the leaching of a 

fragment of chalcopyrite ore. The reaction zone model is one in which 

the ore fragment is considered to contain disseminated sulfide particles 

throughout with porosity developing as a result of the leaching solution 

removing some of the gangue constituents. This permits a reaction zone 

to move topochemically from the surface of the particle inward towards 

the center. For the period of reaction time, kinetics are controlled 

by both the rate of reaction within the reaction zone and the rate of 

transport through the reacted layer between the reaction zone and the 

outer periphery of the particle. Although this model is appropriate for 

the leaching of chalcopyrite ore, it is not generally applicable to the 

leaching· of supergene sulfide ore. 

The difference in the leaching of chalcopyrite ore and chalcocite 

ore is illustrated by an experiment conducted by Rosenbaum and McKinney 

(1970). Rock, varying in size from powder to 2 ft in diameter, was 
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loaded into several drums each containing 550-600 pounds of rock. The 

rock was from waste dumps representative of chiefly chalcocite, chiefly 

chalcopyrite, and all chalcopyrite mineralization. The chalcocite

bearing waste rock assayed 0.21% copper; the two dominantly chalcopy

rite samples assayed 0.38% copper each. 

Sulfuric acid solutions at pH 2 and containing 2-4 gm per liter 

of ferric ion were percolated through the rock at the rate of 26 gal

lons per square foot per day. The tests were conducted at 25°C with 

suitable bacteria present. A fresh acid-ferric sulfate solution was sub

stituted when the copper content 'of the effluent reached 1 gm per liter. 

The extraction curves are shown in Figure III-4. 

About half of the copper mine~alization in the all-chalcopyrite 

sample occurred as disseminations in a slightly altered granite which 

was impervious to the leach solution during the course of the test. The 

copper minerals in the chalcocite-bea~ing and predominantly chalcopyrite

bearing rock occurred mostly along fracture planes. Examination of the 

chalcocite-bearing leached material showed that most of the chalcocite 

had been dissolved but that a small amount of chalcopyrite, which also 

occurred along fractures, was virtually unaltered. Similar results were 

observed with the predominantly chalcopyrite sample. 

Although ferric ions are essential for the dissolution of copper 

sulfide minerals, the rate of dissolution of these minerals is indepen

dent of ferric ion concentration at higher concentrations (Wadsworth, 

1974). The kinetics of copper sulfide dissolution are also independent 

of hydrogen ion concentration. The maintenance of a low pH, however, 



100 

90 

30 

.w 
t:: 
aJ 
C) 
H 
aJ 
p.. 

.. 
z 

50~ / Type copper mineralization 0 
H 
H in mine uaste 
Co) 

~ 
H 

::t I • Chiefly chalcocite ~<: 
~ 

p:: ... Chiefly chalcopyrite 
~ 
p... • All chalcopyrite p... 
0 
Co) 

20 

10 

I I 

100 200 300 400 500 600 700 800 
LEACH TUm, days 

Figure III-2. Rate of Copper Extraction during Percolation Leaching of Three Dump Samples. -
After Rosenbaum and McKinney (1970). --..J 

.j::-



prevents the precipitation of basic ferric sulfate around the copper 

sulfide grains being leached. 

75 

Bacteria frequently serve as catalysts for the oxidation of sul

fide minerals being leached (Malouf, 1972). The two principal types of 

bacteria are thiobaci11us thiooxidans and thiobaci1lus ferrooxidans. 

Thiobacillus thiooxidans oxidize pyrite to ferrous sulfate and sulfuric 

acid. The thiobacil1us ferrooxidans rapidly oxidize ferrous iron to fer

ric iron, which is a very effective 1ixiviant of metallic sulfides in 

an acid media. 

Optimum conditions for these bacteria include a temperature of 

approximately 35°C and a pH of 2.5 to 3.0. Some strains of bacteria 

have been found that thrive at temperatures as high as 85°C. Many 

strains of bacteria can tolerate a wide range of pH conditions. Strains 

of bacteria have also been isolated that can tolerate copper concentra

tions up to 1.5 gm per liter. 

It has been found that the use of bacteria to oxidize ferrous 

sulfate to ferric sulfate can increase the process of oxidation up to 

1000 times faster than it will occur by oxidation with sterile solutions. 

Acid Consumption 

Acid consumption by the ore being leached may have a substantial 

effect on the economic feasibility of an in situ leaching project. Min

erals with a high abrasion pH generally consume more acid than those 

with a lower abrasion pH (Table 11-3). However, the consumption of 

acid is also related to the solubility of the mineral. The carbonate 
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minerals--calcite, aragonite, dolomite, magnesite, and siderite--are 

generally the most acid-consuming. 

Auck and Wadsworth (1972) conducted column leach tests on two 

types of ore. One ore type contained little or no calcite, while the 

other contained approximately 10-15% calcite. The ore types were other-

wise similar. The calcite-bearing ore consumed approximately three 

times as much acid as the noncalcite ore. 

Acid consumption is also a function of acid concentration in the 

leaching solution. Hiskey (1974) measured consumption of acid/gm of cop-

per produced from. the same ore type at the Lux del Cobre deposit, Sonora, 

Mexico, for solutions of different acid concentration. Acid consumption 

was more than twice as great for a solution containing 20 gm/liter H2S04 

as it was for a solution containing 5 gm/liter H2S04 • 

Generally speaking, the acid consumption of a given ore deposit 

is a function of the mineralogy of the ore and the acid concentration of 

the leaching solution. 

Chemical Dissolution and 
Precipitation of Gangue Minerals 

Gangue minerals not only consume acid but produce a number of 

soluble products upon contact with the leaching solution. Some of these 

soluble products will precipitate as sulfates or hydroxides with an in-

crease in pH. Especially notable in this respect are iron, calcium, 

aluminum, and magnesium (Figure 111-5). 

The most common of the ferric iron precipitates are the basic 

ferric sulfates or jarosites and the ferric hydroxides. As pointed out 

in Appendix A, jarosite will begin to form below a pH of 1 and will 
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Figure 111-3. Solubility in Relation to pH for Some Components Released 
by Chemical Weathering. -- After Loughnan (1969). 



continue to precipitate at a more rapid rate as the pH is increased. 

Ferric hydroxide, on the other hand, begins to precipitate at a pH of 

about 2.7. 
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Auck and Wadsworth (1972) observed the precipitation of gypsum 

over the outer surfaces of the minerals in leach columns which contained 

approximately 10-15% calcite. Any time there is a substantial amount of 

calcite in the ore being leached, the precipitation of gypsum as well as 

high acid consumption can be expected (Figure 111-6). 

Aluminum is soluble below a pH of about 4. Aluminum can be ex

pected to precipitate as sulfates, hydroxides, and with silica in the 

form of clay minerals as the pH rises. 

The precipitates of iron, calcium, and aluminum are significant 

on both a micro and a macro scale. The surfaces of many individual cop

per minerals may be partially or completely blocked by these precipi

tates, especially jarosite, on a micro scale. Large segments of an ore

body or dump may be blocked by the precipitation of these products on a 

macro scale. 

Hydrometa11urgica1 Testing 

The first step in the evaluation of an ore mineralogy is visual 

examination. If the copper mineralogy is supergene, it should be tested 

for leachability. A test for acid-soluble copper can be conducted from 

the same sample being assayed for total copper. There are, however, 

about ten different tests for acid-soluble copper, many of which yield 

greatly differing results (Dudas, Maass, and Bhappu, 1974). The 
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application of a t~st for acid-soluble copper should yield some indica-

tion of the leachability of the ore. 

The next step should be a careful mineralogical examination of 

the samples taken from drill core or underground sampling. The mineral-

ogical examination may involve microscopic, x-ray, or electron micro-

probe analysis possibly in conjunction with chemical techniques. These 

mineralogical studies will not only provide information on the nature of 

the copper minerals but will also yield information about their distri-

bution. Some information about the nature of the gangue minerals will 

also be gained, especially about those which may be acid-consuming. 
i 

Dudas et al. (1974) discuss various aspects of copper-bearing minerals 

and their associated gangue minerals. 

An understanding of the mineralogy as well as the physical as-

peets of'a potentially leachable orebody makes possible the design of a 

series of systematic tests for hydrometallurgy. These tests should 

probably begin with an examination of the effect of different pH levels 

on a variety of particle sizes of the ore. Both the amount of copper 

produced and the amount of acid consumed should be determined. If the 

amount of copper put into solution is low, the effect of an oxidizing 

agent such as oxygen or ferric sulfate should be examined. The role of 

temperature on the rate of copper production may also be examined. 

Agitation Leaching Tests 

The following description of an agitation leaching test is taken 

from Hiskey (1974). A 100 gm sample is agitated at room temperature in 

beakers with 1 liter of the desired leaching solution using a 3-blade 
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polyethylene stirrer rotating at approximately 600 rpm. Leaching time 

is 6 hours with samples taken at various times. The method of sampling 

is as follows: stop stirring and allow the solids to settle for about 

5 minutes, withdraw 20 ml of supernatant liquid and centrifuge at 1000 

rpm for 10 minutes, decant the clear solution and analyze for copper. 

The amount of solids removed by this procedure is negligible. Maintain 

a detailed inventory of the weights and volumes in the system in order 

to allow for sample withdrawals in extraction calculations. 

Statistically designed agitation leaching tests are used to 

measure the effect of changing variables such as temperature and the 

concentration of H2S04 and Fe3+. The apparatus is shown in Figure 111-7. 

One liter of leaching solution is introduced into the reaction vessel 

and heated to the desired operating temperature; then 100 gm of ore are 

added. 

Column Leaching Tests 

Column leach tests are conducted as the final laboratory inves

tigation of an orebody that may be leached in vats, heaps, or in situ. 

A typical column leaching apparatus is set up as shown in Figure 111-8. 

The experimental method (Hiskey, 1974) for a sample is as follows: 

1) A charge of ore of a specific particle size range is placed in 

the column on a support of glass beads. The beads prevent com

paction of the ore at the outlet of the column. 

2) A suitable amount of leach solution of the desired acid strength 

is prepared. The solution is circulated at a constant rate to 

eliminate flow rate as an experimental variable. 
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Column Leaching Apparatus. -- A) 
B) Solution reservoir. C) Pump. 
chamber. E) Three-way stopcock. 
Hiskey (1974). 
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Plexiglass leach column. 
D) Mixing and sampling 
F) Thermometer. After 
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3) Circulation of the solution is continued until significant 

leaching no longer takes place. There are short interruptions 

of the circulation for acid addition. Acid is added at the 

reservoir and the solution circulated through the mixing subcir

cuit for a few minutes before being returned to the ore so that 

concentrated acid never contacts the ore. 

4) Samples are periodically withdrawn from the sampling chamber to 

determine their pH and copper, ferrous, and ferric concentra

tions. Solution depletion by sampling is corrected for by 

keeping a detailed inventory of the volume in the system at all 

times. 

5) An electric fan is used to maintain a constant upward movement 

of air around the column to minimize temperature gradients and 

maintain the temperature at the ambient level. 

The percentage copper extraction, acid consumption, and the 

amount of other ions such as ferrous and ferric ions can be plotted ver

sus time. Column leach tests of this type are usually limited to a few 

kilograms to a few hundred kilograms of ore or waste. 

Recently large-scale column leach tests have been conducted at 

the New Mexico Institute of Mining and Technology in Socorro, New Mexico 

(Murr et al., 1977). These tests have been conducted in columns 3 m in 

diameter by 12 m in length capable of holding about 200 tons of ore. 

These large-scale leach tests exhibit considerable variability from one 

part of the column to another that does not occur to any great extent in 

laboratory-scale column leach tests. Data from these large-scale leach 
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tests should be of great value in modeling air convection and tempera

ture variations which occur in dump or in situ leaching operations. 



CHAPTER IV 

GROUND PREPARATION 

Mineral deposits are not usually amenable to in situ leaching 

without first improving the porosity and permeability of the deposit. 

Methods used for this purpose include hydraulic fracturing, block cav-

ing, and blasting. Before any of these methods are used, the geology of 

the ore deposit must be thoroughly understood. The planning of the ap-

propriate ground preparation ~ethod must be based on the geologic data 

accumulated during the exploration of ""the orebody. Figure IV-1 i11us-

trates the application of each type of ground preparation to the eva1u-

ation sequence for an in situ leaching operation. 

Nuclear blasting has also been considered for the preparation of 
.. 

supergene copper deposits for in situ leaching (Lewis et a1., 1974); 

however, most supergene copper deposits are too small for economic nu-

clear rubb1ization. Objections to the use of nuclear blasting on the 

grounds of public health and safety make the use of this method un-

likely in the near future. 

Hydraulic Fracturing 

The hydraulic fracturing technique of well stimulation is a ma-

jor development in petroleum engineering. More than 750,000 fracture 

treatments have been completed by the oil industry worldwide (Daneshy, 

1974). 

The formation-fluid-carrying capacity (formation thickness x 

permeability) has a major effect on the response that might be expected 
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from various types and sizes of hydraulic fracturing treatments. As the 

permeability of the formation approaches the permeability of the created 

fracture, the possible production increase approaches zero. Therefore, 

a larger production increase, expressed in percent of production without 

fracturing, can be expected from fracturing low-permeability zones than 

from fracturing high-permeability zones (Howard and Fast, 1970). 

Mechanics of Hydraulic Fracturing 

The hydraulic fracturing technique is mechanically related to 

three other phenomena in oil field operations which are: 1) pressure 

parting in water injection wells in secondary-recovery operations, 2) 

lost circulation during drilling, and 3) the breakdown of formations 

during squeeze-cementing operations. All of these phenomena appear to 

involve the formation of open fractures by pressure applied in the well 

bore. The most popular interpretation of this mechanism during the first 

decade of the use of the technique was that the pressure had parted the 

formation along a bedding plane and lifted the overburden, although in 

the majority of cases where the pressures were known they were signifi

cantly less than those due to the total weight of the overburden as de

termined by its density (Figure IV-2). Hubbert and Willis (1957) point

ed out that the state of stress underground is not, in general, 

hydrostatic but depends on tectonic conditions. Hydraulically induced 

fractures should be formed approximately perpendicular to the least 

principal stress (Figure IV-3). In tectonically relaxed areas, charac

terized by normal faulting, the least stress will be approximately hori

zontal and hydraulically induced fractures should be vertical. In areas 
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Figure IV-2. Comparison of Theoretical with Effective Overburden Pres
sure. -- After Howard and Fast (1970), 
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Figure IV-3. Stress Element and Preferred Plane of Fracture. -- Hubbert 
and Willis (1957). 
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of tectonic compression, characterized by folds and thrust faulting, 

the least stress will be approximately vertical and, provided the defor-

mation is not too great, equal to approximately the overburden pressure 

and the hydraulically induced fractures should be horizontal. 

The following discussion of the pressure required to initiate 

and extend hydraulically induced fractures is based on Hubbert and 

Willis (1957). The presence of a well bore distorts pre-existing stress 

fields in the rock. An approximate calculation of this distortion may 

be made by assuming that the rock is elastic, the bore hole smooth and 

cylindrical, and the bore hole axis vertical and parallel to one of the 

pre-existing regional principal stresses. The stresses to be calculated 

should all be viewed as the effective stresses, carried by the rock in 

addition to a hydrostatic fluid pressure (p), which exists within the 

well bore as well as in the rock. 

Expressed in polar coordinates with the center of the hole as 

the origin, the plane-stress components at a point (0,r) exterior to the 

hole in a plate with an otherwise uniform uniaxial stress (uA) are given 

by 

UA 
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where a is the radius of the hole and the 8-axis is taken para11e1'to 

the axis of the compressive stress, aA. The same solution for a region-

a1 principal stress, aB, at right angles to aA, in which 8 + 90° is used 

for the angular coordinate, may be superposed (added) onto the equatiqns 

given above in order to give complete horizontal components of stress 

in the vicinity of the borehole. The stress concentrations around the 

borehole are local and the stresses rapidly approach the undisturbed re-

giona1 stresses within a few hole diameters. The values of the horizon-

tal stresses across the principal planes in the vicinity of the borehole 

have been calculated in this way for the ratio aB/aA = 1.4 and are pre

sented in Figure IV-4. 

The vertical component of the stress is also distorted in the 

vicinity of the borehole. The initial vertical stress is equal to the 

effective pressure of the overburden. The distortion in the vertical 

stress is a function of the values of the regional horizontal stresses, 

aA and aBo However, the magnitude of this distortion is small in com

parison to the concentrations of the horizontal stresses and it rapidly 

disappears with distance away from the we11bore. 

Application within the borehole of a fluid pressure in excess 

of the original fluid pressure produces additional stresses. If the 

outer radius of a thick-walled elastic cylinder is allowed to become 

very large and the external pressure is set equal to zero, the Lame so-

1ution becomes applicable to the we11bore problem and th2 radial, cir-

cumferentia1, and vertical stresses become 

a 2 
=tb.P-ar 2 

r 



r-U---, 

oa+Oj 

().. 14) 
& 

,. 
cr. ' 

.J. • 

. + -IGa;'" 

,.-0"',,--: 

ffi! 
I -~ 
I .• 

I -': 

[ I: ~ • 

IIp oa" C'i + IIp 

Figure IV-4. Superposition of the Stresses Due to a Pressure ~p of 1.6 0A upon the 
Stress Around a We11bore when 0B/oA is 1.4. -- After Hubbert and Willis 
(1957). 

\0 
W 



94 

ere = - !J. a 2 
p-

r2 

er2 = 0 

in which !J.p is the increase in fluid pressure in the wellbore over the 

original pressure, a is the hole radius, and r is the distance from the 

center of the hole. 

The circumferential stresses due to a pressure, !J.p, in the well-

bore are shown in Figure IV-4. To obtain the complete stress field it. 

is necessary to superpose these stresses on those caused by the pre-

existing regional stresses. This is illustrated in Figure IV-4 in which 

a pressure equal to 1.6erA is applied to a wellbore for the case in which 

erB/erA = 1.4, and is just sufficient to reduce the circumferential stress 

to zero across one vertical plane at the walls of the hole. In all 

cases when the er/a A ratio is greater than 1, the ve:'~ i ::!al plane across 

which erA first becomes zero as the wellbore pressure is increased is that 

perpendicular to erA' the least horizontal stress. 

In order to determine the rupture or breakdown pressures required 

to initiate fractures under various conditions, it is necessary to con-

sider the properties of the rocks being fractured. The tensile strength 

for flawless specimens of rock ranges from zero for unconsolidated mate-

rials to several hundred pounds per square inch for the strongest rocks. 

However, as observation of any outcrop will demonstrate, flawless speci-

mens of more than a few feet in length rarely occur. The rocks usually 

are intersected by one or more systems of joints comprising partings 

with only slight normal displacements. Across these joint surfaces the 



tensile strength is reduced essentially to zero. Therefore, the pres

sure required to produce a parting in the rocks is only that required 

95 

to reduce the compressive stresses across some plane in the walls of the 

hole to zero. 

Once a fractur.e has been started the fluid penetrates the part

ing of the rocks and pressure is applied to the walls of the fracture. 

This reduces the stress concentration that previously existed in the vi

cinity of the wellbore and the pressure, ~p, required to hold the frac

ture open is then equal to the component of the undistorted stress field 

normal to the plane of the fracture. Pressure only slightly greater 

than this will extend the fracture indefinitely provided it can be 

transmitted to the leading edge, as can be seen from an analysis of an 

ideally elastic solid (Figure IV-5). The minimum down-the-hole injec

tion pressure required to hold open and extend a fracture is slightly in 

excess of the original undistorted regional stress normal to the plane 

of the fracture. The actual injection pressure will in general be high

er than this minimum because of friction losses along the fracture. 

A comparison of the breakdown and injection pressures required 

for various values of the 0B/oA ratio shows that there are, in general, 

two types of possible down-the-hole pressure behavior during a fracture 

treatment (Figure IV-6). The pressures ~p are increases measured with 

respect to original fluid pressure in the rocks. In one case the break

down pressure may be substantially higher than the injection pressure. 

This would probably correspond to a horizontal fracture from a rela

tively smooth wellbore or to a vertical fracture under conditions in 
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Figure IV-5. Stresses in the Vicinity of a Crack in a Stressed Elastic 
Material When the Pressure Acting on the Walls of the. 
Crack is Slightly Greater Than the Stress within the Ma
terial. -- After Hubbert and Willis (1957). 
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Figure IV~6. Idealized Diagram of the Possible Types of Behavior During 
Fracture Treatment Depending upon Various Underground Con
ditions. -- After Hubbert and Willis (1957). 



98 

which the two horizontal principal stresses, 0A and 0B' were nearly 

equal. In the second case there is no distinct pressure breakdown dur

ing the treatment, indicating that the pressure required to start the 

fracture is less than or equal to the injection pressure. This would 

correspond to a horizontal or vertical fracture starting from a pre

existing opening or to a vertical fracture in a situation where the ra

tio 0B/oA of the horizontal principal stress was greater than 2.0. 

Application of Hydraulic Fracturing 

Before hydraulic fracturing is applied the appropriateness of 

the technique for a given deposit must be determined. This involves 

testing the zone to be leached for basic reservoir characteristics. If 

the permeability of the zone to be leached approaches the permeability 

of the zone after hydraulic fracturing, the use of hydraulic fracturing 

may not be advisable. On the other hand, if hydraulic fracturing would 

be advantageous, hydraulic fracturing tests should be conducted to deter

mine fracture orientation. 

As Hubbert and Willis (1957) pointed out, in geologically simple 

and tectonically relaxed areas, the regional stresses should be fairly 

un:iform over extensive areas so that horizontal stress trajectories in 

local areas should be nearly rectilinear. Consequently when numerous 

wells in a small area are fractured, the fractures should be collimated 

by the stress field to almost the same strike. This has serious impli

cations with respect to the direction of drive and sweep efficiency (the 

ratio of the volume of rock contacted by the displacing fluid to the to

tal volume of rock subject to invasion by the displacing fluid) in 
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secondary recovery operations and in situ leaching operations. If the 

direction of drive should be parallel to the strike of the fractures, 

then the flow would be effectively short-circuited and the sweep effi

ciency would be very low. On the other hand, if the drive were normal 

to the strike of the features, the flow pattern would approximate that 

between parallel line sources and sinks, and the sweep efficiency would 

approach unity. 

The fluid used for hydraulic fracturing for in situ leaching 

should be compatible with the fluid that will be used to leach the ore 

deposit. If sulfuric acid leaching is to be used, the fracturing fluid 

should be either water- or acid-based. Experimental work in shallow 

wells has demonstrated that a hydraulically formed fracture tends to 

heal--that is, to lose its fluid-carrying capacity after the parting 

pressure is released--unless the fracture is propped. Propping agents 

such as sand, metal balls, glass balls, and nutshells are frequently in

jected into the fractures to be held open (Howard and Fast, 1970). 

Specialized equipment both on the surface and in the borehole is 

required for hydraulic fracturing. Howard and Fast (1970) provide an 

extensive discussion of available equipment and its capabilities. 

Caved Mine Workings 

The leaching of caved mine workings has been successfully used 

in at least four large mining operations as pointed out in Chapter I. 

These leaching operations were conducted by the Ohio Copper Company at 

Bingham Canyon, Utah; the Kennecott Corporation at Ray, Arizona; the 
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Phelps Dodge Corporation at Nacozari, Sonora, Mexico; and the Miami Cop

per Company at Miami, Arizona. 

The only operation for which there is a significant amount of 

long-term data available is the Miami Mine where in situ leaching has 

been in operation since 1941. Fletcher (1972) reported that 152,400,000 

tons of ore had been mined by conventional underground mining, mostly by 

block caving, since 1910. Fletcher (1960) noted that the average sub

sidence was 66.6% of the ore removed or an increase in volume of 33.4%. 

The volume increase varies with depth (Figure IV-7). 

The pr.eparation of a supergene copper deposit for in situ leach

ing by block caving would not be economically viable unless the block 

caving had been conducted as part of a previous mining operation. In 

other words, in situ leaching would only be the final step in a mining 

operation that began with block caving. 

Blasting 

Blasting with conventional explosives has been utilized to fa

cilitate the in situ leaching of three copper deposits: the Old Relia

ble, Zonia, and Big Mike (Table IV-l). Ground preparation with explo

sives is the generally accepted technique for those deposits which are 

above the water table and have not been extensively caved into old mine 

workings. A general overview of blasting for in situ leaching has been 

provided by Porter and Carlevato (1974). 

Several types of information are required in order to design a 

large blast. The physical characteristics of the orebody should be thor

oughly understood for the design of the actual blast. The potential 
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Table IV-l. Blasts Used to Prepare Supergene Copper Deposits for In 
Situ Leaching. -- After Steckley, Larson, and D'Andrea 
(1975) • 

AVERAGE POWDER 
DATE OF EXPLOSIVES ORE FACTOR 

LOCATION BLAST (POUNDS) (TONS) ~POm.'DS/TON2 
Old Reliable March, 1972 4,000,000 5,000,000 0.8 

Zonia April, 1973 4,150,000 5,000,000 .83 

Do March, 1974 890,000 1,000,000 .89 

Do May, 1974 1,54'4,000 2,000,000 .77 

Big Mike July, 1973 400,000 600,000 .67 
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effects of the blast on nearby cultural features such as wells, homes, 

and industrial facilities should also be considered, and the blast 

should be planned to minimize damage from vibrations, airblast, or mis

siles. The type of explosive used is determined by a number of factors 

including water resistance, density, energy, and cost. 

The design of a major blast is a complex and involved procedure. 

Although several textbooks and manuals on blasting have been written, 

the best summary of the subject, on which a major portion of this dis

cussion is based, is a series of articles by Ash (1963). 

Material Properties 

Two sets of orebody characteristics should be considered for the 

design of a large blast. One set of characteristics invoives the large

scale geometric features of the orebody such as size, shape, and depth 

of burial. The other set of characteristics involves the physical char

acteristics or material properties of the ore and its overburden. 

The object of a blast is to give equal displacement and uniform 

fragmentation to all parts of the orebody. It is also necessary to lift 

the overburden as well as the orebody in order to achieve the objectives 

of the blast. It is therefore necessary to consider the topography over 

the orebody as well as the size, shape, and depth to the top of the ore

body. The distribution, as well as the total amount of the explosive, 

is affected by these large-scale geometric features. 

Most rock is inhomogeneous and has several characteristics that 

control its response to blasting. The five dominant physical properties 

that determine the response of a rock to blasting are, in order of 
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importance: 1) structure, 2) resilience, 3) strength, 4) density, and 

5) velocity of energy propagation. 

The structural features of a material usually have the greatest 

influence on blast effects. Rock can be thought of as an accumulation 

of small particles bonded together. The constituents of the rock are 

oriented in· definite structural patterns established during the forma-

tion of the rock and modified by later tectonic and metamorphic activity. 

Compression jointing is of primary importance to blasting; it exists in 

all rock types and is composed of planes along which there is no res is-

tance to separation. Igneous rocks may also have tension jointing 

formed during the cooling process. 

Jointing is usually easily detected; the planes are generally 

smooth and may be closely spaced. Most rocks have three sets of joints 

which are roughly orthogonal and usually differ in the degree of devel-

opment. Rocks when broken separate into blocks characteristic of their 

particle jointing patterns. Sedimentary rocks usually form rhombohe-

drons when broken; igneous rocks, on the other hand, generally form hex-

agons or pyramids. 

The bonds between individual grains of rock also have a consid-

erable effect on rock breakage by blasting. Rocks may have pronounced 

jointing at widely spaced intervals, but the rock between the joints may 

be massive. Large boulders invariably result when blasting is carelessly 

done in rock of this type. On the other hand, the bonds between grains 

may be weak, so that fragmentation is easily accomplished by merely mov

ing the rock from its original position. 
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Most orebodies are highly fractured, and the degree of fractur

ing can be measured directly. Detailed geologic mapping and core log

ging can yield the greatest amount of information about the intensity of 

fracturing. Detailed line mapping on the surface and in underground 

workings will also yield a great deal of information about the orienta

tion of the fractures. Logging the percentage of fragment of a given 

size range in each interval of core logged is probably the best way to 

study fracture intensity (Appendix B). This information can be presented 

using graphs of the cumulative percent of the rock fragments under a 

given size. This is illustrated for the Old Reliable in Figure IV-8 

(Catanach et al., 1977). 

A large blast lifts the rock to permit the rotation of fragments, 

which will substantially increase the porosity and permeability of the 

orebody. The degree of improvement in the porosity and permeability of 

the orebody is directly related to the degree of fracturing which exist

ed prior to the blast. The resulting porosity and permeability are also 

related to the distribution of fragment sizes. A large standard devia

tion in fragment size will have an adverse affect on the resulting poros

ity and permeability. It is therefore desirable to have a high fracture 

density or small average fragment size and a small standard deviation in 

fragment size. This is especially true if the copper mineralization oc

curs on the fractures. 

A test blast was carried out by the U. S. Bureau of Mines 

(Steckley et al., 1975) in order to study the effects of blasting in 

preparation for in situ leaching. The test included drill hole pattern 
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spacings of 25, 20, and 15 ft. The test area was core drilled and sur-

veyed for changes in topography before and after the blast. 

The diamond drill core was examined for core recovery, rock 

quality designation (RQD) index, and fragment size distribution. Core 

recovery was determined by methods using measured length and weight. 

The method of measure core recovery by weight was judged to be superior. 

As expected, core recovery was best for the holes drilled prior to the 

blast and worst for holes drilled in the area of the 15 ft pattern 

spacing (Figure IV-9). The RQD is determined by measuring the percent-

age of core recovered which is in pieces more than 4 inches in length 

(Table IV-2). The RQD changed from "poor" before the blast to "very 

Table IV-2. 

RQD 
(PERCENT) 

0-25 
25-50 
50-75 
75-90 
90-100 

poor" following the blast. 

Rock Quality Designation (RQD) 
Descriptions. After Deere (1963). 

DESCRIPTION OF 
ROCK QUALITY 
very poor 
poor 
fair 
good 
excellent 

The average fragment size of the core was 

3.2 inches for the preblast holes, 2.7 inches for the 25 ft pattern, 2.4 

inches for the 20 ft pattern, and 2.3 inches for the 15 ft pattern. The 

variation in fragment size was due to the increased amount of crushing 

with the decrease in pattern size (Figure IV-10). 
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Fragment size distribution was also determined for three loca

tions on the surface. Two of these locations were within the area af

fected by the blast, while the third was beyond the blast area. Al

though the average size of rock fragments from the unblasted area was 

larger than for the ,blasted area, the greatest number of fragments for 

all three locations fell within the 2-3 inch size range. 

The topographic surveys indicate that there was a swell factor 

of about 1.3 for the area affected by the blast. This would indicate a 

30% increase in porosity for the area as compared to a 33.4% increase in 

the porosity as a result of block caving at Miami, Arizona. 

Overall, the results of the test indicate that most movement 

during the test occurred along pre-existing fractures and that the in

crease in porosity resulted from rotation of fragments bounded by pre

existing fractures. Local decreases in fragment size resulted from 

crushing in the areas around the blast holes. For the purpose of in 

situ leaching of a supergene orebody, the results from blasting with 

25 ft blast hole spacing was as good as the results from blasting with a 

15 ft spacing. 

Resilience, sometimes called sponginessor toughness, refers to 

the elasticity of a material. It is used to express the capability of 

the rock to resist shock and to recover its original position and shape 

without being ruptured. If a rock makes a dull thud and does not re

bound when dropped, it will be very difficult to break by impact. Brit

tle rocks, however, shatter easily, particularly those having a high si

lica content. This simple rock test can be used for a rough estimate of 

how well the rock will fragment and how much energy it will absorb. 



111 

Most rocks are very weak in tension, more resistant to shear 

failure, and strongest in compression. Rocks normally have only one

tenth the resistance to tensile failure as they do to failure by com

pression. The strength of a particular rock type may be obtained by 

laboratory testing, especially triaxial tests. The resistance of a 

rock to tensile failure is most important for blasting. Therefore, if 

the tensile strength is known it is possible to estimate the required 

burden dimension and the amount of explosive required for proper 

breakage. 

Greater amounts of energy are required to obtain the satisfac

tory breakage and displacement of 4enser materials; therefore, heavier 

explosives or larger charges are necessary. However, most rocks fall 

within a relatively narrow density range, varying from 2.2 to 3~2 gm/cc 

with most rocks between 2.5 and 2.9 gm/cc. Therefore, rock density us

ually has a very limited effect on blasting. 

The velocity of energy transmission in rock, Vr , and in explo

sives, Ve , increases as the rock or explosive, respectively, is more 

dense. Denser rocks are generally more fine grained and less porous than 

less dense rocks. These characteristics permit the more rapid propaga

tion of energy through the rock. Therefore, denser rocks have smaller 

energy losses due to dampening and have a tendency to shatter rather than 

break into slabs. 

The sonic velocity of a rock determines the time it takes the 

explosive energy to reach the free face and return. The velocity of an 

explosive determines the total time it takes for the entire charge to 

react. The velocity ratio, ~ = Ve/Vr' determines the shape of the 
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composite produced by the stresses introduced into the rock from each 

point along a charge column. 

Methods of obtaining information about the velocity of energy 

transmission in rock include on-site measurements of pressure pulse, 

stress wave attenuation, and sonic velocities. Broadbent (1974) has 

studied the relationship between degree of fragmentation, pounds of ex

plosive per ton of rock, and sonic velocity (Figure IV-II). Acoustic 

logging of drill holes would also be valuable in this respect. These 

geophysical measurements may be of considerable value when used in con

junction with geological observations. 

Mechanics of Rock Breakage 

The high explosives and blasting agents normally used produce 

very high pressures and rapid reaction velocities. Pressures developed 

in blast holes range from 250,000 to 2,000,000 psi and reaction veloci

ties vary between 8000 and 26,000 ft per second (Ash, 1963). 

Explosive charges in circular blast holes exert pressures on the 

surrounding rock equally in all directions away from the blast hole pe

rimeter. The rock around the blast hole is quickly compressed, usually 

crushing it for a limited distance. The sudden application and quick 

release of high pressure introduces a compressive stress that spreads 

throughout the rock mass as an elastic wave. The speed at which the en

ergy travels through the rock is a function of density. Denser rocks 

transmit energy at higher rates than porous or light-weight rocks. Some 

of the energy transmitted through the rock is reflected and refracted at 
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Figure IV-II. Fragmentation vs. Powder Factor and Velocity. -- After 
Broadbent (1974). 
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density changes or structural discontinuities (Figure IV-12). The re

mainder of the energy continues along its original travel path. 

Rocks are normally more resistant to failure by compression, or 

crushing, than by tension. The action of energy transmission is more 

easily understood if the material being blasted is considered to be made 

of many small particles. If a blow is applied to one particle the ener

gy is transmitted in the direction of the applied blow to adjacent par

ticles until the energy is consumed as a result of friction, damping, 

and fragmentation. The particles in cohesive material such as rock are 

held together by chemical bonds. If a blow is sufficiently strong, the 

inertia of the outer particles will cause them to continue to move out

ward and put the bonds in tension. If the tensile strength of the bonds 

is exceeded, the bonds will break. This sudden release of tension will 

cause adjacent particles to rebound. As each particle is acted upon in 

this fashion, beginning at the open face, the bonds are broken in se

quential order back to the initial source of the energy. 

The energy from a circular blast hole spreads out, fan-like, 

with distance from the source. Stresses developed in the blast hole 

decrease rapidly as the energy pulse travels away from the charge. 

There is only one direction, perpendicular to a free face, where the 

energy is strongest and first reaches the boundary surface. Energy from 

the explosive charge is weaker and arrives at progressively later times 

away from the center point on the face. 

Fly-rock velocity is greatest at the center point, where energy 

travel distance is least; on either side, less energy is imparted to 

the particles which have a progressively greater lateral component of 
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Figure IV-12. Energy Transmitted through Rock is Reflected and Re
fracted at Density Changes or Structural Discontinui
ties. -- After Ash (1963). 

115 



116 

stress as the distance from the center is increased. The face assumes 

the shape of a large bubble opposite the charge, with outermost edges 

stretched in lateral tension (Figure IV-13). A crater forms as a result 

of this action, which is caused by tensile failure along the energy 

travel paths radiating away from the charge toward the free face. 

The outline of the excavation and the fracture pattern within it 

are strongly influenced by the structural planes of weakness in the rock 

mass, such as faults and joints. The amount of explosive energy required 

for adequate breakage must be determined for each situation. If the 

amount of explosive energy is inadequate so that the tensile strength of 

the rock is not exceeded, unbroken rock or very coarse breakage will oc

cur nearest the blast hole. If excessive explosive energy is used, the 

broken rock will be thrown further from the face and overbreakage will 

occur behind the blast hole. 

Explosive Characteristics 

Energy, water resistance, and cost are the principal factors to 

consider when choosing an explosive. However, if there is sufficient 

space and the explosive will not be exposed to water, cost is generally 

the overriding factor. A mixture of ammonium nitrate and fuel oil (ANFO) 

is by far the cheapest blasting agent for large blasts (Porter and 

Car1evato, 1974). It has a relatively low density and relies entirely 

on packaging for water resistance. However, it is readily available, 

safe, and easy to handle for storage and loading. 

The work performed by an explosive is the result of the gas pres

sure produced when the explosive reacts. An ideal 'explosive would be one 



---/' ..... 
III"W'"\v/~''' \ I ,{,,.\\Y/AW/A" 

I LEDGE \ 
~ ~, 
I 0 I , I 

COMPRESSION BULGE 

o 
CRATERING" 

Figure IV-13. Sequence of Events in Crater Formation. -- After Ash 
(1963). 

117 



118 

in which only gases were formed from the original ingredients. However, 

if some solids are also produced, the gas pressure is correspondingly 

reduced and less work is performed. 

Most commercial explosives are mixtures of compounds which con

tain four elements: carbon, hydrogen, nitrogen, and oxygen. Other ele

ments such as sodium, aluminum, or calcium may be included to produce 

certain desired effects. Manufacturers design their products to be 

nearly oxygen-balanced, which means that the mixture contains the cor

rect amount of oxygen so that only steam (H20) is produced when the oxy

gen reacts with hydrogen, only carbon dioxide (C02) gas is produced when 

the oxygen reacts with carbon, and only nitrogen gas (N2) is produced 

from the nitrogen in the mixture. The following chemical equation il

lustrates the oxygen balance for ANFO as a blasting agent: 

Explosive reactions must be exothermic. The quantity of heat 

released for a number of explosives is shown in Table IV-3. Explosives 

react by either deflagration or detonation. Deflagration consists of 

high-speed burning, which produces large volumes of gases at the same 

time. Black powder is an example of an explosive that deflagrates. Det

onation, on the other hand, begins with the propagation of a shock wave 

through the explosive which causes chemical reactions that, in turn, pro

duce large quantities of gases. Most modern explosives detonate. 
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Table IV-3. Available Heat Energies (Q) for Certain Selected 
Explosives. 

EXPLOSIVE SG SC Q (ca1/gm) 
Nitroglycerin eNG) 1.6 88 1420 

PETN 1.6 88 1400 

RDX 1.6 88 1320 

Composition B 1.6 88 1140 

Tetry1 1.6 88 1010 

NG gelatin 40% 1.5 94 820 

Slurry (TNT-AN-H2O, 20/65/15) 1.5 94 770 

NG gelatin 100% 1.4 101 1400 

NG gelatin 75% 1.4 101 1150 

AN gelatin 75% 1.4 101 990 

NG dynamite 40% 1.4 101 930 

AN gelatin 40% 1.4 101 800 

NG dynamite 60% 1.3 109 990 

PETN 1.2 118 1200 

Semige1atin 1.2 118 940 

Extra dynamite 60% 1.2 118 880 

Amato1, 50/50 1.1 128 890 

RDX 1.0 141 1280 

DNT 1.0 141 960 

TNT-AN, 50/50 1.0 141 900 

TNT 1.0 141 870 

AN-Fa, 94/6 0.9 157 890 

AN low-density dynamite 0.8 176 880 

AN 0.8 175 350 
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Powder Factor 

The powder factor, or amount of explosive per cubic yard or ton 

of rock, is a function of the orebody size, shape, and depth of burial 

as well as the rock characteristics and missile considerations. It is 

important, however, to distinguish between overall powder factor and 

specific localized powder factor. The overall powder factor is important 

for economic evaluation (Table IV-I). One pound of ANFO per ton of rock 

to be moved is frequently used as a rule-of-thumb for the overall powder 

factor. The localized powder factor is used for shot design purposes 

in order to account for variations in the orebody. A large shot is fre

quently designed by putting together a number of smaller individually 

designed shots each with "its own set of problems and limitations. For 

most blasting applications, powder factors range from less than 1 lb/yd3 

to more than 4 lb/yd3 (Porter and Carlevato, 1974). 

Methods of Explosive Placement 

Basically, there are two methods of placing explosive charges 

for a large blast. These methods are known as the drill hole method and 

the coyote method. In general the drill hole method is faster, easier 

to load, easier to delay, gives better explosive distribution, and is 

more flexible; however, it is usually more expensive. The coyote method 

is cheaper, since mining costs per unit volume of explosive are gener

ally lower than for the drill hole method. This is especially true if 

there are already some underground workings in place. The disadvantages 

of the coyote method are the poorer explosive distribution and the dif

ficulty of delaying portions of the blast. Both methods are commonly 
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used; for example, the coyote method was used at the Old Reliable and 

the drill hole method was used at Zonia and the Big Mike. Under some 

circumstances it may be advantageous to use a combination of the two 

methods. 

Drill Hole Blasting Design Ratios 

There are five dimensionless ratios upon which to design a blast. 

These can be applied to both surface and underground blasts. They are 

discussed here as applied to surface blasts. The ratios are defined by 

Ash (1963) as follows: 

1) Burden Ratio (KBl - the ratio of the burden distance to the di

ameter of the explosive (BIDe). 

2) Hole-depth Ratio (KHl - the ratio of the hole depth to the bur

den (H/B). 

3) Subdrilling Ratio (KJl - the ratio of the subdrilling depth to 

the burden (JIB). 

4) Stemming Ratio (KTl - the ratio of the stemming or collar dis

tance to the burden (T/B). 

5) Spacing Ratio (Kgl - the ratio of the spacing dimension to the 

burden (SiB). 

Figures IV-14 and IV-1S illustrate the factors used to determine the ra

tios defined above. 

Burden is the most important dimension in blasting. It is de

fined as the perpendicular distance from the face to the charge. Its 

actual value depends on a combination of variables such as the character

istics of the rock and the type of explosive used. The optimum value 
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height, J = subdrill hole, PC = charg~ length, H = hole 
depth. After Ash (1963). 
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for the burden has been approached when the rock is completely frag

mented but has undergone little displacement. 
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A convenient guide for estimating the burden is the burden 

ratio,KB (Table IV-4). Experience has shown that when KB = 30, satis

factory results can be expected for average field conditions (Ash, 1963). 

KB can be reduced below 30 to provide greater throw and finer sizing. 

The burden ratio is generally a function of the relative densities of 

the explosive and the rock to be blasted. Explosive densities vary from 

0.8 to 1.6 gm/cc, and rock densities usually vary from 2.2 to 3.3 gm/cc. 

Therefore, for light explosives in dense rock, use KB = 20; for heavy 

explosives in light rock, use KB = 40; for light explosives such as 

ANFO, in average rock, use KB = 25; for heavy explosives in average rock, 

KB = 35, etc. Figure IV-16 illustrates the relationship between burden 

and explosive diameter that can be used for various values of KB, 

A blast hole should never be drilled to a depth which is less 

than the burden dimension, if overbreak and cratering are to be avoided. 

The primer location and the velocity ratio, Kv = Ve/Vr (explosive reac

tion velocity divided by the energy travel velocity in rocks), have an 

important influence on the minimum required blast hole depth, The shape 

and direction of the wave form determine which face is stressed first. 

In practice, blast holes are generally drilled from l~ to 4 times the 

burden dimension. The most frequently used KH value is 2.6 (Table IV-4). 

The primary reason for drilling blast holes below floor level is 

to insure that a full face will be removed. The subdrilling distance, 

J, should never be less than 0.2 of the burden dimension for most 



Table IV-4. Standard Blasting Ratios for Vertical B1astho1es. -- All types of surface 
blasting, 20 different rock types, hole depths from 5 to 260 ft, and hole 
diameters from 1 5/8 to 10 5/8 in for all grades of eXE1osives. 

ALL OPERATIONS ALL OPERATIONS BUT COAL STRIPPINGS 
K ~ K 1 ~1 

B J 
GROUP FREQUENCY GROUP FREQUENCY GROUP FREQUENCY GROUP FREQUENCY 

0.10-0.19 0 
0.0-0.9 0 0.20-0.29 6 

10-l3 0 1.0-1.9 43 0.30-0.39 12 
14-17 5 2.0-2.9 70 0.00-0.09 15 0.40-0.49 18 
18-21 l3 3.0-3.9 56 0.10-0.19 18 0.50-0.59 18 
22-25 51 4.0-4.9 45 0.20-0.29 27 0.60-0.69 25 
26-29 74 5.0-5.9 22 0.30-0.39 26 0.70-0.79 19 
30-33 66 6.0-6.9 22 0'.40-0.49 25 0.80-0.89 l3 
34-37 44 7.0-7.9 11 0.50-0.59 2 0.90-9.99 6 
38-41 20 8.0-8.9 4 0.60-0.69 6 1.00-1.09 14 
42-45 7 9.0-9.9 2 0.70-0.79 2 1.10-1.19 7 
46-49 4 10.0-10.9 8 0.80-0.89 0 1.20-1.29 7 
50-53 0 11.0-11.9 0 1.30-:-1.39 3 

12.0-12.9 1 1.40-1.49 2 
1.50-1.59 2 

TOTAL 284 TOTAL 284 TOTAL 125 TOTAL 152 

Mean 30 Mean 4.0 Mean 0.28 Mean 0.74 
Mode 38 Mode 2.6 Mode 0.24 Mode 0.65 
Median 29 Median 3.4 Median 0.27 Median 0.67 
1Rf: Ash, R. L. and Pearse, T. E. -- "Velocity. Hole Depth Related to Blasting Results," 

Mining Engineering, Sept., 1962, p. 75. 
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conditions. A KJ of at least 0.3 is preferred for quite massive ledges 

(Table IV-5). 

Collar and stemming are sometimes used interchangeably. How-

ever, stemming refers to the filling of blast holes in the collar region 

with loose material, such as drill cuttings, in order to confine explo-

sive gases. Collar is the unloaded portion of the blast hole. The 

stemming ratio, Kr, is the ratio of the stemming plus the collar, T, to 

the burden, B. The value of the stemming ratio should be large enough 

to control air blast and yield the proper stress balance in the collar 

region. 

Usually a KT value of less than one in solid rock will cause 

some cratering. However if there are structural discontinuities in the 

collar region, reflection and refraction of the energy will reduce the 

air blast and stress imbalance in the direction cf the charge length. 

Thus, the Kr value can be reduced under such circumstances, the amount 

depending on the degree of energy reduction at density or structural in-

terfaces. Field experience shows that a Kr of 0.7 is a reasonable ap-

proximation for the control of air blast and stress balance in the 

collar region (Table IV-4). 

Table IV-S. Blasting Design Ratios. 
Burden ratio, KB 
Hole-depth ratio, KH 
Subdrilling ratio, KJ 
Stemming ratio, KT 
Spacing ratio, KS 

20 to 40 (30 avg.) 
l~ to 4 (2.6 avg.) 
0.3 minimum 
0.5 to I (0.7 avg.) 
1 to 2 
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Blasting usually requires the use of multiple blast holes, making 

it necessary to know if there are interactive effects between charges. 

If adjacent charges are initiated separately (in sequence), with a time

delay interval of sufficient length to permit each charge to complete 

its entire blasting action, there will be no interaction between energy 

waves. However, if the time interval for initiating adjacent charges is 

reduced, complex effects result. There is reinforcement or cancellation 

of forces, depending on the magnitude and direction of forces at points 

of interference. Energy reinforcement creates greater ground vibration 

effects. 

Most blasts can be designed around the size of the blast, the 

physical properties of the rock to be blasted, and the explosive to be 

used. Once these factors are known, the design ratios can be used to 

determine the design of the blast. The range of values generally used 

for the design ratios is given in Table IV-5. 

The basic princip1es.of spacing selection apply to all mu1tip1e

charge blasts, as long as the holes are drilled parallel to each other. 

Figure IV-17 illustrates the basic drill patterns for most field condi

tions and may be summarized as follows: 1) for sequence delays in the 

same row, KS should be about 1; 2) for simultaneous initiation of holes 

in the same row, the preferred KS is about 2; 3) for sequence timing in 

the same row and simultaneous initiation between holes in adjacent rows, 

the entire blast should be drilled in a square arrangement in order to 

avoid stress imbalance; and 4) staggered drill patterns are preferred 

between rows in which charges are initiated simultaneously (Ash, 1963). 
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Coyote Blasting 

The coyote tunnel method of blasting is generally limited to 

conditions where the desired degree of fragmentation can be obtained 

simply by displacing a large mass of material. A high order of frag

mentation i~ possible if the rock is stratified, closely jointed, or 

brecciated. Most of this section is based on the Blasters' Handbook 

(duPont, 1969). 

Coyote tunnels are usually horizontal and about 4 by 5 ft in 

cross section, which is just large enough to provide working space. 

This is usually large enough to hold the explosive charges. 
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The simplest coyote layout consists of a main stem or adit per

pendicular to the hillside with a single wing or crosscut at the back 

end driven at 90 0 to the right or left. A great many modifications of 

this arrangement are used, depending on local requirements. These modi

fications may consist of two or more wings on one adit (Figure IV-18), 

several adits with short wings, or a special alignment to suit irregular 

hillsides (duPont, 1969). 

The burden to be blasted should be at least 75 ft high but not 

over 150 ft high when using a one-level system of tunnels. The length 

of the adit should generally be less than the height of the burden. 

More than one set of wings is usually necessary for burdens of over 100 

ft. Burdens of more than 150 ft may require at least one row of drill 

holes to supplement the coyote tunnels. The drill holes should be 

drilled parallel to and 20-30 ft behind the rear wings. The use of 

drill holes in addition to coyote tunnels improves breakage and pre

vents the development of hazardous overhangs. 
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Coyote Tunnel Showing Charges and Detonating Cord Lay
out. -- Electric blasting caps attached at A\just be
fore firing blast. After duPont (1969). 
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The loading ratios must be varied to suit the type of rock and 

the coyote layout. The charge is usually calculated on the basis of the 

tonnage or yardage in the shot area which is the rock volume bounded by 

vertical planes passed through the back wings and both ends of the 

crosscuts, and by the face, as well as the horizontal plane through the 

floor of ~he workings and by the upper surface of the blast area. The 

loading ratio for a layout containing a long adit should normally be 

heavier than for a short adit and long wings, since it is much easier to 

move out the burden in a blast of the latter proportions. Also, the 

loading ratio on the back crosscut of the double-wing coyote blast would 

normally b~ higher than on the front crosscut. Experience has shown that 

the deeper the adit in proportion to the face height, the higher the re

quired loading ratio. 

The shattering action of the blasting agent is not as important 

for coyote blast~ as it is for drilled blasts. However, there is some 

evidence to indicate that higher detonation velocity does produce better 

breakage in harder shooting rocks such as quartzites. 

ANFO is adaptable to coyote blasting where the workings are dry. 

Commonly the ANFO is packed in 50 pound polyethylene-lined burlap bags. 

This packing unit stands up well under normal abuse in handling and can 

be conveniently stacked in small coyote tunnels. However, it cannot be 

used in standing water; if wet conditions are encountered sufficient 

waterproof explosive should be used in the bottom of the working to keep 

the bags out of the water. 

ANFO requires confinement for complete detonation and hence, 

coyote charges must occupy at least two-thirds of the cross sectional 



area of the tunnel. In addition, it is recommended that two or more 

primers be used with each 25 ft of charge. 
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The usual loading practice is to divide the charge in each wing 

into units of proper size calculated to give the desired results. ' These 

units are placed on 20-25 ft centers or on the proper spacing needed for 

the calculated distribution of energy in the blast. It is very important 

to allow at least 12-15 ft of clearance between the front of the nearest 

pile and the center line of the, adit in order to provide sufficient con

finement to prevent a "blow-out" through the adit at the time the blast 

is fired. At least two primers should be placed in each unit, one near 

each rib of the tunnel and in the front portion of the pile toward the 

adit. Primers should be completely surrounded with the blasting agent. 

The various units should be connected with a line of cans or bags placed 

on the tunnel floor as an additional safeguard. 

The detonating cord may be subjected to severe abuse from rock 

spalls in the workings or from the use of loose, coarse stemming. For 

this reason the detonating cord should be protected by bags of sand be

tween the charges. A double line of detonating cord should be used in 

each wing. Each primer is threaded on the respective detonating cord 

line. The cord can be protected where it runs through the explosive 

pile by empty bags or pieces of fiberboard case. 

A cross tie of detonating cord between the two main lines should 

be placed between piles (Figure IV-18). All connections must be at right 

angles. The type of detonating cord used throughout the project depends 

on the conditions. A detonating cord with high tensile strength and re

sistance to abrasion is recommended where conditions are severe. 
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After all of the wings have been loaded according to recommended 

procedure, the unit nearest the adit should be bu1kheaded with a layer 

of sandbags so that the charges will not be disturbed by stemming oper

ations. The detonating cord lines should then be extended to the adit 

with proper protection and the rest of the wing stemmed. 

The main detonating cord lines should then be placed along the 

full length of the adit including a continuous loop at the back end. 

The detonating cord must be protected from damage by the stemming. One 

of the best methods is to lay each line between two rows of sandbags. 

All branch lines should be tied into the main lines at the wings and the 

knots should be taped and covered. A cross tie should be placed in the 

adit on each side of each wing and every 15-20 ft along the adit. Com

pressed air may be used to blow stemming into the adit; however, it is 

necessary to complete the entire detonation cord installation in advance. 

It is not always necessary to stem the wings between charges. 

It is advisable to use stemming for confining charges under unusual con

ditions; for example, where the horizontal or vertical load varies 

greatly from one part of the wing to another or where the wing intersects 

a weak zone in the rock. 

Stemming may consist of any heavy inert material which will con

fine the explosive effectively and may range in size from large rock to 

sand. The material, if fine enough, may be loaded into bags and hauled 

into the tunnel in cars or wheelbarrows. If muck from driving the tun

nels is used for stemming it may be scraped in with power equipment. 

Light sectional conveyors may also be used for handling the stemming as 

well as the explosive. 
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Good results are achieved with coyote blasting only if fragmen

tation can be accomplished by displacement alone. Since this is done 

with a relatively poor distribution of explosive, an overload of any 

point in a coyote tunnel may cause a dangerous blow-out. On the other 

hand, an underload may result in a failed blast. 

Monitoring and Safety 

The feasibility of a large blast also depends on minimizing the 

damage to nearby wells, homes, and industrial structures. The potential 

for damage can normally be ascertained from on-site inspection and, if 

necessary, scaled test shots. Data from test blasts, such as the fre~ 

quency of ground motion, wave amplitude, and the ground transmission 

constant, can be used to design a blast that will remain within accept

able damage levels. Figure IV-19 from Duval and Fogelson (1962) illus

trates the relationship of damage level to frequency of ground motion 

and displacement or wave amplitude. An example of how the damage level 

can be restricted was observed at the 4.15 million pound ANFO blast at 

the Zonia Mine. A chemical plant about 1250 ft from the blast site suf

fered only one broken window. 

Missiles can also constitute a threat to local structures. Ex

cessive missiles are undesirable from a scatter standpoint as well, since 

it is desirable to keep the ore in a leachable position. Figure IV-20 

illustrates the relationship between load density and the maximum veloc

ity of the rock burden. Excessive flying rock can also occur as a result 

of unexpected rock weakness or insufficient cover. 
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Safety must be considered at all times, since the success of the 

blast as well as the security of the personnel and surrounding property 

depend on it. 

Summary 

Blasting and hydraulic fracturing are the only methods used to 

prepare an essentially unmined supergene copper deposit for in situ 

leaching. Those deposits which have been extensively mined underground, 

especially by block caving, may also be leached "in place. However, in 

this case in situ leaching is only the final step in mining a deposit 

which has already been mined by more conventional methods. The conven

tional mining method constitutes the ground preparation for in situ 

leaching. 

Hydraulic fracturing can be used to fracture supergene copper 

deposits, such as the Van Dyke deposit, where the deposit is saturated 

with ground water. The permeability of the deposit must be increased 

significantly in order to make the application of hydraulic fracturing 

beneficial. Fractures induced by hydraulic fracturing will form perpen

dicular to the least principal stress direction, and the design of the 

well field must take this factor into consideration. 

Blasting is the most commonly used method to fracture a super

gene copper deposit for in situ leaching. Most blasts can be designed 

around the size of the blast, the physical properties of the rock to be 

blasted, and the explosive to be used. Once these factors are known, 

the design ratios can be used to determine the design of the blast. 
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A large amount of explosive is required for blasting a supergene 

copper deposit (Table IV-I). Consequently the cost of the explosive 

dictates that £\NFO (ammonium nitrate and fuel oil) be used. 

The blast should be designed to insure that the largest, highest 

~rade portion of the deposit has the greatest flow of leaching solution 

pass through it. The following chapter discusses fluid flow in a frac

tured supergene copper deposit. 



CHAPTER V 

FLUID FLOW CONDITIONS 

The fluid-flow conditions of an in situ leaching operation are 

probably the least understood aspect of the leaching process. Several 

aspects of the fluid flow must be examined for each operation. These 

include the source of water, porosity and permeability of the deposit, 

conditions for fluid flow, the method of application of' the leaching so

lution, and the manner of eggress for the copper-bearing solution. Fig

ure V-I points out the two types of in situ environments based on the 

position of the orebody relative to the water table. Much of the dis

cussion in this chapter emphasizes the case where the orebody is above 

the water table, since the deposit at San Antonio de la Huerta is of 

this type. However, a brief discussion of some special problems encoun

tered when the orebody is below the water table is included. 

Source of Water 

An adequate source of water is essential for an in situ leaching 

operation. The water may come from surface water such as lakes, streams, 

and rivers or it may come from ground water. The supply of water must be 

sufficient for the life of the project, regardless of the source. The 

amount of water available from a stream can be determined by measuring 

the cross sectional area of the stream and its flow rate past the point 

of withdrawal. If ground water is used the aquifer should be tested in 

order to guarantee an adequate supply of water over the life of the 

project. 
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An aquifer may be tested using the flow from one or more wells 

depending on the size and uniformity of the aquifer. The flow rate, 

permeability, transmissivity, and coefficient of storage of the aquifer 

may be tested by downdraw or injection tests as explained by Davis and 

DeWiest (1966). 

Water quality should be examined closely in order to monitor the 

presence of undesirable substances for the leaching operation. The pres

ence of iron, aluminum, calcium, and magnesium in water used for leach

ing could result in the precipitation of sulfates or hydroxides of these 

cations. The presence of these elements would increase the consumption 

of acid and result in the precipitation of sulfate and hydroxide miner~ 

als that would restrict the flow of the leaching solution through the 

orebody. 

The amount of iron in solution is controlled by the Eh and pH of 

the solution; the highest concentrations of iron in solution occur with 

a low Eh and low pH. Surface water, except in water that is very acidic 

or has a high organic content, will not have high iron concentrations. 

Ground water may have high iron concentrations if the aquifer has a high 

organic content, but this condition is rarely encountered in arid re

gions. In either case surface or ground water is unlikely to contain 

significant amounts of iron relative to the amount that will be in a 

leaching solution circulating through a supergene copper deposit. 

Although aluminum is the third most abundant element in the 

earth's crust, it rarely occurs in solution in concentrations greater 

than a few tenths of a milligram/liter except in very acidic water (Hem, 

1970). As in the case of iron, surface or ground water is unlikely 
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to contain significant concentrations of aluminum relative to the amount 

that will be in a leaching solution circulating through a supergene cop

per deposit. 

The amount of total dissolved solids in ground water is a func

tion of the amount of precipitation, as shown in Figure V-2 (Davis and 

DeWiest, 1966). Calcium and magnesium often form a significant propor

tion of these dissolved solids in an area with an arid climate (Table 

V-I). However, even in the case of these elements, most cations in a 

leaching solution come from the interaction of the acidic solution with 

the gangue minerals. A more complete discussion of the ionic species 

formed during leaching is included in Appendix A. 

Water Requirements 

The initial water requirement consists of the water required to 

fill the void spaces and the water lost through evaporation and infiltra

tion into the surrounding rock. The lower portion of the void space may 

be saturated while the upper portion will contain the water accumulated 

on the rock surfaces (Figure V-3) , around the fine-grained particles, 

and in the rock pores. The amount of water retained in the unsaturated 

portion of the void space, specific retention, is a function of the frag

ment size (Figure V-4) and the porosity of the individual fragments. 

The operating water requirement is the amount necessary to re

place the water lost through evaporation and infiltration. Losses due 

to evaporation average about 10% of the solution applied in leaching op

erations in the southwestern United States (Fletcher, 1971). This rate 

is variable; however, the evaporation rate at Winkleman, Arizona averages 
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Table V-I. Chemical Analyses of Water from Arid and Semiarid Regions. -- Analyses in parts per 
million. 

BRACKISH SPRING FRESH SPRING 
WATER FROM ROCKS WATER FROM 

WATER LEACHED FRESH WELL WATER BRACKISH WELL WATER RICH IN GYPSUM RHYOLITE AQUIFER 
FROM SALINE SOIL FROM ALLUVIUM, FROM ALLUVIUM, AND CALCITE, NEAR SOCORRO, 

OF THE U.S.S.R. NORTHERN CHILE NORTHERN CHILE NEW MEXICO NEW MEXICO 
Si02 36 4 21 27 

Ca 1540 7 295 456 18 

Mg 360 0.5 58 113 4 

Na 2010 160 474 47 54 

K 8 61 2.8 

HC03 61 248 63 200 154 

S04 2430 96 415 1460 28 

Cl 5040 53 1130 15 15 

N03 4 0.3 0.2 1.2 

B 18 

Total Dis-
solved 
solids 487 2469 224 

...... 

.po. 
VI 
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Figure V-3. Downward Movement of Water in Coarse Rock Fragments. -
Water is retained as a thin film on surfaces of the rocks, 
in drops held within capillary-size spaces at contact 
points, and in small pools on the Upturned Faces of the 
Rocks. -- After El Boushi and Davis (1969). 
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5.05 inches per month during October through March and 12.10 inches per 

month during April through September. 

Porosity 

An orebody which has been rubblized in preparation for in situ 

leaching has two types of porosity: the porosity of the rock itself and 

porosity resulting from fragmentation. The porosity 6f granitic rock 

is generally less than 1% (Davis, 1969); however, rock which has been 

mineralized and weathered may have porosities of 12% or more (Kennedy 

and Stahl, 1974). The porosity due to rubblization can be determined by 

measuring the increase in volume after a blast. Table V-2 shows the in-

crease in volume from different methods of fragmentation for material to 

be leached in dumps or in situ. 

Permeability 

Permeability is a measure of the ease with which fluids pass 

through a porous material. Mathematically the permeability may be ex-

pressed as 

where 

-1 
K = .9. E- (ISh) 

A eg 01 

Q = volume of fluid discharged per unit time through an area A 

n = viscosity of the fluid 

e = density of the fluid 

g = acceleration of gravity 

oh/ol = hydraulic gradient in the direction of flow (Davis, 1969). 



Table V-2. 

Dumps 

Miami 

Sierrita 

Old Reliable 

Emerald Isle 

Porosities and Permeabilities 
METHOD OF 

FRACTURING 
mining 

block caving 

blasting 

blasting 

blasting 

aJucevic, personal communication (1980). 
bCathels, personal communication (1980). 
cFletcher (1971). 
dSteckley et al. (1975). 
eCatanach et al. (1977). 
fD'Andrea et al. (1977). 

of Broken 
POROSITY 

(%) 

Rock. 
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PERMEABILITY 
(DARCIES) 
500-l000b 

0.3...,.27 
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The darcy is the most commonly used unit of permeability. One darcy has 

the value of 0.987 x 10-8 cm2• 

"Intrinsic permeability" is a property of the solid material and 

is independent of the density and viscosity of the fluid. Hubbard 

(1940) pointed out that physically intrinsic permeability may be viewed 

as 

where d is the grain size of the medium through which the fluid is flow

ing and N is the angularity of the grains. For two geometrically simi

lar media the values of N would be the same; for dissimilar media, such 

as rounded versus angular grain shapes, the value of N would be differ

ent. Since N is dimensionless, k has the dimensions of d2 • 

Permeability is also related to the capillarity. Capillary 

pressure is inversely proportional to pore size. The smaller the pores, 

the greater the capillary pressure. Permeability, in turn, is inversely 

proportional to the square of the capillary pressure (Kennedy and Stahl, 

1974). This means that in a leaching orebody, the larger capillaries 

will be the major flow channels and that flow will falloff rapidly as 

the capillaries become smaller. 

Experimental evidence for unconsolidated rock indicates that: 

1) permeability increases with an increase in median diameter; 

2) for a given median diameter, the permeability decreases with an 

increase in standard deviation of particle sizes; 

3) permeability is most sensitive to changes in standard deviation 

in samples with larger median grain sizes; and 
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4) other factors being equal, unimodal distributions have higher 

permeabilities than bimodal distributions (Davis, 1969). 

These factors are illustrated in Figure V-5 showing particle-size dis-

tribution related to permeabilities of various nonindurated sediments. 

The permeabilities of material to be leached vary widely. Dumps often 

have permeabilities in the range of 500-1000 darcies (L. Cathels, per-

sonal communication, 1980). On the other hand, the blasted zone for an 

in situ leach test at the Emerald Isle Mine had permeabilities in the 

range of 0.3-27 darcies (D'Andrea et al., 1977). 

Although the mineralized rock itself may have appreciable poros-

ity, generally it will have very low permeability. The pores of the 

rocks at the Chino Mine are interconnected, as demonstrated by the cap-

illary pressure data of Kennedy and Stahl (1974). This indicates that 

minerals within the rock can be leached only by diffusion. 

Flow Conditions 

In Situ Leaching above 
the Water Table 

The fragmented zone is typically bounded by the atmosphere on the 

upper surface and by relatively solid rock on the sides and bottom. The 

difference in permeability (darcys), between the zone of fragmentation 

and the surrounding solid rock is generally several orders of magnitude. 

Since this permeability contrast is very large, the surrounding country 

rock can usually be considered essentially impermeable. If major geolog-

ic structures cut the fragmented zone, these structures must be examined 
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Figure V-5. Particle-size Distribution Related to Permeability of 
Various Nonindurated Sediments. -- After Davis (1969). 
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to determine the possibility of major fluid losses. It may be possible 

to grout or tap the structure during the in situ leaching operation. 

Water may be present in the broken zone as hygroscopic water, 

pellicular water, or gravitational water (Harris, 1969). Hygroscopic 

water is water absorbed by soil particles. Hygroscopic water cannot 

move as a liquid but can move from some soil particles to others con

taining less water vapor. 

Pellicular water surrounds soil particles above the layer of hy

groscopic water. Pellicular water has the following properties. 

1) The soil air is always saturated with water vapor in the pres

ence of pellicular water. 

2) Pellicular water moves within the sailor rock as a fluid en

tirely by the action of molecular forces. 

3) Salts may be dissolved in pellicular water and move by diffusion. 

Gravitational water is the water in excess of the maximum molec

ular moisture capacity of the soil and rock particles. Its movement is 

due to gravity and hydrostatic pressure. Its rate of movement is far 

greater than that of pellicular water. Capillary water is in this 

category. 

These definitions indicate that the broken zone is thoroughly 

saturated after an initial start-up period, except at its surfaces where 

evaporation effects can be significant. Therefore, it is not necessary 

for water to percolate by gravity to a given section of the broken zone 

for it to be wet and capable of leaching. However, the distance over 

which diffusion is operative will control the rate at which leaching 
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takes place. Therefore, the shorter the'distance between the mineral 

being leached and the fluid which is percolating by gravity, the more 

rapidly the leac.hing will take place. 

Flow within the saturated zone is a function of the permeability, 

the shape of the zone through which the fluid is flowing, and the amount 

of fluid which arrives at any given location on the interface between 

the saturated and unsaturated portions of the fragmented rock. The in-

fluence of the shape of the zone through which the fluid is flowing is 

illustrated in Figures V-6 and V-7. The flow in Figure V-6 is concen-

trated on the right side due to the shape of the zone of saturation. 

Flow in Figure V-7 is more evenly distributed so that the copper-bearing 

solution will be drained from the deposit more evenly and will therefore 

contain more copper per unit of solution. 

Flow through.the unsaturated portion of the broken zone is also 

a function of the fragment size of the rock through which the leaching 

solution will flow. The solution will flow over more of the surfaces of 

the finer rock fragments (Figure V-B). The fluid will flow more rapidly 

through the coarser material, but the surfaces of the finer material will 

have a greater chance of being exposed to the flowing solution.so long as 

gravitational flow predominates over capillary flow. These factors il-

lustrate the importance of knowing the fragment size distribution within 

the broken zone, especially that portion which is mineralized. 

Apparently, the channels through an unsaturated body being 

leached tend to move around as a result of changes within the body. This 

may be due to the removal of minerals in some locations and the deposi-

tion of other minerals at different locations. A test leach column 
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10 ft in diameter by 34.5 ft in height at the New Mexico Institute of 

Mining and Technology was leached for two years until 57% of the copper 

was removed. At the end of the leach test, the waste in the column was 

stained with rhodamine-B dye in a final solution flush. On the average 

about 50% of the waste in the column was contacted by the dye. However, 

copper was almost completely leached from many unstained locations 

(Cathels and Murr, 1980). 

Fluid Application 

Channeling is a severe problem with any of the surface applica

tion methods such as the sprinkler, trickle, or ponding methods. Pond

ing is not recommended, since it leads to a highly channeled flow regime 

near the surface. The optimum level for sprinkle or trickle application 

in the southwestern United States has been found to be 0.0045 gal/min/ft2 

or 0.183 liters/min/m2 (Fletcher, personal communication, 1980). A sur

face application method should be used in conjunction with drill hole 

application. Drill holes can be used for monitoring the solution at any 

given location as well as for solution application. Drill hole applica

tion may be especially important for the in situ leaching of supergene 

copper deposits. These deposits generally have a leached capping and an 

uneven distribution of copper mineralization. Drill hole application has 

been used at the Miami, Arizona in situ leaching operation. Holes 

drilled through the Miami fault leached an area 50 ft in diameter in the 

foot wall (Fletcher, 1971). Through the use of the drill hole applica

tion, it should be possible to avoid some of the channeling effects of 

the overburden; it should also be possible to apply more of the leaching 
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solution directly to the higher grade portions of the deposit. It is 

important to avoid the establishment of a highly channeled flow regime. 

Fluid Egress 

The manner of egress of the copper-bearing solution is also 

critical. The copper-bearing solution may be removed from the deposit 

by gravity through underground workings or by pumping from wells. The 

method chosen for the withdrawal of the copper-bearing solution is usu

ally a function of topography and the availability of previously devel

oped underground workings. In either case, the solution should be with

drawn from all areas of the fractured ore zone as evenly as possible. 

If the copper-bearing solution is withdrawn unevenly, a situa

tion like the one at the Old Reliable may develop. There appear to be 

differential flow rates fr.om different parts of the orebody (Harshbarger, 

personal communication, 1975). This would result in a flow pattern simi

lar to the one in Figure V-6. The flow would be most rapid from the 

near-surface zone and slowest from the most deeply buried portion of the 

ore zone. Copper would be produced most rapidly from the near-surface 

area, while the deeper portion of the orebody remained relatively un

leached. In addition a major portion of the chalcocite ore would be sat

urated and, therefore, unoxidized. As a result the grade of copper in 

the solution withdrawn from the deposit would drop rapidly as the near

surface zone was leached out. 
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In Situ Leaching 
of Saturated Deposits 

In situ leaching in a water-saturated ore deposit is analogous 

in many respects to secondary recovery techniques in an oil field. In 

both cases it is desired to inject a fluid, such as water, into one set 

of wells and to produce the desired product, such as oil or a metal-

bearing solution, from another set of wells. In situ leaching of this 

type is widely used in the uranium industry and has been proposed to pro-

duce copper from the Van Dyke deposit in Miami, Arizona. 

Supergene copper deposits may be dominantly composed of oxide 

copper minerals, such as chrysocolla, or sulfide copper minerals, such 

as chalcocite. Oxide copper minerals require only contact with acid to 

be leached; however, sulfide copper minerals require an oxidant as well 

as acid. The use of oxidizing agents has been employed in the uranium 

industry. Hydrogen peroxide and dissolved oxygen have been used as oxi-

dizing agents (Litz, 1980). Figure V-9 illustrates oxygen solubility in 

water with depth of water. The rate of production of uranium with dis-

solved oxygen is similar to that obtained with commercial concentrations 

of hydrogen peroxide for wells with depths of lixiviant greater than 

200 ft. 

Well field design for in situ leaching requires a thorough know-

ledge of the reservoir properties and the geology of an ore deposit. In-

formation about the reservoir properties as well as the geology of the 

deposit may be obtained from drill hole data. Exploration drill holes 

can also be used for pressure-transient testing such as drawdown and in-

jection tests. These tests will provide information about the 
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permeability and transmissivity of the ore deposit. From these data it 

is possible to determine injection rates, flow rates, and sweep effi

ciencies of various well field designs. 

The clogging of injection wells has been experienced in the ura

nium industry (Tweeton, 1978). It was found that techniques adequate 

for drilling exploration holes or water-producing rocks are often inade

quate for injection wells. The causes of clogging are of two types. 

The first type occurs during well construction and includes the effects 

of a low-permeability "skin" of drilling fluid left on the borehole wall 

and the intrusion of solids from the drilling fluid into the rock near 

the borehold. The second type occurs during the injection of the lixivi

ant and includes the effects of the precipitation of minerals from the 

lixiviant and ~he migration of fines into the rock near the borehole. 

Air drilling has produced wells having very low resistance to injection; 

however, great care is necessary to prevent the collapse of the borehole. 

Fluids that are capable of dissolving copper and uranium are also 

capable of corroding conventional well field hardware. Oil field service 

and equipment companies have not yet adjusted to these corrosion prob

lems (Axen, Baughman, and Huff, 1979). Therefore it is necessary for 

the operating personnel in an in situ leaching operation to see that 

corrosion-resistant equipment and materials are used. 



CHAPTER VI 

IN SITU LEACHING 

In situ leaching has many characteristics in common with heap 

and dump leaching. Although there are many special problems associated 

with in situ leaching, an in situ leaching operation can be modeled in 

much the same manner as a heap or dump leaching operation. The same 

physical and chemical characteristics control the leaching process in 

any type of coarse ore leaching. Coarse ore leaching refers to any of 

the processes of heap, dump, or in situ leaching. 

The production of copper by coarse ore leaching can be limited 

for any or all of the following reasons: 

1) Solution does not reach all segments of the orebody. 

2) Solution arriving at a segment of the orebody does not contain 

the acid or oxidizing agent needed for leaching. 

3) Slow diffusion of a reactant through a stagnant film boundary 

around individual particles in the orebody. 

4) Slow diffusion of a reactant through the leached outer layer of 

a particle to the unreacted center core. 

5) Slow reaction rates at the reaction surface. 

6) Slow diffusion of a reactant product back to the bulk solution. 

The objective of all leaching models is to develop a model which 

can be used to scale-up laboratory test data and to simulate the effects 

of changes in operating variables on large-scale leaching projects. 

163 



164 

None of the models developed to date has been able to adequately model 

the effect of solution channeling (item 1). Laboratory studies indicate 

that neither film boundary diffusion (item 3) nor diffusion of a reac

tant product back to the bulk solution (item 6) are rate-controlling 

(Roman, Benner, and Becker, 1974). The reaction rates at the reaction 

surface (item 5) aLe rapid and therefore not rate-controlling for most 

of the supergp.ne c~pper minerals, although it may be for a primary cop

per mineral such as chalcopyrite. Most leaching models describe the 

leaching process when the leaching rate is limited by either a defi

ciency of reactant (item 2) or diffusion of the reactant through the 

leached rock (item 4). 

Although models have not yet been developed for in situ leaching 

operations, they have been developed for heap or dump leaching operations 

which are simpler to model. The three leaching models discussed in this 

chapter should provide some insight into the leaching process. These 

models may be applied to various types of in situ leaching operations 

with further development. 

As pointed out in Chapter II, supergene copper minerals can be 

grouped into those from the zone of oxidation and those from the zone of 

reduction. This difference in copper mineralogy determines the manner 

in which these ore types leach. Since non-sulfide copper minerals from 

the zone of oxidation can be leached in a more straightforward manner, 

they will be treated first. 



Leaching of the Copper Oxide 
Zone--Roman Model 
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Roman et ale (1974) have developed an unreacted core-diffusion 

model for copper oxide leaching. For the development of this model, 'the 

heap has been divided into square columnar sections (Figure VI-l) called 

unit heaps. This reduces the model to a one-dimensional (height) sys-

tern; the other two dimensions (length and width) are incorporated by 

adding columnar sections in the appropriate directions. Leach solution 

is then assumed to flow vertically through the heap, and the horizontal 

flow channels which deliver the solution to the springs on the periphery 

of the heap are neglected in determining the amount of copper leached. 

Figure VI-2 depicts a particle undergoing leaching. The leach-

ing agent is delivered to the surface of the particle by the leach solu-

tion which flows through the heap. Solution in the rock pores does not 

move except as the surface of the unleached core advances into the rock; 

therefore, the leaching agent must diffuse through this solution to the 

reaction surface. As soon as the reactant arrives at the surface of the 

unreacted core, it is consumed and copper is released into solution. 

This model was verified experimentally by leaching cylindrical samples 

out from sandstone copper ore with a core drill (Roman et al., 1974). 

The unreacted core is separated from the leached rock by a sharp bounda-

rye If the rate of the surface reaction was rate-controlling or at 

least of the same order of magnitude as diffusion, the boundary would 

not be sharp but there would exist a broad region of partially leached 

rock between the unreacted core and the totally leached rock. 
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Figure VI-l. Schematic Diagram of a Leach Heap. -- After Roman et al. 
(1974). 

flow of leoc h '0'" I.on 

Figure VI-2. Cross Section of a Partially Leached Rock Particle. -
After Roman et al. (1974). 
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The unreacted core-diffusion limited rate of the reaction model 

of Roman et ale (1974) can be translated into mathematical form and used 

to predict the rate of leaching under different conditions. The decrease 

in volume of the unreacted core of a particle being leached, accompany-

ing the leaching of a ~ Cu grams of copper from a particle or the disap-

pearance of 6 A grams of acid from the leaching solution, is given by 

a~Cu = ~A = aop~V = avop~(!t IIr 3) 
3 c 

Rearranging 

where 

~= 4 avopII 
~r 3 3 

c 

a = grams of acid consumed per gram of copper leached, 

0 = grade of are (decimal fraction), 

p = solid density (g/cc), 

~V = change of volume of unreacted core (cm3) 

rc = radius of unreacted core (cm); and 

v = volume factor (volume of particle per volume of a sphere 
with same radius). 

In the limit as ~r approaches zero, 

2 
4avpoIIr dr c c 

(1) 

(2) 

(3) 

This equation relates the decrease of acid in the system to the decrease 

in unreacted core size. The rate of reaction at any instant is given by 

the rate of diffusion of the acid to the reaction surface in the interior 
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of the particle. The mass of acid moving perpendicular to any closed 

surface drawn around the unreacted core in the leached rock must be 

equal to the rate at which acid is consumed at the reaction surface, and 

is given by 

-dA 
dt (4) 

where r = any radius R>r>r and J = flux. It is assumed that the leachc 

ing process has reached a quasi-steady state. 

Fick's law relates the flux (J) to the effective diffusivity (D) 

and concentration gradient 

J = D dC 
dr 

combining these equations gives 

-dA 
dt 

(5) 

(6) 

This equation can be integrated to determine the acid concentra-

tion as a function of radius, holding time constant. Integrating from 

R (particle radius) to rc (core radius) as C goes from CO (acid concen-

tration in the bulk solution) to zero (acid concentration at the reac-

tion interface), gives 

or 

-dA f r=rc 

dt r=R 
= 

C=o 
4IIoD f dC (7) 

C=C D 

(8) 
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It is convenient to express this equation in terms of the change 

in the radius of the unreacted core rather than the change in the amount 

of acid in the system; therefore, 

-4avpoITr 2 (~_ l) drc = 4ITDCo 
c rc R dt 

rearranging, 

(9) 

(10) 

This equation describes the change in rc as a function of time 

for a particle of radius (R), density (p), grade (0), and acid consump-

tion (a), in an acid solution of strength (CO). The factor oD/V is to 

be determined experimentally and is independent of acid concentration, 

particle size distribution, and heap geometry. 

The recovery of metal from a single particle is related to the 

initial particle size and unleached core radius by: 

% Recovery (11) 

A heap can be considered as being composed of a collection of particles 

of different sizes with neighboring particles being leached by solutions 

of similar compositions. As the solution reacts with the individual 

particles, it becomes depleted in acid and flows downward where it con-

tinuesleaching ore until reagents in the solution are completely used 

up or the solution exits from the heap at the bottom. The complexity 

of this model of a heap rules out an analytic solution; an infinity of 
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particle sizes and continually changing acid concentration requires that 

a numerical approach be taken. 

In order to describe the heap in terms such that a numerical so

lution to Eqn. 10 is possible, the heap must be divided into "unit vol

umes. Ii A unit volume is defined as a cube, one unit on each edge, in 

which all particles are being leached by a solution, the composition of 

which is only a function of time--not position--within the unit volume. 

Unit volumes are placed one on top of another until a column the height 

of the heap is formed. This column, one unit in cross section and as 

tall as the heap being leached, is termed a "unit heap." Vertical vari

ations within the heap in size distribution, ore grade, etc., are re

flected in the characteristics assigned to each unit volume. Unit heaps 

are then placed next to each other so that the whole heap is considered 

to be made up of independent unit heaps. In Figure VI-3 schematic rep

resentation of the solution composition and recovery within the unit 

are shown. 

If the size distribution of the ore in a heap is made discrete, 

then solving Eqn •. 10 simultaneously for all size fractions using the bulk 

acid concentration (CO) of the solution in the unit volume being evalu

ated will give a good approximation to Eqn. 10 if the change in core ra

dius is kept small. To be able to solve Eqn. 10 in this manner, in ad

dition to the size analysis of the ore, the bulk density of each unit 

volume and percentage of the heap voids filled with solution in each unit 

volume must be known. In column tests these two characteristics can be 

easily measured, but for actual heaps determination of their values may 

be more difficult. 
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By definition of a unit volume, it can be assumed that all par

ticles within the unit volume are being leached by a leach solution of 

identical composition. The solution leaving this unit volume is the so

lution flowing into the next volume below and eventually, after passing 

through all the unit volumes in the unit heap, the solution goes to the 

metal recovery section of the operation. As the solution progresses 

downward through the heap, it becomes depleted in acid and more concen

trated in copper. Because the solution has a higher acid concentration 

at the top of the heap, recovery is higher there. Equation 10 is solved 

.for increments of time equal to the time required for an element of so

lution to flow one unit down the column. Each of the sets of Eqn. 10 

(one set for each unit of heap height) is progressively solved starting. 

with the top unit volume, proceeding to the second unit volume, and so 

forth until each unit volume has been leached. The acid and copper con

centrations are continuously updated so that the composition of the sol~

tion flowing into each unit volume is known and at any given time both 

the recovery of copper from any size fraction and the total recovery in 

any location in the unit heap are also known. 

By taking a weighted average of the recovery of each particle 

size in each unit volume, the recovery for the unit heap can be calcu

lated. Then, by adding the proper number of unit heaps, the total pro

duction from the entire heap can be calculated. 

The model was used to determine the effect of the controllable 

variables (acid strength, size distribution, dump height, etc.) on re

covery. The recovery vs. time curves are predicted for the same ore on 
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which the column leach tests were run. A solution flow rate of 0.183 

1/min/m2 was assumed in all examples. 

The number of possible combinations of different values of the 

variables is large; only seven possible leaching conditions are given 

here. To facilitate comparison, these seven examples are shown in Fig

ures VI-4, 5, and 6. In general the recovery vs. time curves can be di

vided into two parts: a straight line portion during the early stages 

of leaching when production of copper is controlled by .the amount of 

acid.available in the leach solution, and a concave portion during the 

latter stages of leaching when the production of copper is controlled by 

diffusion through the leached rock. Either of these segments of the re

covery vs. time curve can be eliminated or nearly eliminated by control

ling the rock particle size or the acid concentration. 

In Figure VI-4 the effect of particle size is shown. During the 

early stages of leaching, the particle size does not influence recovery. 

Finer size distributions, however, do enable a higher rate of recovery 

to be maintained over a longer period of time. Figure VI-5 shows that 

increasing the acid concentration increases the rate of recovery during 

the entire time the ore is being leached. Figure VI-6 shows the effect 

of heap height on recovery. Since the amount of copper contained in the 

heap is directly proportional to the heap height, higher heaps, although 

showing lower initial recoveries, produce more pounds of copper in a 

given period of time than shorter heaps, provided production is not li

mited by available acid. 

Each ore behaves differently even if diffusion through the 

leached rock is controlling production. Knowing the conditions under 
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Figure VI-4. Computed Effect of Ore Size on Recovery in a 75 ft Heap. 
-- After Roman et a1. (1974). 
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which a heap is being leached (particle size, dump height, flow rate, 

etc.), this model can be used along with one laboratory column test on 

the ore to predict the performance of the heap. 

The Roman et a1. (1974) model was tested by Shafer, White, and 

Caenepee1 (1977). All of the tests were made using laboratory column 

leach tests. In every case the experimental results matched the ca1cu-

1ated results. However, the difficulty in testing the model directly 

on an actual heap would result from the solution flow p~ttern. Problems 

related to the flow pattern are not included in the Roman et a1. (1974) 

model. 

Leaching of the Supergene Copper 
Sulfide Zone--Harris Model 

The leaching of supergene copper sulfide ore differs from the 

leaching of supergene copper oxide ore in that the diffusion of oxygen 

is generally rate-controlling. The dominant copper sulfide mineral in 

this zone is usually either chalcocite or djur1eite. These minerals 

leach in essentially the same manner. The model for the in situ leaching 

of a supergene chalcocite orebody discussed here is based on the model 

developed by Harris (1969) for the heap leaching of copper sulfide ore. 

The leaching of chalcocite is essentially an oxidation step in 

the aqueous phase. The leaching process can be studied through the use 

of the rate equation. 



where deu 
dt 

ko 
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R 

T 

[°2] 

n 
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= 

= 

rate of extraction of copper with the dimensions of 
weight per unit time 
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rate of production of sulfate ions with the dimensions 
of weight per unit time 

a constant 

activation energy for the reaction 

universal gas constant 

absolute temperature 

concentration of oxygen in solution 

a constant that might be between o and 3, Harris (1969) 
suggests that n is about 1. 

Examination of this equation suggests that the leaching rate 

would be expected to increase with 1) an increase in temperature, 2) an 

increase in oxygen concentration, and 3) a decrease in activation energy. 

An increase in temperature is impractical for an in situ leach-

ing operation. The temperature is a function of the heat created by oxi-

dation reactions and the ambient air temperature. The temperature is, 

therefore, a function of the climate and the mineralogy of the deposit. 

An increase in oxygen concentration may be achieved by increas-

ing the partial pressure of oxygen above the leaching solution. In the 

inner portions of the broken ore zone, this can be done by increasing 

the access of oxygen. 

A decrease in activation energy can be achieved through the pres-

ence of the appropriate bacteria. Although the bacteria can influence 

the rate of oxidation, an oxidizing agent must be present to permit the 

reaction to take place. 
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The rate of leaching of supergene copper sulfide ore is likely 

to be controlled by diffusion processes, as in the case of the leaching 

of supergene copper oxide ore. However, in the case of supergene copper 

sulfide ore, the diffusion of oxygen is the dominant diffusion process. 

Lovering (1948) pointed out that the solubility of oxygen is too low to 

account for the oxidation of a porphyry copper deposit by weathering. 

The maximum solubility of oxygen is at least two orders of magnitude too 

small to account for observed leaching rates of sulfide minerals in 

leaching operations. This can be illustrated by the following mass bal-

ance relationships. 

Maximum solubility of 02 in water at 35°C 

Moles of copper from chalcocite per mole of 02 

Weight of copper liberated by 8 mg of 02 

If all 02 dissolved in the leaching solution were 
utilized, the maximum concentration of copper pos-

8 mg/l 

::..2/2.5 

<12.7 mg 

sible in one pass would be ::..0.0127g/l 

Copper sulfide leaching operations, in general, operate under 

conditions of strong mass-transfer resistance to oxygen in gaseous form, 

and this factor must play a significant part in the leaching rate 

equation. 

Water in the broken ore zone is present as hygroscopic, pellicu-

lar, and gravitational water as described in the previous chapter. The 

broken orebody is thoroughly saturated after an initial start-up period 

except at the near-surface areas where evaporation effects can be signif-

icant. It is not necessary for water to percolate by gravity to a given 

section of the ore zone for it to be wet and capable of leaching. 
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The emphasis on the leaching of copper sulfide minerals should, 

then, be on the diffusion process. The driving force for oxygen diffu

sion into a particle of ore cannot exceed its solubility in water at the 

prevailing partial pressure of oxygen. For a normal air composition, 

this is about 0.008 gil at 30°C. Copper sulfate, on the other hand, 

may be as high as 10-15 gil without poisoning the bacteria acting as a 

catalyst. Therefore, it is unlikely that the process is controlled by 

the diffusion of copper sulfate from an ore particle. 

Physical Model of In Situ Leaching 

The broken orebody as a whole consists of an extremely large num

ber of individual particles covering a considerable range of particle 

sizes. The broken orebody itself can be thought of as a single pseudo

particle with its own complex network of pores. Pellicular water, gravi

tational water, and air are found within the pseudo-particle pores. 

Oxygen from outside the surface of the broken orebody or pseudo

particle must first diffuse along a complex gaseous pathway until it ar

rives at the individual particle's surface. It then passes into the aq

ueous phase and migrates through the complex pore network of the particle 

until it is absorbed at the mineral surface and reacts to liberate copper 

sulfate. If there is a substantial amount of iron in the solution, oxy

gen from the atmosphere will oxidize much of the ferrous ion to the fer

ric state. These ferric ions may then serve as an oxidant for the reac

tion to liberate copper sulfate. However, as these ferric ions are 

reduced as the solution flows through the broken ore zone, oxygen is 

needed to oxidize the ferrous ions to the ferric state again. Regardless 
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of what ions serve as the oxidizing agent, the oxygen-limited model 

still holds. 

The leaching equation of Harris (1969) uses as its model a par-

tic1e with a series of major pores or arteries distributing oxygen from 

the surface into the interior. From these arteries smaller branch ar-

teries radiate, and from these still smaller arteries radiate, until the 

dead-end artery is encountered. It is assumed that the total surface 

area of the final arteries is very much greater than that of the less 

numerous, larger diameter arteries, and that most of the chemical reac-

tions take place within the final pores. 

The leaching equation is as follows. 

-1 dNA -- -
VH dt 

B(K)a. tanh mL PA 
L 

where VH = particle or psuedo-partic1e volume 

dNA = Rate of consumption of oxygen in the particle is expressed 
dt as weight per unit time and is directly proportional to the 

rate of copper leaching. 

B = A constant dependent on the ore-packing characteristics and 
diffusivity of oxygen in the particle or pseudo-particle 
pores. It implicitly contains a function of particle 
voidage. 

K = A combined physical/chemical rate constant: 

a) for a particle, this gives the combined surface absorp
tions and chemical rate constants; 

b) for the pseudo-particle, it is the overall surface rate 
constant for the sum of the individual particles com
prising the pseudo-particles. 

a. = A constant less than or equal to 0.5, depending on the tor
tuosity of the diffusio~ path. 
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L A parameter describing the particle or pseudo-particle and 
equal to (total volume)/(total surface area penetrable by 
oxygen). 

C = a constant 

PA = Partial pressure of oxyg~n outside the particle or pseudo
particle under all conditions; and for the particle, under 
some conditions,it can be assumed to be constant. 

Restricted Forms of 
the Leaching Equation 

Case 1. Single particle (a goes to 0, tanh mL goes to 1). The 

diffusion of oxygen is slow compared to surface reactions. The equation 

becomes 

dNA 
dt 

BPA = --= 
L 

£.. 
L 

K' is a constant implicitly containing the particle porosity. 

For this case, the leaching rate per unit volume of particle is indepen-

dent of the chemical reaction and is dependent on the parameter (L) and 

the particle porosity only. If diffusion into the particle is severely 

restricted due to low porosity, then the reaction will take place at the 

surface only and proceeds into the particle only as the outer layers of 

minerals are consumed. In such a case, two possibilities occur. 

a) If the copper minerals occur as veins in the gangue, then a 

first-order decrease of extraction rate with time can be 

expected. 

b) If the copper minerals are disseminated throughout the particle 

as discrete sectors, then an initially high rate for the readily 
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accessible copper minerals followed by a much lower rate for the 

remainder of the extraction can be expected. 

Supergene copper minerals rarely occur as disseminated minerals. 

The copper minerals frequently occur as veins along which the rock will 

break with blasting, thereby exposing the copper minerals on the surface 

of the ore particle. That portion of the veins along which breakage did 

not occur would leach as the (a) variation of Case 1. 

Case 2. Single particle (a goes to ~, tanh goes to mL). The 

diffusion of oxygen is fast compared to surface reactions. The leaching 

equation becomes. 

-1 dNA = B (K)PA 
ViI dt C 

For this case, the leaching rate per unit volume of particle is 

dependent only on the combined physical/chemical rate constant. Most 

supergene copper sulfide particle leaching would fall in this class, 

since the mineralization tends to occur along opened fractures which are 

also the surfaces of breakage. In practice, particles of supergene cop-

per sulfide ore would probably leach as an intermediate case between 

Cases 1 and 2. 

Case 3. Pseudo-particle (a goes to 0, tanh mL goes to 1). The 

transport of oxygen is slow compared to particle surface reactions. The 

leaching equation becomes 

-1 dNA = BPA = ~ 
VH dt L L 



183 

K' is a constant implicitly containing the pseudo-particle po-

rosity on the basis of gaseous oxygen diffusion or the fraction of bro-

ken ore zone voids which are occupied by air rather than water. 

For this case, the leaching of the pseudo-particle is dependent 

on the air-occupied voids and the parameter L. Most in situ leaching of 

supergene.copper sulfide ore would fall in this class. 

Case 4. Pseudo-particle (a. goes to ~ tanh mL goes to mL). The 

transport of oxygen is fast compared to particle surface reactions. 

-1 dNA = ~ (K)PA 
V

H 
dt C 

In this case, the extraction rate is independent of the parameter 

L. It is dependent only on the sum of the individual particle leaching 

rates. These in turn may be dependent on an individual particle param-

eter L or the combined physical/chemical rate constant. 

If the combined physical/chemical rate constant is dominant for 

pseudo-particle leaching, a constant extraction rate for copper with 

time may be expected for the majority of the extraction. However, in 

this case, as in the leaching of copper oxide ore, the rate of extrac-

tion may be controlled by the rate of copper sulfate diffusion to the 

paths of solution flow. The greater the degree of channeling, the 10ng-

er the diffusion paths and the slower the leaching rate. 

Gaseous oxygen diffusion will generally be rate-controlling with 

in situ leaching, as it usually is with heap leaching. If conditions 

can be altered so that oxygen diffusion is not rate-controlling, then 
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the extraction rate will be a function of the particulate leaching rate 

and, consequently, of the evenness of fluid flow into, through, and out 

of the broken ore zone. 

Modes of Leaching 

According to Harris (1969), leaching may occur as either particu

late or pseudo-particulate leaching. Particulate leaching is defined as 

that condition where the fragmented orebody leaches as the sum of the 

behavior of the individual particles. Pseudo-particulate leaching is de

fined as that condition where the fragmented orebody leaches as a single 

pseudo-particle. Figure VI-7 illustrates the relationship between these 

two conditions. 

Particulate leaching may exhibit three basic patterns with all 

degrees of transition possible. These are: 

1) high-porosity particles in which the copper minerals may be dis

seminated or in veins, 

2) low-porosity particles in which the copper mineral is present as 

veins, and 

3) low-porosity particles in which the copper mineral is finely 

disseminated throughout. 

These basic conditions produce different shaped curves for their extrac

tion versus time. Figure VI-8 illustrates Case 1 where the extraction 

rate remains constant with time until late in the extraction. 

Figure VI-9 illustrates Case 2 where an exponential decrease in 

extraction rate with time occurs. The extraction is proportional to the 

surface area of the copper mineral exposed to attack. As the outer 



1.0 

PARTICULATE 
0.1 

ZONE 

PSEUDOPARTICULATE 

O.Ol~--~~~~------~--------~ 

0.01 0.10 1 
L 

1.0 10.0 
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Figure VI-9. The Effect of Time on Extraction from a Low-porosity Par
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mineralization is leached, the reaction proceeds by following the miner

al along the veins until the vein is consumed. The curve in Figure VI-9 

represents an idealized average particle from which individual particles 

may deviate. 

Figure VI-IO illustrates Case 3 where initially an exponential 

curve is followed. When the copper mineralization exposed at the surface 

has been consumed, extraction proceeds at a much slower and more con

stant rate with oxygen diffusion into the particle being the dominant 

control. 

Supergene copper sulfide ore will generally follow Case 2 with 

local examples of Cases 1 and 3. Most supergene copper mineralization 

occurs on particle surfaces and in veins through the particles. 

Figures VI-II, 12, and 13 illustrate the manner in which the 

pseudo-particulate leaching rate can be altered by changes in some of 

the significant variables. The effect of average particle and fragmented 

orebodY size (as measured by L) on the extraction rate is indicated in 

Figure VI-II. The larger particles are the first to move out of the 

pseudo-particulate conditions as the size of the fragmented orebody de

creases. For heap or dump leaching, this implies that the heap size at 

which the particles are all just under particulate leaching conditions 

represents the maximum sized heap for optimum leaching rates for a given 

ore. The particle size can also be controlled for heap or dump leaching 

by crushing and sizing the ore before it is placed on the heap. The 

average particle size and the orebody size can be measured for in situ 

leaching, but they cannot be readily controlled as they can for heap or 

dump leaching. 
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TliiE INCREASES 

of Time on Extraction from a Low-porosity Par
Finely Disseminated Copper. -- After Harris 
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Figure VI-11. Effect of Average Particle Size on Heap Extraction Rate. 
-- After Harris (1969). 
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Figure VI-12. Effect of Ave-rage Leaching Rate Per Unit Surface Area of 
Particles on Heap Extraction Rate. -- After Harris 
(1969). 
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Figure VI-13. Effect of Porosit¥ on Heap Extraction Rate. -- After 
Harris (1969). 
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The effect of average free-leaching rate per unit surface area 

of ore on the extraction rate is indicated in Figure VI-12. The average 

free-leaching rate per unit surface area of ore may be a function of: 

1) diffusive resistance into the aqueous phase, 

2) diffusive resistance through the aqueous phase, 

3) absorptive resistance at the mineral surface, 

4) degree of catalysis of the chemical reaction, and 

5) surface area of mineral per unit surface area of ore. 

The effect of a decreasing leaching rate per unit surface of ore is iden

tical to the effect of increasing the average particle size. 

The effect of heap porosity on the pseudo-particle extraction 

rate is indicated in Figure VI-13. As the pseudo-particle porosity de

creases, the extraction rate for a given fragmented orebody decreases. 

Pseudo-particle porosity may be a function of: 1) the ore breakage pat

tern, 2) compaction of the ore, 3) deposition of solids in the heap, and 

4) degree of saturation. 

The ore breakage pattern may be studied by determining the dis

tribution of ore particle sizes. The greater the standard deviation 

from the average particle size, the lower the porosity. 

The deposition of solids is a function of the chemistry of the 

leaching system. Generally, most of the solids deposited are iron sul

fates, hydroxides, and clay minerals. Gypsum may also be deposited if 

substantial amounts of calcium are put into solution by the leaching 

process. The original mineralogy of the orebody and the pH of the 
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system generally determine what solids will be generated during the 

leaching process. 

The degree of saturation is a function of the rate and manner 

of application of the solution, the flow pattern of the solution, and 

the rate and manner of eggress of the solution. The leaching solution 

should percolate as evenly and as slowly as possible in order to permit 

optimum leaching conditions. 

Leaching of the Supergene Copper 
Sulfide Zone--Cathles Model 

The Cathles Model is the most sophisticated model of coarse ore 

leaching that has been developed to the present time. This model is de-

scribed in Cathles and Apps (1975), Cathles (1979), and Cathles and 

Schlitt (1980). The following discussion is taken from these 

publications. 

This description of the model starts with the chemistry of leach-

ing, then includes kinetics and finally satisfies physical constraints 

such as heat balance in the dump, the convection of air through the dump, 

and overall chemical mass balance. The result is a model which, given 

definitions of initial conditions, boundary conditions, and physical 

chemical and kinetic parameters, predicts the history of leaching as 

well as the thermal and convective history of any dump. 

Copper s~lfide minerals can be leached chemically only after 

they are oxidized. As copper sulfide (chalcopyrite or chalcocite) is 

leached, the generally more abundant iron sulfide (pyrite) is also 

leached. Assuming FPY moles of pyrite are oxidized for every mole of 

copper sulfide, the chemistry of leach reactions (plus minor 
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modifications required by mass balance in the recycled leach solutions) 

dictates that for every gram of copper oxidized from chalcopyrite the 

following amount of oxygen be consumed and heat generated: 

1) grams of O2 consumed/grams coppf'r oxidized = 1. 75 + 1.81 FPY 

2) killocalories produced/grams copper oxidized = 2.89 + 5.41 FPY 

3) 

Since a liter of air contains 0.28 g O2 and leach solutions ex~ 

iting from leach d9mpS typically contain about this much copper 

(i.e., 0.28 g copper/.iter), (1) also indicates 

~ __ ~l_i~t~e~r_o~f~a~~~·r~~ __ ~ = 1.75 + 1.91 FPY 
liters of leach solution 

The leaching of chalcocite, on the other hand, requires somewhat 

less oxygen and generates less heat: 

4) grams of 02 consumed/grams copper oxidized = 0.25 + 0.875 FPY 

5) killocalories produced/grams copper oxidized = 1.15 + 2.7 FPY 

6) 

Therefore, for chalcocite 

liters of air 
-:-==..::...."..=..::..-=;,:;--:---:--- = O. 25 + O. 875 FPY • 
liters of leach solution 

Therefore much more air must circulate through a dump (and have its oxy-

gen consumed) than water. It is quickly apparent, from the amount of 

oxidant required by the leaching process, that only air convection 

through the dump can provide the oxidant required by the leach reac-

tions. The leach solution cannot carry enough oxidant in dissolved form. 

The kinetics of leaching can be described by a "shrinking core" 

model commonly used in chemical engineering and metallurgy (Levenspiel, 

1967). A flow of water around individual waste particles is envisioned 
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as shown in Figure VI-l4. Each waste particle is idealized to spherical 

form as shown in Figure VI-IS. If x is the fraction of copper remaining 

in a given waste particle or in a specified volume of the dump: 

_ox = __ -..::.3....;x:.;:..2_/_3....;B::...;(:....::;T;,L) __ _ 
at 6 L xl/3(1_xl/3) 

D 
(7) 

A description of the parameters is provided in Table VI-I. 

B(T) in Eqn. 7 was found necessary to adequately reflect bac-

terial catalysis of the leaching process. As shown in Figure VI-IS, bac

teria within the dump catalyze at least the oxidation of Fe2+ to Fe3+ 

(consuming dissolved oxygen). Because of its high solubility under 

3+ leach conditions (pH <2.5), Fe can diffuse much more rapidly into the 

waste particle interior than can dissolved oxygen and is responsible for 

the sulfide oxidation. The bacteria become sick at about 55°C and final-

ly die or become inactive at about 65°C (Cathles, personal communication, 

1980). A crucial step in the oxidation chain is interrupted, and this 

is reflected in the model for kinetics through the factor B(T): 

B(T) = 1.0 

B(T) = Tkill - T/Tkill - Tsick 

B(T) = 0.0 

T ~ Tsick 

Tsick < T < Tkill 
(8) 

Sulfide and nonsulfide copper minerals can be distinguished by 

adding an S or NS subscript to LC' Ln' and so forth; the temperature de

pendence of leaching can be introduced. For example, 
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Figure VI-14. Schematic Drawing of the Flow of Air and Leaching Solu
tion through a Dump. -- Such flow can be simultaneous, 
but leaching solution flow is usually only episodic (oc
curring only during periods of time when solutions are 
applied to the dump surface). -- After Cath1es (1979). 
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Figure VI-1S. Cross Section of Waste Particle Showing Critical Steps in 
Leaching Process. -- Bacteria catalyze the oxidation of 
Fe2+ to FeJ +. After Cathles (1979). 



Table VI-1. 

A 

ACU 

C1 

Cm 

FPY 

go 

Gs 

H 

H 

k' 

~ 

Cog] 
2 

[O~]STP 

OXCU 

P 

q 

q1 

~2 

RCu 

ds 

t 

T 

Tsick 
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Glossary of Symbols. 

Heat sources or sinks (ca1/cm3-sec) 

Calories produced in leaching one gram of sulfide 
copper (ca1/gcu) 

Heat capacity of water (ca1/g-0C) 

Heat capacity of dump (ca1/g-0C) 

Moles pyrite leached per mole of sulfide 

Gravitational acceleration (cm/sec2) 

Copper grade of dump (gsu1fide Cu/~aste) 

Dump height (ft) 

Enthalpy of air (ca1/g) 

Permeability of dump (cm2(1 Darcy = 10-8 cm) 

Thermal conductivity of dump (ca1/cmOCs) 

Concentration of O2 in air in dump 

Concentration of O2 in air under standard conditions 
(20°C, 1 atm) (go fcm3 air) 

2 
Grams 02 required to leach a gram of sulfide copper 

Air pressure (dynes/cm2) 

Mass flux of air (g/cm2-sec) 

Mass flux of water through dump (g/cm2-sec) 

Rate of 02 uptake in dump (go /cm3 dump-sec) 
2 

Rate of sulfide copper leaching at a particular dump 
location (gCu/cm3 sec) 

Distance along streamline 

Time (sec) 

Temperature (OC) 

Temperature at which bacteria became sick 
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Table VI-l--Continued 

LCS 

LDS 

LCNS 

LDNS 

* ECNS 

* EDNS 

y 

p 

v 

Temperature at which bacteria became inactive 

Time required to leach a typical waste particle of all 
its sulfide copper at 20°C assuming diffusion is in
finitely fast and chemical rates control the speed of 
leaching (sec) 

Time required to leach a typical waste particle of all 
its sulfide copper at 20°C assuming chemical reaction 
rates are infinitely fast (sec) 

Activation energy for sulfide leaching (cal/mole) 

Activation energy for Fe3+ diffusion in water (call 
mole) 

Same as above but for nonsulfide copper (sec) 

Same as above but for nonsulfide copper (sec) 

Activation energy for nonsulfide leaching (cal/mole) 

Diffusional activation energy for nonsulfide leaching 
(cal/mole) 

Fraction of sulfide copper left at dump location at 
any time 

Same as above but for nonsulfide acid-soluble copper. 

Pseudo heat capacity of air including effects of water 
vapor saturation (cal/gOC = KIT) 

Density of air (g/cm 3) 

Density of air at standard T and p (20°C, 1 atm) (g/cm3) 

Density of dump (g/cm 3) 

Kinematic viscosity of air (cm 2 /sec) 
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LCS(T) = L (To)exp(E* /RTo - E* /RT) (9) 

The rate of production of copper (RCu)' the rate of the consump-

tion of oxygen (R02)' and the rate of generation of heat (RA) (all in 

grams or ca1ories/cc of dump/sec) are now easily described by combining 

Eqns. 1, 2, and 4. 

(10) 

H([02]g) is the heavy side step function and has a value of unity if 

[02]g > ° and is zero if [02]g = 0, reflecting the factt1:lat sulfide min

erals in the dump will be oxidized only if oxygen is present in the gas-

filled pores of the dump. Nonsu1fide copper, which is leached by acid 

produced by leach reactions elsewhere, is not under this restriction. 

The Cath1es Model has been developed in a one-dimensional form 

(Cath1es and Apps, 1975), which describes the leaching process with ver-

tical air flow, and a two-dimensional form (Cath1es and Schlitt, 1980), 

which describes the leaching process with horizontal and vertical air 

flow. 

Physically, the model simply· requires conservation of mass (air 

and oxygen), momentum (describing air flow), and energy (heat balance): 



Conservation of mass: 

v . q = 0 (effect of depletion of O2 ignored) 

Conservation of momentum: 

-Vp + o (Darcy's law for flow through 
porous media) 

Conservation of energy: 

c dT = ~_ V2T - V • (S 0 + qlCl)T + A m m dt --M. 
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(11) 

(12) 

(13) 

(14) 

Equation 14 simply states that the heat flow required to change the tem-

perature of the dump must be supplied by conduction, the flow of air 

(first part of second term on the right), the flow of water (second part 

of the second term on the right), or volumetric heat sources in the dump 

(i.e., the exothermic sulfide oxidation reactions). 

Equation 13 is converted to a more usable form by letting g = 

V x ~X. We ignore the consumption of air due to oxygen depletion (i.e., 

assume Eqn. 1 holds) in order to simplify the equations. Substituting 

this expression for q in Eqn. 13 and taking the curl of the whole expres-

sion to eliminate p results in: 

V • ~ V ~ - dp = 0 
k' - dy 

(15) 
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~ is the stream function. Air flow will occur parallel to lines of 

constant ~ and will be faster where the streamlines are closer together. 

The air convection is driven by horizontal gradients in the air density, 

p •. 

The changes in air density result from three processes within 

the dump which are the consumption of oxygen in oxidation reactions (ig-

nored in the equations above), the saturation of air in the dump with 

water vapor, and the heating of air by oxidation reactions in the dump. 

Since 02 is a heavy component of air, the oxygen-depleted air is lighter. 

Water vapor is a light component of air; therefore, saturation of the 

air inside the dump with water vapor will also produce buoyant forces. 

The oxidation reactions are exothermic, which heats the air and results 

in lighter air which, in turn, also promotes air convection. 

Finally, the total derivative in Eqn. 12 is expanded and quasi

steady state oxygen profiles through the dump assumed (i.e., [02g]/dt = 

0). Then approximating P as Po: 

(16) 

g o[02g] 
Along a streamline, s, q • V[02 ] = qs 6 ,so Eqn. 16 can be inte-

grated from the point of entry of air into the dump: 

(17) 

Equations 14, 15, and 17 that represent the model are solved nu-

merica11y using finite difference techniques and a computer. Equations 
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14 and 15 are elliptic equations and are solved sequentially using the 

alternating direction implicit method (Carnahan et al., 1969). Equation 

17 is solved by following air flow into the dump. At each grid point in 

the dump, the streamline passing through that point is followed backward 

until it exits the dump and the oxygen concentration is computed accord

ing to Eqn. 17. It is assumed that the dump rests on insulating imper

meable ground. The central axis of the dump is insulating by symmetry 

considerations. The top and right side of the dump are assumed to allow 

free air flow in or out and to be at a constant (no seasonal variation) 

ambient temperature. 

Figure VI-16 shows the results of one particular calculation. 

The figure represents a cross section through half a dump. The dump is 

assumed to be much longer in the direction in and out of the page than 

it is wide. The center of the dump is at the left; a free face into 

which air can convect is to the right. Air circulation is shown by 

streamlines with arrows on them; temperature contours are shown by solid 

lines without arrows; and contours showing the fraction of normal oxygen 

in the air in the dump are given as dotted lines. This particular cross 

section is for a dump 100 ft high and 200 ft wide and is 2 years after 

the dump was constructed. It can be seen that the dump has heated up 

substantially and is sustaining air convection vigorous enough to main

tain oxygenated air throughout the dump. Also the dump has nowhere 

heated up to Tsick (40°C), so bacteria are active everywhere and the 

rate of leaching is controlled by chemical leach kinetics. The values 

of the leach parameters are given in Table IV-2. 
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Figure VI-16. Air Flow and Temperature in a Dump During Leaching. -
After Cathles and Schlitt (1980). 



Table VI-2 •. Base Case Parameters. -- For definition of symbols see 
Table VI-I. 

GS .2 wt% Cu 

LCS 500 rna 

LDS 500 rna 

* 
EC 12,000 cal 

E* 
D 5,000 cal 

GNS .07 wt% Cu 

LCNS 250 rna 

1JNS 250 rna 

* 
ECNS 12,000 cal 

* EDNS 5,000 cal 

Tsick 40°C 

Tkill 50°C 

Tstart 20°C 

Tamb 20°C 

FPY 20 
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Figures VI-17, 18, 19, and 20 plot the percent sulfide copper 

solubilized in two years versus dump dimensions for various irrigation 

rates, dump permeabilities, rock kinetics, and pyrite grades, respec

tively. It can be seen that small dumps leach substantially better than 

large ones. Higher irrigation rates tend to decrease leaching rates in 

small dumps by depressing dump temperature and thus slowing leaching 

kinetics; large dumps leach substantially better if the irrigation rate 

is higher, however. Figure VI-18 shows that large dumps will leach sub

stantially better if they are more permeable. Figure VI-19 shows that 

faster leach kinetics are beneficial for dumps less than 100 ft high but 

are bad for dumps of greater height. Similarly, if FPY is smaller and 

the kinetics of leaching are the same, small dumps leach less well and 

large dumps leach better (Figure VI-20). The reason is that small dumps 

benefit from the extra heat, but large dumps, being bacterially limited, 

are hurt. Large dumps leach better if they are built of low pyrite waste 

and are irrigated more intensively. These conclusions are explained in 

more detail in Cathles and Schlitt (1980). 

Engineering Model 

It is not possible to estimate accurately prior to production 

the total copper production and the rate of copper production for a given 

in situ leaching operation with the leaching models now available; al

though with continued development, a model which will provide reasonably 

accurate estimates may become available within a few years. In the mean

time it is necessary to offer more than a guess as to the total copper 

production and the rate of copper production from a specific deposit. 
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Figure VI-17. Percent Copper Solubilized in Two Years vs. Dump Height 
for Various Rates of Dump Irrigation. -- After Cathles 
and Schlitt (1980). 
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Figure VI-lB. The Effects of Permeability on Sulfide Copper Solubili
zation. -- After Cathles and Schlitt (19BO). 
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Figure VI-19. Effects of Rock Kinetics on Sulfide Copper Solubiliza
tion. -- After Cathles and Schlitt (1980). 
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This information is necessary in order to make a reasonable estimate of 

the financial return from a proposed in situ leachin'g operation. 

In order to estimate total copper production and the rate of 

copper production, I have separated these two aspects of the problem. 

First, using ,production data from several leaching operations, a range 

of values for total copper production can be estimated. 

Total Copper Production 

Production data from several (17) ongoing leaching operations in 

the southwestern United States have been gathered. Figure VI-2l shows 

the range of copper production levels estimated, in most cases by the 

operating staff, along with the dominant copper mineralogy for each op

eration. The accuracy of a given operator's estimate is limited by his 

knowledge of the grade of the copper-bearing material being leached, and 

the degree of separation of the effluent from a given body of leaching 

material from the effluent from other bodies of leaching material at the 

point of copper recovery. These problems become progressively more se

rious with vat, heap, in situ, and dump leaching operations, 

respectively. 

The mean of the estimated range of total copper production from 

each leaching operation has been plotted in Figure VI-22 to the nearest 

10%. The total copper production figures from all of the leaching oper

ations listed fall between 20 and 70% of the contained copper. The dis

tribution is bimodal with 20-50% recovered from dump leaching operations 

and 60-70% recovered from vat leaching operations. The total copper 
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Figure VI-2l. Copper Recovery from Various Copper Leaching Operations in the Southwestern U.S.A. 
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recovered from heap leaching operations (40-50%) falls between those 

from dump and vat leaching operations. 
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The level of recovery from dump, heap, and vat leaching opera

tions is a function of a large number of factors which were discussed in 

the preceding portion of this chapter. However, the way in which the 

leach material is treated is largely a function of the grade and the 

type of copper mineralogy. Generally, the grade of dump leach material 

is less than 0.3% copper, the grade of the vat leach material is greater 

than 1% copper, and the grade of the heap leach material is usually be

tween 0.3 and 1% copper. The copper mineralogy of the dump leach mate

rial is highly variable, but if it can be leached at a profit it is 

leached. The copper mineralory of the material being heap or vat 

leached is dominantly chrysocolla with minor amounts of other acid

soluble copper minerals such as malachite and azurite. 

It is interesting to note that the predicted range of recovery 

from the Van Dyke deposit, which is to be in situ leached, is .the'same 

as the range of recovery from dump and heap leaching operations where 

the dominant copper mineral is chrysocolla. 

Two dominantly chalcocite ,deposits have been in situ leached. 

One of these is the Old Reliable, which has produced 20% of the con

tained copper. Improved production from the Old Reliable is unlikely 

because of the manner in which the ground preparation blast was de

signed. The other deposit is the Miami deposit, where 70% of the con

tained copper has been produced over a period of 40 years (Fletcher, 

personal communication, 1980). 
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It has been suggested that the modeling of leaching operations 

based on laboratory test work will give an idea of the best leaching re-

sults obtainable (Roman, 1977). Therefore, a range of total copper pro-

duction results can be obtained from ongoing leaching operations with 

results from models based on laboratory testing as the upper limit for 

copper recovery. This range of values can then be used to determine 

the probability of success of a given project. 

Rate of Copper Production 

The method used to calculate the rate of copper production is 

based on the concept that the amount of copper produced in a given time 

period will be less than the amount produced in the previous time period 

of the same length, and that the decrease in the rate of copper produc-

tion will be proportional to the amount which was produced in the previ-

ous time period. 

The amount of copper produced in any given time period can be 

determined with the equations: 

and 

= [(E - Y) - Ai-lj
(E - Y) 

X. 1 
~-

where Ai = copper produced in period i (gm) 

Xi = copper concentration in the solution (gm/liter) 

F = solution flow rate (liters/unit time) 

T = unit of time 
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E = estimated total amount of copper that can be produced (gm) 

i-l 
Y = E Aj = amount of copper produced prior to i-l (grn) 

j=O 

x = initial copper concentration (gm/liter) 
o 

Therefore 

= [(E - Y) - Ao] 
Xl (E _ Y) Xo 

Since Y o and Ao = 0 

and 

The equations for X2 , X3 , A2 , and A3 can be illustrated in a similar 

manner 

[
(E - Y) - AlJ-

X = 
2 (E - Y) 

since Y = 0 

and 



215 

E - A 
- AI) - ( I)X 

E I 
E 

by multiplying the numerator and denominator by E 

X3 = tE2 - 2A~~ + A12] Xl 

or 

X3 = [E - Alf E Xl 

and 

A = 3 
[E - Alr E Xl F T 

Therefore, it follows that 

X. = [E - Altl 
~ E Xi 
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and 

[

E - A ] i-I 
Ai = E 1 Xi F T 

The copper produced over a length of time, including n periods of time, 

can be expressed by 

~n = (1 + e + e2 + --- + en-I) Xl F T 

where e = E - Al and Xl = Xo. 
E 

The equation for ATn is a geometric progression (Dwight, 1961). 

This equation can also be expressed as 

ATn = 
XoFT(l - en) 

(1 - e) 

or XoFT [1 _ (E ~ Al)n] 

Arn = 
E - Al 

1 - ( E) 

XoFT [1 -
E - XoFT nJ 
(E ) 

~n = 
[ E - XoFT J 
1 - ( ) E 

The only unknowns in this last expression are E and Xo' which must be 

estimated prior to·making an economic evaluation of a particular leach-

ing operation. 

If e2 <1, which is always the case for leaching, it can be shown 

that the limit of the sum of an infinite number of terms is 
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~ 
XoFT 

=--
l-C 

or 

AT 
XoFT 

= 
E - XoFT 

1 - ( E ) 

X1FT 
= 

X1FT 
1 - (1 - -E-) 

X1FT 
= 

X1FT 

E 

or 

~ = E 

The relationships presented above may be overly simplified, but 

they appear to fit the results of many heap or dump leaching tests reas-

onably well. The initial copper concentration may be estimated from a 

series of metallurgical leaching tests. 

The estimated total amount of copper that can be produced (E) 

can be estimated from the results of other similar leaching operations. 

The initial copper concentration (Xo) can be estimated from a series of 

metallurgical leaching tests. 

In order to test this leaching rate equation, data from Cananea 

leach test dumps were used (Bruynesteyn and Cooper, 1974). The waste 

rock used was a quartz porphyry containing chalcocite as the dominant 

copper mineral. The average grade was 0.34% copper. The test dump, 
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designated the B dQ~p with 8530 tons of rock, contained a total of 

58,006 pounds of copper. The copper recovery from this dump in 106 weeks 

of leaching was 46,970 pounds or 80.6%. The grade of the copper-bearing 

solution at the time that copper ext~action began was 4.35 gil. The 

average flow rate for the leach solution was calculated from the data 

provided. Therefore: 

Xo = 4.35 gm/liter 

F = 583,442 liters/4 week period 

T = 4 weeks 

E = 46,970 lb = 21,350 kg 

The results of the calculated copper solution grade, the calcu

lated copper recovery for each four week period, and the calculated 

cumulative copper recovery are given in Table VI-3 along with the actual 

results determined by Bruynesteyn and Cooper (1974). The actual results 

were available for only part of the test period. 

The results from Table VI-3 are plotted in Figure VI-23. The 

final calculated recovery was 43,885 pounds or 93.4% of the amount ac

tually recovered. This difference occurs because the total for ~ would 

only be reached in an infinite period of time, indicating that E would 

have been greater if Bruynesteyn and Cooper (1974) had continued to run 

the leaching tes t until" no more copper could be recovered. However, 

this would have been impractical for an actual test. The calculated 

results do appear to match the actual test results reasonably well. 

The development of my leaching rate equation is of specific im

portance in the evaluation of supergene copper deposits for in situ 



Table VI-3. 

Copper 
production 
begins 

Calculated and Actual Co££er Recovery for Leaching of Cananea Ore in a Test Dum£. 
Time X· Ai ~i (~~) Actual Test 

~ 

i (weeks) (gm/1) (kgs) (kgs) Results (lbs) 
4 
8 

12 
16 
20 

1 24 4.35 2538 2,538 5,584 
2 28 3.83 2235 4,773 10,501 
3 32 3.38 1972 6,745 14,839 
4 36 2.98 1739 8,484 18,665 
5 40 2.62 1529 10,013 22,029 
6 44 2.31 1348 11,361 24,994 
7 48 2.04 1190 12,551 27,612 
8 52 1. 79 1044 13,595 29,909 28,770 
9 56 1.58 922 14,517 31.837 

10 60 1.39 811 15,328 33,722 32,700 
11 64 1.23 718 16,046 35,301 
12 68 1.08 630 16,676 36,687 38,470 
13 72 .95 554 17,230 37,906 
14 76 .84 490 17,720 38,984 
15 80 .74 432 18,152 39,934 41,870 
16 84 .65 379 18,531 40,768 
17 88 .57 333 18,864 41,501 
18 92 .51 298 19,162 42,156 44,470 
19 96 .45 263 19,425 42,735 
20 100 .39 228 19,653 43,237 46,770 
21 104 .35 204 19,857 43,685 
21.5 106 .31 181 19,948 43,885 46,970 

N 
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leaching because it makes it possible to estimate the rate of copper 

production in advance. 

Characteristics of the Ore Deposit and 
the In Situ Leaching Operation 
Which Affect the Leaching Rate 

The leaching models discussed in this chapter indicate that 
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there are a number of characteristics that determine the outcome of an 

in situ or other form of coarse ore leaching operation. There are two 

sets of characteristics that control in situ leaching--those which are 

a function of the deposit and those which are a function of the leaching 

operation itself. These characteristics are outlined in Table VI-4. 

Ore Deposit ~haracteristics 

Most of the ore deposit characteristics are a function of the 

geology of the deposit to be leached. The mineralogy of the orebody 

determines the chemical and, to some extent, the kinetic characteristics 

of leaching. The copper mineralogy is especially important in this re-

spect. The ratio of pyrite to copper sulfide minerals determines the 

amount of oxygen that will be consumed and the amount of heat generated 

during oxidation. The amount of pyrite present also determines the 

amount of sulfuric acid that will be generated within the deposit. The 

gangue mineralogy of the deposit determines the amount of iron, calcium, 

aluminum, and magnesium ions that will be produced within the deposit 

being leached and the amount of acid that will be consumed. 

The size of an individual ore particle determines the rate of 

reactant diffusion into the copper minerals within an ore particle and 
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Table VI-4. Iil Situ Leaching Characteristics which Affect the Leaching 
Rate. 

Ore Deposit 

Mineralogy 

Copper mineralogy 

Ratio of pyrite to copper sulfide minerals 

Gangue mineralogy 

Ore particles 

Size 

Mode of copper mineral distribution 

Macro-characteristics 

Tonnage and grade 

Dimensions and shape 

Permeability 

Climate 

Temperature 

Precipitation 

Leaching Operation 

Fluid flow of leach solution and air 

To the deposit 

Within the deposit 

From the deposit 

Chemical composition of the leach solution and air 

To the deposit 

Within the deposit 

From the deposit 
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the rate of copper ions out of the particle. The mode of distribution 

of the copper minerals within an are particle also affects the rate of 

diffusion to and from copper minerals in an are particle. The rate of 

reactant diffusion to a copper mineral is most rapid if the copper min

erals are distributed on the surface of the are particle. It is less 

rapid if the copper minerals are in veinlets and least rapid if the cop

per minerals are disseminated throughout the are particle. 

The macro-characteristics of an are deposit include tonnage and 

grade, dimensions and shape, and the permeability of the deposit. The 

permeability of the deposit will probably be too low for in situ leach

ing without considerable modification, as discussed in Chapter IV. The 

tonnage and grade and the dimensions and shape of .the orebody determine, 

to a considerable extent, the layout of the leach solution application 

system and the manner in which various parts of the deposit will have 

access to air for oxidation. 

The climatic conditions at the are deposit will affect the 

leaching rate to some extent. Extremely cold winters may require shut

down or heating of the leach solution. On the other hand, hot summer 

weather may cause very high temperatures within the ore deposit which 

will increase the rate of leaching. In situ leaching. in very dry areas 

may result in high evaporation rates; whereas, high precipitation may 

cause dilution of the leaching solutions. 

Orebody characteristics can be determined from data gathered 

during diamond core drilling. These data can be logged as shown in 

Appendix B. This information should serve as the initial data base 

upon which in situ leaching development decisions can be based. 



224 

Leaching Operation Characteristics 

Fluid Flow and chemical characteristics of the solution and air 

passing through the orebody control the leaching rate within the limits 

determined by the characteristics of the orebody itself. Leach solution 

flow and air flow are countercurrent as illustrated in Figure VI-14. 

The flow of air into an orebody is important only if the copper 

is to be extracted from copper sulfide minerals. Air flowing horizon

tally and upward through an orebody controls the Eh of the leaching pro

cess. Oxygen from the air provides the oxidizing agent to convert fer

rous ions to ferric ions which diffuse into an ore particle to oxidize 

copper sulfide minerals. Generally the rate of air flow must exceed the 

rate of leach solution flow by a substantial amount in order to provide 

sufficient oxygen to leach the deposit (Cathles, 1979). 

The flow of leach solution downward through the orebody controls 

the pH of the leaching process as well as the means of carrying the re

actants to the copper minerals and copper ions out of the orebody. The 

solution must be evenly distributed to reach all of the ore particles. 

The rate of solution flow must be adjusted to permit sufficient counter

current air flow and to maintain the temperature at optimum levels for 

the bacteria to catalyze the oxidation of ferrous to ferric ions. If 

the temperature is too low, oxidation will be slow; if the temperature 

is too high, the bacteria will sicken and die. Solution flow out of the 

deposit must be controlled to prevent the saturation of the orebody and 

consequent oxygen starvation. 
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The gathering of data should not end with the commencement of 

the leaching operation. The leaching process should be monitored rigor-

ously during the entire life of the project. The chemistries of the so-

lution flowing from the orebody and the solution being applied to the 

orebody are generally monitored as a matter of course. However, it may 

be even more important to monitor the leaching process inside the ore-

body through the use of a series of drill holes. Temperature and Eh 

should be monitored at several levels within the orebody on a continuous 

basis. The level of the zone of saturation should also be continuously 

monitored. These drill holes should be constructed in a way that will 

permit the extraction of samples of leaching solution on a regular basis. 

These samples should be analyzed for the concentration of various con-

+2 +3 ++ + = stituents such as Fe ,Fe ,eu ,H, and 804. The information from 

the monitoring system will facilitate an understanding of the leaching 

process throughout the orebody and, provide a data base for the direction 

of corrective measures. This approach to monitoring the leaching ore-

body should improve the performance and, consequently, the profitability 

of the operation during its entire life. 

The extraction rate for in situ leaching may be limited by a num-

ber of different physical/chemical processes. It should be possible to 

determine which process is rate-controlling if sufficient data are avail-

able. Once the rate-controlling process is understood, it may then be 

possible to alter the leaching process so as to obtain more favorable 

results. 

The leaching rate for supergene copper sulfide ore may be limited 

by the availability of oxygen. Ferric ions, for example, may comprise 
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the actual oxidizing agent, but the availability of oxygen may determine 

the amount of ferric ions available for oxidation, The ferric ions will 

be reduced to the ferrous state as the leaching solut~on percolates 

downward. In order to reoxidize the ferrous ions to the ferric state, 

oxygen in the gaseous state is usually required; therefore, the leaching 

process is still limited by oxygen availability. 

Once the problem of oxidation has been solved, the limiting pro

cess is generally the physical process of solution channeling. Chan

neling of the solution paths causes a lengthening of the diffusion paths 

between the flowing solution and the site of copper leaching. The prob

lem of channeling will exist regardless of the mineralogy of the copper 

ore. 

The problems of oxygen availability and channeling are problems 

that must be dealt with on a large scale. These problems ~re those of 

the entire orebody and must be solved on a large scale. If neither of 

these processes are rate-controlling, then particulate leaching will be 

rate-controlling. The characteristics of particulate leaching for any 

given orebody may be readily determined from laboratory studies if the 

ore samples are carefully selected. 

The risks involved in the .leaching of a supergene orebody may be 

reduced through the use of a carefully planned exploration program and 

an equally well planned and performed series of laboratory tests. Once 

in situ leaching has begun, the process must be carefully monitored in 

order to achieve optimum results. 



CHAPTER VII 

METAL RECOVERY 

Metallic copper can be produced from a copper-bearing sulfuric 

acid solution either by cementation or solvent-extraction and electro

winning. The choice of the method to be used is usually based on the 

economics of a particular leaching operation. 

As illustrated in Figure VII-I, the copper-ion solution is piped 

directly to a copper precipitation plant. If cement copper is produced, 

it is sent directly to a smelter where anode copper is produced. The 

anode copper is sent from the smelter to a refinery for final purifica

tion. The refined product is then sold to a fabricator. On the other 

hand, if the copper-bearing solution is piped to an SX-EX plant, the im

purities are removed from the solution, which then flows to an electro

winning plant where cathode copper is produced. The cathode copper is 

sold directly to a fabricator. 

Cementation 

The production of metallic copper by cementation began several 

hundred years ago. Most of the cementation plants in use are of the 

launder type. The operation of a typical gravity-launder-precipitation 

plant is described by Sheffer and Evans (1968). More recently the Ken

necott Copper ·Corporatio~ has developed column and cone precipitators 

which appear to be superior to launder precipitators because they reduce 
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the level of scrap iron consumption. This is important because the prin-

cipal operating cost item for a copper cementation plant is scrap iron. 

The principal reactions occurring in a cementation plant are: 

2Cu2+ + 2FeO + 3CuO + 2Fe3+ (1) 

2Fe3+ + FeO + 3Fe2+ (2) 

6H+ + 2FeO + 3H2 + 2Fe3+ (3) 

All of these reactions involve the consumption of scrap iron. Equation 

1 involves the consumption of scrap iron through the chemical reduction 

of copper. For every pound of copper produced, 0.88 pounds of scrap 

iron are consumed. Equation 2 involves the consumption of scrap iron 

and the reduction of ferric ions to produce ferrous ions. Therefore, 

the consumption of scrap iron is a function of the ferric-to-cupric ion 

ratio as illustrated in Figure VII-2. 

Equations 1 and 2 are diffusion-controlled and tend to occur 

more rapidly than Eqn. 3, which is chemically controlled. Therefore, the 

rate of copper cementation is enhanced by highly turbulent flow condi

tions which reduce diffusional distances (Schlitt and Richards, 1974). 

Equation 3 occurs more rapidly with increases in temperature and reten

tion time in the cementation system. The presence of dissolved salts, 

such as the salts of aluminum and magnesium in the copper-bearing solu

tion, also tends to increase the consumption of scrap iron by buffering 

the pH of the solution. The consumption of scrap iron from all of these 

sources is shown in Figure VII-3. The can factor, or scrap consumption 
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Figure VII-2. Effect of Initial Copper and Ferric Ion Contents on Iron 
Consumption. -- After Schlitt and Richards (1974). 
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ratio, for leaching operations in the western United States ranges from 

a low of 1.2 to 2.5 pounds/pound of copper produced. 

Solvent Extraction and Electrowinning 

The production of copper from a sulfuric acid solution by elec

trowinning has been in use for about 50 years. An electrolytic tank

house simply replaces the scrap-iron precipitator in this type of opera

tion. As in copper cementation, the presence of ferric ions in the 

copper-bearing solution is the principal problem. Ferric ions reduce 

the current efficiency and purity of the final product. The utilization 

of solvent extraction prior to electrowinning vastly improves the current 

efficiency and purity of the final product; it does, however, substan

tially increase the capital investment required. 

The solvent-extraction process operates as shown in Figure VII-4. 

The solvent-extraction reagent, carried in an organic medium, is thor

oughly mixed with the aqueous leach solution where hydrogen ions are ex

changed for copper ions in the following reaction: 

CUS04 (aq) + 2HR + H2S04 (aq) + CuR2 

where R is a monovalent organic acid. The regenerated leaching solution 

(rafinate) is then separated from the copper-bearing organic solution by 

the difference in density. The rafinate is then returned to the leach

ing operation. The organic solution containing the copper passes to the 

copper-stripping stages where it comes into contact with sulfuric acid 

and is stripped of the copper by the reaction: 

H2S04 (aq) + CuR2 + CuS04 (aq) + 2HR 
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The impurity-free copper sulfate solution then passes to a tank-house 

for electrowinning by the reaction: 

CUS04 (aq) + H20 + 2e- + Cuo + H2S04 (aq) + ~02 
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The copper produced is usually pure enough to be used directly without 

further refining. 

The solvent-extraction ion-exchange reagent must be able to per

form a number of tasks in order to be successful. It must be able to 

extract copper and only copper. It should be able to upgrade the con

centration of copper in the solution. It must be compatible with the 

solvent carrying the copper, and it must be able to be readily stripped 

of the copper. It must be water soluble and it should not back-transfer 

ions deleterious to the overall process. It should be safe to use, and 

it must be usable at a reasonable cost. 

The most commonly used reagents for solvent ion exchange are the 

LIX reagents of the Henkel Chemical Corporation, although other manufac

turers produce similar reagents. These reagents are highly specific for 

Cu2+ over Fe3+ at pH levels where copper is soluble in sulfuric acid so

lutions. LIX reagents are solvent in kerosenes which have low cost, low 

volatility, low water solubility, minimal fire hazard, and a low toxicity 

to humans. 

There are seven LIX reagents available which can be used with 

copper-bearing solutions and sulfuric acid. "K" curves show the range 

over which a specific LIX reagent is most efficient (Figure VII-5). K is 

defined as the sum of the copper concentration and the free acid content 

of a leach solution in grams/liter (Agers and DeMent, 1972). LIX 64N is 
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most efficient where the copper and sulfuric acid concentrations are 

lowest and LIX 70 is most efficient where they are highest. The pres

ence of dissolved solids in solution such as iron, magnesium, or alumi

num, act to buffer the solution and give better results than would be 

anticipated from the K curves (Agers and DeMent, 1972). This is the 

opposite of the effect of these solids on the cementation process. As 

the grade of the copper in the solution drops over time, the amount of 

the reagent in the solvent can be decreased to match the copper concen

tration (McDonald, personal communication, 1980). This will naturally 

occur as minor amounts of the reagent are continually being lost to the 

rafinate. Therefore, the solvent-extraction plant is flexible enough to 

handle a wide range of copper concentration depending on the LIX reagent 

chosen and the concentration of that reagent. 

The acid concentration in the stripping solution must be much 

higher than the acid concentration in the leaching solution in order to 

strip the copper from the LIX reagent. The cathode copper produced from 

this solution is usually pure enough to be used for fabrication without 

refining. The level of impurities in the cathode copper is a function 

of the current density. The higher the current density, the higher the 

impurity content in the final product; although higher copper production 

levels are possible with higher current densities. 

Comparison of SX-EW with Cementation 

The copper recovery system chosen for a specific copper deposit 

is a function of the cost and performance of the system. The choice 
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is between a copper cementation system and a solvent-extraction electro-

winning system. 

The major, and perhaps the only, advantage of a cementation sys

tem is a significantly lower capital cost. Sudderth (1974) indicated 

that the capital cost for a typical SX-EW plant (40,000 pounds of copper 

per day) was about 2.5 times the capital cost for a comparable cementa

tion plant. On the other hand, an SX-EW plant has lower operating costs 

as well as other benefits for a leaching operation. 

A leaching operation with an SX-EW plant has lower operating 

costs because no scrap is consumed, less acid is consumed, less labor is 

required, less water is used, no smelting is required, and generally no 

refining is required. The can factor for cementation operations ranges 

from 1.2 to 2.5 per pound of copper produced (Sheffer and Evans, 1968). 

Less acid is consumed, solvent extraction actually produces 1.5 pounds 

of acid for each pound of copper that is produced, and there is no con

sumption of acid due to the oxidation of scrap iron. The SX-EW plant is 

largely a fluid-flow process so it requires less physical materials han

dling; therefore it is less labor intensive. More water is consumed 

with cementation where dissolved iron from the scrap builds up in the 

leaching solution until it must be bled off to be precipitated in set

tling ponds. And finally, the major cost advantage is the lack of the 

need for smelting and refining to produce a final product. 

There are other benefits from SX-EW relative to cementation. 

The process usually achieves a higher copper extraction level from the 

copper-bearing solution. The rafinate from a SX-EW plant generally con

tains less than 0.1 gil of copper; whereas the effluent from a 
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cementation plant may be as high as 0.36 g/l (Sheffer and Evans, 1968). 

The presence of dissolved solids in the copper-bearing solution buffers 

the pH of the solution which is advantageous for a SX-EW plant and is 

disadvantageous for a cementation plant, as explained previously. There 

is less pollution if SX-EW is used, since a smelter is not involved--an 

important factor in the United ,States today. 

The iron salts precipitated in the deposit being leached often 

interfere with the leaching process. Sheffer and Evans (1968) pointed 

out that iron salts readily precipitate from a solution when the pH is 

greater than 3.0. It requires a pH of 2.4 to prevent the precipitation 

of any iron salts and a pH of 2.,1 to redissolve iron salts after they 

have been precipitated. In order to examine the effect of dissolved 

iron from cementation in a leaching solution, Madsen and Groves (1979) 

conducted a series of leach tests comparing cementation with solvent ex

traction and electrowinning. Low-grade open pit material containing 

about 0.25% copper was used in these tests. Two sets of tests were per

formed. One set used material which contained .11% minus 1.27 cm fines, 

and the other set used material which contained 32% minus 1.27 cm fines 

(Figure VII-6). The results of these tests are given in Table VII-I. 

The tests involving the 11% minus 1.27 cm fines resulted in recoveries 

of 48 and 51% for cementation and SX-EW, respectively (Figure VII-7). 

Acid consumption was 7.5 kg/ton of ore for cementation and 4.6 kg/ton of 

ore for SX-EW. 

The tests of ore with 32% minus 1.27 cm fines resulted in the 

production of 48 and 60% of the copper for cementation and SX-EW, respec

tively (Figure VII-8). The percolation rate for the test using SX-EW 
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Used in the Leach Testing. -- After Madsen and Groves 
(1979). 
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Table VII-I. Comparison of Cementation and SX-EW for Copper Extraction from Leach Tests 
on Low-grade Copper Sulfide Ore. 

METHOD OF EXTRACTION CEMENTATION SX-EW CEMENTATION SX-EW 
Ore grade (% copper) 0.25 0.25 0.26 0.26 

Particle size (% - 1.27 cm) 11 11 32 .32 

Copper production (% copper in ore) 48 51 48 60 

Acid consumption (kg/ton of ore) 7.5 4.6 7.0 2.9 

Final percolation rate (1/m2/day) 3000 3000 77 3000 

N 
.p-
o 
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Figure VII-7. Copper Extraction from Coarse Ore Sample Using Two 
Different Copper Recovery Methods. -- After Madsen 
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remained 3000 1/m2/day throughout the test. The percolation rate for 

the test using cementation dropped dramatically after 162 days to only 

77 1/m2/day (Figure VII-9). The plugging of the leach column resulted 

in low oxygen content, poor bacterial activity, and low ferric ion con

centrations. These factors led to a slow leaching rate. 

Solvent extraction and electrowinning should lead to a longer 

life for a leaching operation for two reasons. First, leaching should 

continue for a longer period of time with less plugging of the deposit 

with iron salts. Second, the operating cost is lower for solvent ex

traction and electrowinning so that the operation can continue long af

ter it would have become unprofitable with cementation. 

Solvent extraction and electrowinning are more often chosen for 

new leaching operations for the reasons given above. Although the first 

SX-EW plant began. operation as recently as 1967, all or nearly all leach

ing operations are expected to use SX-EW by the end of the century. 

Uranium By-product Recovery 

A survey conducted by the U. S. Bureau of Mines in late 1965 at 

14 mines in Arizona, Utah, and Nevada showed that with few exceptions, 

the solutions contained from 2 to a maximum of 15 ppm U30S (George et 

al., 1968). The leaching solutions from supergene copper deposits usu

ally average higher concentration than those from hypogene copper depos

its, since uranium is preferentially concentrated in the supergene copper 

minerals. Ion exchange techniques have been developed to recover this 

uranium without deleterious effects to the copper recovery. If the 
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Figure VII-9. Leach Liquor Percolation Rate through Fine Ore Sample 
When Copper Was Recovered by Cementation. -- After Madsen 
and Groves (1979). 
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uranium concentration is sufficiently high it may be economically viable 

to recover the uranium as a by-product. 



CHAPTER VIII 

ECONOMICS OF IN SITU LEACHING 

The in situ leaching of supergene copper deposits is unlikely to 

have any significant effect on'the world copper market. On the other 

hand, the world copper market will, to a large degree, determine the 

profitability of in situ leaching projects. 

In situ leaching operations in general are small, short-lived, 

and risky projects. They can, however, be highly profitable if properly 

timed and well managed. 

Structure of the Industry 

Forty percent of the world's copper production comes from the 

less developed countries; however, 80% of the world's copper consumption 

takes place in the industrialized nations. Copper as an export of the 

less developed nations ranks right behind oil, rubber, and coffee and 

about on the same level as cocoa, cotton, tin, and tea (Banks, 1974). 

Imports of copper into the developed nations was valued at about 2.2 

billion dollars in 1968. The major exporters of copper are Chile, 

Zambia, Zaire, Peru, the Phillipines, and Bougainville. 

Copper is the major export of most of the less developed copper 

producers. Therefore, these nations are dependent upon exports of cop

per to obtain foreign exchange to pay for imports. Revenues derived 

from internal taxes within most of the less developed countries are low; 

most of the tax revenues of these countries are derived from taxes on 
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imports. Larger exports of copper, therefore, result not only in more 

foreign exchange but more tax revenues. Most of the copper mines in 

the less developed nations have been subject to nationalization in one 

form or other within the past ten years. An important aspect of nation

alization is that, for political reasons, many of the nationalized mines 

may have to produce regardless of profitability so that the producer na

tions can obtain foreign exchange and the consequent tax revenues. 

The key to understanding the present structure of the copper in

dustry, as pointed out by Banks (1974), involves an understanding of the 

major importance of copper as an industrial input, the relatively large 

amount of investment required to obtain economic quantities of copper, 

and the sophisticated engineering and organization techniques that are 

required to proceed from ore to the final material. Thus, it is obvious 

that barriers to entry into this industry are high, and when new deposits 

are discovered usually only the established firms have the expertise and 

financial support to take advantage of these discoveries. 

In 1970, 11 parent companies, 1 consortium, and 3 government 

corporations controlled 81% of the world copper supply outside the Com

munist countries. In the same year 10 American companies owned about 

94% of the U.S. copper mining capacity. Anaconda, Phelps Dodge, Kenne

cott, and American Smelting and Mining together own about 65% of the U.S. 

copper fabricating capacity. 

In addition to large firms, the U~S. mining industry contains 

a shifting group of smaller firms whose composition is determined by the 

price of copper. These smaller firms are unlikely to have more than a 

marginal significance with respect to pricing and production in the 



248 

copper industry. However, in situ leaching with solvent extraction

electrowinning is especially attractive to small firms. The capital in

vestment required to develop a mine is usually smaller and the end

product, cathode copper, can be sold directly to fabricators. 

Markets 

The two markets on which copper is quoted are the London Metal 

Exchange (LME) and the Commodity Exchange (COMEX) which is located in 

. New York. . The LME is generally considered to be the most important of 

the two in terms of turnover, physical deliveries, and its influence on 

the pricing of copper in general. Most of the "formulas" for pricing 

copper found in long-term contracts are related to LME prices. 

In 1968, with the world consumption of refined copper close to 

7 million tons, about 2 million tons of copper futures were traded on 

the LME. The amount of sales resulting in physical deliveries was much 

smaller, ranging down to 12,000 tons per month (Banks, 1974). Physical 

deliveries via the LME have never amounted to much because it would be 

prohibitively expensive for African or South American producers to de

liver to the LME when the final customer was in the Far East. 

The importance of the LME extends far beyond its limited capacity 

to handle physical deliveries. Buying and selling on the LME is gener

ally limited to customers desiring to make marginal adjustments in their 

stocks and to producers selling excess production. The principal func

tion of the LME is to provide facilities for "hedging" or insuring 

against unfavorable price movements. The process of hedging is thor

oughly treated by Banks (1974). In addition, prices on the LME generally 



serve to establish, by various formulas, the price at which copper 

changes hands in other transactions. 
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Due to the low metal content of most copper ore, there is little 

trade in this form of copper. Copper ores are usually first processed 

at installations located near the mine. In 1969 world trade in copper 

took place in the following forms: copper concentrates, 11%; blister 

copper, 29%; and refined copper, 59%. 

Costs 

The costs for an in situ leaching operation, like those of any 

mining operation, may vary with the country in which it is located, the 

remoteness of the site, the time at which the cost is incurred, and the 

scale of the operation. 

Costs may vary from country to country as a result of differences 

in labor costs, the state of technology within a given country, tariffs 

and restrictions on imports, and the time required to complete a specif

ic task. The remoteness of the site can have a significant effect on 

transportation costs, power costs, and the availability of labor. If 

high inflation rates are prevalent at the time of construction, signifi

cant cost overruns can be expected. It should also be expected that the 

cost and availability of specific items may change as a result of polit

ical and technologic changes. A recent example of this is the sharp in

crease in the price of petroleum products as a result of political prob

lems in the Middle East. 

Generally economics of scale may be achieved with increases in 

the size of the operation. This occurs because the fixed costs can be 
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written off over larger numbers of units. Economics of scale can be 

expressed in terms of a mathematical relationship of the form 

Y = a(x)b 

where Y = the total cost of a specific item such as a solvent extraction
electrowinning plant 

a = a constant 

x = the number of units produced 

b = an exponent with a value less than 1. 

Costs may be classified (Table VIII-I) as capital costs, operat-

ing costs, and general expenses • 

. Capital Costs 

Capital costs are those expenditures made to acquire or develop 

capital assets, the benefits from which will be derived over several 

.' years. The largest share of capital costs is incurred to get the pro-

j~ct started, but some capital expenditures may be made throughout the 

life of the mine. 

Capital costs fall into one of three classes depending on the 

treatment of the cost for income tax purposes (O'Neil, 1980). 

1) Depreciable Investment. This is investment in a capital asset 

which is allocated over the useful life of the asset according 

to some depreciation method acceptable to the tax authorities. 

All types of mining and milling machinery and equipment fall into 

this category. 



Table VIII-I. Costs. 

Capital Costs 

Depreciable Investment 

Expensible or Amortizable Investment 

Non-deductible Investment 

Operating Costs 

Direct 

Indirect 

General Expenses 

Marketing 

Administrative 
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2) Expensible or Amortizable Investment. Expenditures in this 

class can, at the taxpayer's option, either be charged off 

against revenue immediately or capitalized and amortized over 

some reasonable period. 
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3) Non-deductible Investment. Included here are capital expendi

tures which cannot be deducted for tax purposes. Examples are 

successful exploration. and property acquisition--which become 

the basis for the depletion allowance--and working capital, 

which is recovered at the end of the life of the mine. 

Operating Costs 

Operating costs are all incurred at the plant site and may be 

either direct or 'indirect costs. Direct, or variable, costs are those 

items such as labor, materials, and supplies, which are employed direct

ly in the production process and which are consumed in proportion to the 

level of production. Indirect, or fixed, costs are expenditures which 

do not vary according to the level of production. 

In situ leaching operations, like other types of mining opera

tions, are characterized by a high degree of capital intensity. In ad

dition to depreciation, other items of indirect (fixed) costs are also 

higher than average for mining. The result can be seen in the idealized 

graphs in Figure VIII-I. Here it can be seen that the relatively high 

level of fixed costs in mining usually means that the break-even produc

tion level for mining facilities is closer to capacity than for firms 

with lower fixed costs. It can also be seen that the difference in 

slopes between the total cost and revenue curves is greater for mining 
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than for less capital-intensive industries; that is earnings in mining 

are highly averaged by the level of production. A small increase or 

decrease in output yields a relatively large change in profit. This is 

another way of illustrating the well-known sensitivity or profits to 

metal prices in the metal mining industry (O'Neil, 1980). 

General Expenses 

General expenses include marketing and administrative expenses. 

The expense for marketing metals or concentrates is usually relatively 

small. The administrative cost of a mining operation is usually allo

cated corporate oyerhead which would be incurred regardless of whether 

or not the mine existed, except in the case where the mine is the only 

one operated by a mining company. 

There are two other cost concepts--sunk cost and marginal costs 

and benefits--t~at are often significant for ~ining projects under con

sideration. A sunk cost is an expenditure that has already been made. 

Sunk costs are irrelevant to a capital investment decision which must 

weight only future benefits against future costs. In other words, pre

vious capital investment funds have been irrevocably spent and, there

fore, should have no bearing on subsequent investment decisions. In a 

similar manner, only those costs and benefits to be experienced by the 

firm due to a contemplated investment are relevant to investment deci

sions. Those marginal cash flows do not include, for example, allocated 

corporate overhead which would be incurred regardless of whether or not 

the new project is accepted. 
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In Situ Leaching Costs 

Table VIII-2 outlines the cost items for an in situ leaching op

eration. Actual cost estimates for many of these items can be found in 

Clement et al. (1981). The cost items for an in situ leaching operation 

are discussed briefly in the following paragraphs in the order in which 

they would be incurred. It is assumed that all capital expenditures are 

made prior to the beginning of copper production. 

Non-deductible capital expenditure items are for land acquisi

tion and exploration. Land acquisition costs may vary from almost noth

ing to very large amounts. Failed exploration costs may be expensed; 

however, in the United States, successful exploration costs must be re

gained through the depletion allowance. On the other hand, in Mexico 

successful exploration costs are amortized over the life of the project. 

Diamond core drilling usually constitutes the bulk of the exploration 

expenditures for any given project. 

Other expenditures that may be incurred prior to the decision to 

develop the deposit are those for technical studies such as metallurgical 

testing, blast design, seismic studies, and hydrology. 

Expenditures related to ground preparation can be made after the 

decision to develop the deposit. In the case where hydraulic fracturing 

is to be used this involves drilling, hydraulic fracturing, reservoir 

testing, and copper recovery tests. In the case where blasting is to be 

used this involves expenditures for drill holes or underground workings 

for placement of the explosive, transportation of the explosive, and load

ing the explosive. 



Table VIII-2. In Situ Leaching Costs Classification. 
Capital Expenditures 

Depreciable Investment 
Copper Recovery Plant 

SX-EW 
Iron launders 

Power Lines 
Pipe Lines 

Amortizable Investment 
Technical Studies 
Road Construction 
Ground Preparation 

Blast Hole Drilling 
Underground Workings 
Hydrofrac Hole 

Explosive (ANFO) 
Placement of Explosive 
Monitoring System 
Drainage System 

Non-deductible Investment 
Land acquisition 
Exploration 

Operating Costs 
Direct Costs 

Labor 
Supervision and Technical Support 
Maintenance and Repair 
Sulfuric Acid 
Electric Power 
Scrap Iron (copper cementation only) 
Smelting and Refining (copper cementation only) 
Transportation 
Organic Solvent (SX-EW only) 

Indirect Costs 
Depreciation 
Amortization 
Depletion 
Security 

General Expenses 
Marketing 
Administration 
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Probably the single most significant cost item in this period is 

the cost of the explosive. The most commonly used explosive is ANFO 

(ammonium nitrate and fuel oil). The price of ANFO may vary widely es

pecially in those countries where ammonium nitrate is controlled by gov

ernment monopoly. Different prices may be charged for the product when 

it is to be used as fertilizer and when it is to be used as an explosive. 

Since ANFO is a petroleum product, this may also result in wide price 

variations. 

Following the ground preparation, there are expenditures for 

preparing the area to be leached, pond construction, construction of the 

copper recovery plant, power line and pipe line construction, emplace

ment of the leaching system, and the installation of the monitoring sys

tem. The amount expended during this phase of the development will be 

much larger if SX-EW is chosen over scrap iron precipitation. 

Prior to expensible operating costs there should be provision 

for working capital to get the operation started. These funds are neces

sary for initial costs such as labor, electric power, sulfuric acid, su

pervision and technical support, and, if scrap iron precipitation is used, 

scrap iron. 

Operating costs will be much greater if scrap iron precipitation 

is chosen. Additional operating costs for scrap iron precipitation in

clude expenditure for scrap iron and smelting as well as larger expendi

tures for labor, sulfuric acid, and transportation. On the other hand, 

if solvent-extraction and electrowinning are chosen the electric power 

cost will be higher. Overall, the operating costs should be much higher 

for scrap iron precipitation than for SX-EW. 
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It is necessary to eliminate the circulating load of the copper-

bearing solution at the end of the operation for environmental reasons. 

Although recovery of the copper from this low-grade solution might yield 

income below the break-even point for the operation, the copper recovery 

plant could run with minimal financial loss until the solution has had 

sufficient time to evaporate. In areas of arid climate, this could be 

expected to occur within a few months. The financial impact of this 

phase of the operation would have little effect on overall profitability. 

Economies of scale during the development period can be achieved 

only in the construction of a copper recovery plant, especially an SX-EW 

plant. Economies of scale can be achieved during the operation in terms 

of the costs of labor, supervision and technical suPportJ maintenance 

and repair, marketing, and administration. These operating economies 

of scale are probably of greater significance with an SX-EW plant than 

with a copper cementation plant. 

An example of how costs affect profitability is given in the 

following chapter on the case study involving the Luz del Cobre deposit 

at San Antonio de la Huerta, Sonora, Mexico. 

Methods of Measuring Profitability 

Corporations in the mining industry generally use net cash flow, 

derived as shown in Table VIII-3, as the primary measure of benefits pro

duced by a capital project. A variety of methods may be used to measure 

the profitability of a specific mining venture. Methods based on the 

time value of money are generally deemed superior to those which do not 



Table VIII-3. Income Statement for a Mining Firm. -- After.O'Neil 
(1980). 

Gross Sales 

less: transportation to market 
less: smelting, refining, marketing expense 

Net Smelter Return (NSR) 

less: royalties paid 

Gross Income from Mining 

less: mining costs 
beneficiation costs 
general mine and plant expense 

Net Operating Income 

All mine-site costs 

less: fixed charges Sales and Administrative Expense (S&A) 
Depreciation and Amortization 

Pre-depletion Net Income 

less: minerals depletion allowance 

Pre-tax Net Income 

less: income tax and employee profit-sharing 

Net Profit 

add back: depreciation and amortization depletion 

Net Operating Cash Flow 

less: capital expenditures 

Net Cash Flow 
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consider the time value of money such as the payback method or the unad

justed return on investment method. 

There are four discounted cash flow (DCF) methods Which may be 

used for evaluating and selecting investment projects. These are the 

net present value (NPV) method, the profitability index (PI), the dis

counted cash flow return on investment (DCFROI) method, and the wealth 

growth rate (WGR). 

The net present value (NPV) can be defined as the difference be

tween the positive and negative cash flows discounted to a present value 

at a specific discount rate. The implicit assumption is that funds will 

be reinvested at the stated rate of return. This rate of return, which 

is also the discount rate, is generally taken to be the company's cost 

of capital. According to this criterion a project is accepted if the 

NPV is greater than zero. 

The profitability index (PI), sometimes called the discounted 

benefit-cost ratio, is defined as the ratio of the present value of the 

positive cash flows, at a specified discount rate, to the present value 

of the negative cash flows, at the same specified rate. According to 

this criterion a project is accepted if the PI is greater than 1.00. 

The discount rate is generally the company's cost of capital. One of 

the advantages of the PI is that it is a relative value rather than an 

absolute value. Therefore the PI can be used to compare and rank in

vestment proposals more easily than the NPV. 

Probably the most commonly used measure of profitability is the 

discounted cash flow return on investment (DCFROI) method. The DCFROI 
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method equates the present value of the outflows with the present value 

of the inflows over the life of the project. Projects are accepted if 

this rate exceeds a set rate of return. The set rate of return is usu

a~ly the company's cost of capital. The DCFROI is a relative measure; 

therefore, this method also enables the ranking of investment projects. 

Another advantage of this method is that the project ranking it provides 

is independent of any assumptions regarding the company's cost of 

capital. 

There are two serious difficulties with the DCFROI method. 

First, when a project is said to yield a certain DCFROI it is implicitly 

assumed that it is possible to reinvest the income from the project at 

the same rate, which is often not possible. Second, ·it is mathematically 

possible to have multiple rates of return with this method. These multi

ple rates of return are solutions of polynomial equations with no eco

nomic significance. The possibility of multiple rates is enhanced in a 

mining situation where reclamation expenditures may be required at the 

termination of a mining operation or where there are significant fluctu

ations in annual cash flows. Multiple rates of return are discussed in 

more detail by O'Neil (1980). 

A third method, the wealth growth rate (WGR), combines the ad

vantages of both the discounted cash flow return on investment method 

and the net present value method (Hrebar, 1971). The wealth growth rate 

is defined as the interest rate which will equate the future value of 

the capital investment with the future value of the cash flows resulting 

in exploiting the project. This method presently is not widely employed 

by the mining industry. 
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The WGR measurement uses cash flows and the firm's reinvestment 

rate in order to determine the benefits resulting from investing in a 

given project. The WGR is based on the assumption that positive cash 

flows generated during the life of the project can be reinvested at the 

firm's reinvestment rate; whereas the DCFROI measurement is based on the 

assumption that positive cash flows generated during the life of the 

project can be reinvested at the DCFROI of the project. An additional 

advantage of the WGR relative to the DCFROI is that it cannot produce 

multiple rates of return. A comparison of the WGR with the NPV or PI 

shows that projects having the same NPV or PI but with different lives 

can be differentiated with the WGR in that the shorter lived project 

would be selected. In the more typical case where the NPV or PI are 

different for various projects, the ranking by the WGR might be differ

ent due to the required investment being different for various lives 

(Gentry, 1980). Table VIII-4 is a comparison of the methods of measur

ing profitability. Most important of all, it is essential to use meth

ods of measuring profitability that are understood by the people re

sponsible for decision making. 

Risk in In Situ Leaching 

The evaluation of risk is an important part of any feasibility 

study. Risk is usually judged in a subjective manner. Frequently lit

tle effort is expended to determine the way in which various types of 

risk may affect a particular mining operation. Hrebar (1971) divided 

risk into two categories, major risk and business risk. Major risk in

cludes those risks which may result in very severe or total loss such as 



Table VIII-4. Comparison of Methods of Measuring Profitabi
lity. -- Modified from Berry (1972). 

NPV PI DCFROI WGR 
1 yes yes yes yes 

2 yes yes yes yes 

3 yes yes no yes 

4 no no yes yes 

5 no no yes no 

6 no yes yes yes 

7 yes no no yes 

8 no no no yes 

9 yes yes yes yes 

EXElanation of Items: 

1. Uses Cash Flow? 
2. Recognizes time value of money? 
3. Requires reinvestment rate in calculation? 
4. Results in the form of a rate of return? 
5. Can yield multiple solutions? 
6. Compares different investment requirements? 
7. Appraises market value of the project? 
8. Ranking may vary with different reinvestment rates? 
9. Recognizes explicitly the life of the project? 

10. Accounts for benefits, after payback Eeriod? 

263 
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a natural disaster or nationalization. Business risk involves factors 

which cause variability in factor costs and product prices. Both cate

gories result from political, market, geological, and technological un

certainties.It should be noted that the dichotomy between major risk 

and business risk situations is not necessarily well defined. General

ly, major risks encompass extreme values of business risk, although as

signing meaningful probabilities of occurrence to major risks can be 

quite difficult. 

Sources of Risk 

Political risk is probably the most difficult to evaluate, since 

it involves the interaction of social and economic factors. In its most 

extreme form it may involve the nationalization of assets without com

pensation. Less severe forms of political risk may invol~e imposition 

of partial government ownership or various types of new taxes. In·in

dustrial countries such as the United States, political risk may in

volve the imposition of costly and time-consuming environmental restric

tions. Risks of these types are very difficult to quantify. 

Market risk results from the variability in price for the prod

ucts of a mining operation as well as inputs such as labor, materials, 

and equipment. In the case of in situ leaching of supergene copper de

posits, the principal sources of market risk include the prices of cop

per and input materials such as ANFO, sulfuric acid, and scrap iron. 

The principal source of market risk is probably the variation in 

the price of copper. O'Neil (1972) concluded that the actual equilibri

um price of copper cannot be accurately forecast several years in the 
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future. He does, however, believe that likely lower bounds for the 

price of copper can be estimated by projecting production costs in a 

number of operating mines. Utilizing this approach, O'Neil determined 

that the long-run average· price for copper in 1982 should be approxi

mately $.85/lb with a lower limit of $.70/lb in 1972 dollars. 

Geologic risk results from the variability of geologic features 

that may affect the profitability of a mining operation. These factors 

include the tonnage and grade of the dep~sit, mining conditions, and 

metallurgical characteristics of the ore. Technologic risk results from 

uncertainties in the state of mining technology at the time a particular 

mining project is undertaken. Since the technology required to mine and 

treat a particular·ore is a function of the geologic characteristics of 

the ore, it is difficult to separate technologic risk from geologic 

risk. The principal sources of geologic risk for in situ leaching re

sult from errors in the ore reserve estimate and from errors in the es

timates of the rate and total amount of copper production. 

Risk resulting from errors in estimates of the rate and total 

amount of economic copper production probably overshadows the risk from 

all other geological and technological sources combined. The errors in 

the estimates of the rate and total amount of economically viable copper 

production are frequently very large. These errors, as pointed out in 

Chapter VI, arise from a poor understanding of large-scale leaching 

processes and a lack of adequate historical data. 
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Risk Analysis 

Methods of accounting for risk can be classified according to 

those used in assumed-certainty situations and those used in uncertainty 

situations. The methods used in assumed-certainty situations employ ex

pected or most likely values of the variable influencing cash flow. 

These methods attempt to account for risk by adjusting the profitability 

criterion. Hrebar (1971) discusses many of these methods and describes 

their weaknesses. 

Among the assumed-certainty situation methods, sensitivity 

analysis is probably the most valuable. Sensitivity analysis permits 

the examination of the effect of one variable on the profitability of a 

project by changing that variable while holding all others constant. 

This gives an indication of which variables have the greatest effect on 

profitability. The method is limited by the fact that there is no ef

fective way of determining which combination of variable values is most 

likely to occur. 

A probability distribution can be assigned to each variable 

which may significantly affect the profitability of a particular proj

ect. The shape and limits of each probability distribution depend on 

previously available information about the variable being described. 

Harris (1970) discusses the manner in which these probability distribu

tions may be developed. It is often necessary to use subjective proba

bilities which may be obtained from experts in a particular field. 

These experts commonly are able to estimate most likely, most optimis

tic, and most pessimistic levels. From this information it should be 

possible to construct a triangular distribution. 
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A computer simulation of the profitability of a particular ven

ture may be constructed through the use of the Monte Carlo sampling 

technique (Harris, 1970). This involves the process of random sampling 

from a cumulative probability distribution for the value of a particu

lar variable. Each of the variables may be sampled in this manner. 

These samples are, in turn, placed in a cash flow model which calculates 

a cash flow for the project and a resulting measure of profitability 

such as the discounted cash flow rate of return. A large number of sim

ulations may be performed to yield a probability distribution of the 

profitability of a particular mining operation. 

Subjective probabilities of the price of copper, ANFO, sulfuric 

acid, and scrap iron can probably be estimated with a reasonable degree 

of confidence. The probability distribution for the ore reserve esti

mate can also be estimated with considerable confidence. However, the 

rate and total amount of copper production are much harder to estimate. 

The copper production curve will probably follow the general 

shapes illustrated in Figures VI-8 to 10., Th~ shapes of these curves 

indicate that production of copper in a given year must be less than or 

equal to production of copper in the previous year if the same body of 

ore is being leached. Since the production of copper must follow this 

generalized curve, it follows that production of copper in any given 

year is a function of copper production in all previous years. Also, 

there is no point in continuing the operation after the value of copper 

production has fallen below the cost of this production. The operation 

must, however, continue until evaporation has lowered the amount 
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of solution in circulation to the point where the remaining solution can 

be handled by the storage ponds. 

From the preceding discussion, it can be seen that there are se

rious difficulties in obtaining reasonable estimates of the rate and 

total amount of economically viable copper production. 

Risk Aversion 

Although it may be possible to determine the probability distri

bution of profitability, it is still necessary to determine the best de

cision to make with respect to an individual firm. One approach to this 

problem is through the application of utility theory. The use of utili

ty theory is described by Van Horne (1969). However, as pointed out by 

Harris (1970), it is not the utility curve of the manager or group of 

managers that is important but the utility curves of the investors. 

Perhaps the best measure of risk from the investor's point of view is 

reflected in the cost of capital to the firm. Therefore, the profitabi

lity of a project is really a function of the average risk of the firm 

and the risk of the project. 

It is necessary for the individual firm to choose a high- or 

low-rish policy. A high-risk policy should yield the largest earnings 

per share over the long haul; however, if management has a high aversion 

to risk, a low- or moderate-risk policy may be pursued. The policy 

chosen requires consideration of capital markets and a desirable trade

off of expected profitability and risk (Harris, 1970). 

Due to the fact that in situ leaching projects have an addition

al source of risk, risk resulting from uncertainty in the rate and total 
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amount of economically viable copper production, these projects may have 

higher levels of risk than conventional mining operations. However, the 

higher level of risk is, to a considerable degree, balanced by the lower 

capital cost outlay. Nevertheless, in situ leaching operations are more 

likely to be pursued by firms with a high-risk policy. 



CHAPTER IX 

CASE STUDY-LUZ DEL COBRE COPPER DEPOSIT 

Introduction 

The Luz del Cobre copper deposit is located near San Antonio de 

la Huerta, Sonora, Mexico (Figure IX-l). The deposit has been known 

since the early part of this century (Kleine and Villanueva, 1977). It 

was mined intermittently from. 1962 to 1973 by Ludelco, S.A. de C.V. The 

ore was mined from underground workings and the copper was extracted by 

vat leaching. 

The Aluminum Company of America (ALCOA) began exploration of the 

deposit in February, 1972. I was responsible for the diamond drilling 

program from August, 1972 until it was completed in November, 1973. Ore 

reserves were reported to be 3.1 million tons, grading 1.1% copper 

(Hackman, 1974). A preliminary feasibility study (Gammeter, 1973) indi

cated that it was not economically feasible to mine the deposit by open

pit methods. 

A new feasibility study (Hackman and Carwile, 1974) indicated 

that it was feasible to mine the deposit by in situ leaching. During 

the excavation of additional workings for a coyote blast, more reserves 

were added. The revised ore reserve estimate was reported to be 4.1 mil

lion tons, grading 1.4% copper (Haynes, 1977). Due to depressed copper 

prices during the mid-1970's, ALCOA relinguished its share of the prop

erty. Ludelco, S.A. de C.V. plans to put the property into production 

as soon as possible (Gallagher, personal communication, 1980). 

270 
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Figure IX-l. Location of the Luz del Cobre Mine at San Antonio de la 
Huerta. 
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I conceived of the idea of mining the Luz del Cobre deposit by 

in situ leaching after the drilling program had been completed. There

fore, much of the information that would have been of value for the eval

uation of the deposit for in situ leaching was not gathered. In order 

to avoid having this occur in the future at other deposits, the logging 

form in Appendix B was developed. If this logging form or one similar 

to it is used, the geologic information necessary for the evaluation of 

a supergene copper deposit for in situ leaching will be available. 

Those aspects of in situ leaching that apply to the Luz del Cobre 

deposit are outlined in Figure IX-2. Each step in the evaluation of a 

supergene copper deposit for in situ leaching discussed in the previous 

chapters is examined with respect to the Luz del Cobre deposit in this 

chapter. 

Geology and Exploration 

The orebody appears to be part of a large porphyry copper system 

within intrusive and metasedimentary rocks. The metasedimentary rocks 

of the Barranca Formation are Triassic to Jurassic in age (King, 1939). 

These rocks have undergone low-grade metamorphism and are predominantly 

argillite and meta-arkose in the area of the ore deposit. 

Igneous rocks were intruded into the Barranca Formation as small 

plutons, sills, and dikes. The igneous rocks in the area of the orebody 

occur primarily as sills. The rock type varies from an andesite porphyry 

to a dacite porphyry. Although there is no radioactive age dating avail

able, the intrusive activity probably occurred during the Laramide 

orogeny. 
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The orebody is surrounded by a zone of hydrothermal alteration 

covering about 16 square kilometers. This hypogene alteration is domi

nantly propylitic with local patches of phyllic alteration. The al

tered zone is also geochemically anomalous, especially in copper and 

molybdenum. The potential for a deeply buried low-grade porphyry copper 

deposit appears to be high; however, such a deposit would probably be 

500-1000 m below the surface. Similar deeply buried porphyry copper 

prospects have been noted throughout southeastern Sonora (Gutierrez 

Arce, 1973). 

The copper orebody occurs within a zone of intense brecciation 

(Figure IX-3). Angular breccia fragments are enclosed by a matrix of 

hydrothermal mineralization and pulverized rock fragments. Following 

mineralization, zones of weakness such as faults, contacts, and the pe

riphery of the breccia body were intruded by andesite sills and dikes. 

These geologic relationships are illustrated in Figures IX-3, 4,and 5. 

Most of the hypogene mineralization occurs as part of the breccia 

matrix; however, some disseminated mineralization was found in the in

trusive rocks. The principal hypogene minerals in the ore zone are spec

ularite, pyrite, chalcopyrite, quartz, orthoclase, siderite, barite, and 

sericite. The most intense mineralization occurs within the metasedi

mentary rocks, which were more thoroughly shattered during brecciation. 

Diamond Core Drilling 

Twenty-two diamond-core drill holes were drilled to establish the 

grade and the limits of the Luz del Cobre orebody. All of the drilling 

was done with skid-mounted wire-line drilling equipment and a water-base 
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drilling fluid containing bentonite and selected additives. Face

discharge bits were used in the ore zone to improve core recovery. A 

total of 3946.1 m was drilled as follows: 127.4 m tricone rock-bit to 

set the collar pipe; 583.8 m NC-core; 2693.5 m NX-core; and 541.4 m BX

core. All of the drill holes were vertical. 

Core recoveries were calculated by the weight and the specific 

gravity of each assay interval. The core recoveries in the ore zone 

ranged from 31.2 to 92.1% with an average recovery of 65.0%. It was 

found that those portions of the orebody which contain the highest pro

portion of soft sooty chalcocite were the zones where the core recovery 

was the poorest. Figure lX-6 shows the copper grade and core recovery 

from drill holes SA-5 and SA-SA, which were drilled less than 1 m apart . 

. Drill hole SA-SA was drilled with special care due to the high loss of 

core in the ore zone in SA-5. 

Mineralization 

The copper mineralogy (Table IX-l) indicates that supergene pro

cesses have acted on most of the ore zone. Less than 15% of the copper 

is present as chalcopyrite. Most of the chalcopyrite occurs in the ma

trix of the brecciated intrusive rock or disseminated through the intru

sive rocks. Chalcopyrite is the dominant copper mineral in the lower 

part of the northeastern end of the orebody. The supergene zone is 

best developed in the brecciated metasedimentary rocks and in the up

per portion of the brecciated intrusive rocks. The highest grade por

tion of the orebody (Figures IX-7 and 8) also occurs in this area. The 

majority of the supergene copper is in the form of the copper sulfides. 
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Table IX-I. Copper Mineralogy of the Luz del Cobre Deposit Estimated from the Diamond 
Drill Core. 

CHRYSOCOLLA. MALACHITE. CHALCOCITE AND 
AZURITE. CUPRITE. TENo- COVELLITE CHALCOPYRITE 
RITE AND NATIVE COPPER % % 

DRILL INTERVAL MET m x % m x DRILL m x DRILL AVERAGE 
HOLE ~H) SAMPLE % Cu % Cu INTERVAL % Cu % Cu HOLE % Cu % Cu HOLE GRADE 

SA-1 46.45-85.85 5A164 0.02 0.70 3.4 0.17 6.83 33.6 0.33 12.83 63.0 0.52 

SA-1 93.47-100.10 5A165 0.33 2.19 55.2 0.27 1.78 44.8 0.60 

SA-2 65.00-85.95 5A166 0.74 15.58 23.4 2.41 50.57 76.1 0.01 .31 0.5 3.16 

SA-3 88.90-136.40 5A167 0.20 9.65 23.0 0.33 15.74 37.5 0.35 16.61 39.5 0.88 

SA-5A 64.15-93.85 5A168 0.27 8.08 11.2 2.15 63.78 88.8 2.42 

SA-7 51. 00-69.65 5A169 0.35 6.58 27.1 0.86 16.00 65.8 0.09 1.73 7.1 1.30 

SA-8 48.90-62.60 5A170 0.03 0.39 3.6 0.76 10.39 96.4 0.79 

SA-lO 1.15-12.30 5Al72 1.08 12.02 91.6 0.10 1.11 8.4 1.18 

SA-lO 41.75-57.05 5Al73 0.38 5.88 64.1 0.20 3.07 33.4 0.02 0.23 2.5 0.60 

SA-17 39.70-46.15 0.12 2.41 23.7 0.38 7.70 75.6 0.07 0.7 0.50 
53.70-67.60 

SA-18 35.95-40.75 0.04 0.21 3.0 1.39 6.68 97.0 1.43 

SA-19 39.30-45.25 0.06 0.33 19.1 0.24 1.40 80.9 0.30 

------------------------------------------------------------
SA-21 52.25-73.30 0.16 4.14 26.2 0.34 8.67 55.0 0.12 2.96 18.8 0.62 

------------------------------------------------------------
88.45-92.70 

TOTAL 0.25 65.97 22.2 0.75 194.13 65.5 0.14 ' 36.52 ---u:J 1.14 

N 
co 
0 
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chalcocite and covellite. The copper silicate, carbonate, and oxide 

minerals are the result of oxidation of the supergene sulfide zone. 

These minerals generally occur toward the top of the supergene portion 

of the orebody. The only significant exceptions are the small scat

tered pods of chrysocolla found near the surface. 

The volume percent of pyrite on a cross section through the Luz 

del Cobre orebody is shown in Figure IX-9. This is of great importance, 

since the ratio of the moles of a copper mineral to the moles of pyrite 

determines how much oxygen will be consumed for each ion of copper put 

into solution and the amount of heat that will be generated during oxi

dation. Clearly more oxygen will be consumed and more heat will be 

generated per unit of copper dissolved in the northeastern part of the 

orebody where the pyrite content is higher, the copper grade is lower, 

and much of the copper is present as chalcopyrite. 

Experts in the analysis of leached outcrops have noted that he

matite is more abundant than goethite over zones of chalcocite enrich

ment (Blanchard, 1968). It is apparent from an examination of the sur

face that this is true at the Luz del Cobre deposit. It can also be 

seen by examination of the drill core taken from the deposit as illus

trated in Figure IX-10. 

The behavior of molybdenum in the supergene environment is also 

well illustrated at the Luz del Cobre deposit. Immediately over the 

orebody and in the upper portion of the ore zone there has been molybde

num enrichment (Figure IX-ll). Molybdenum occurs as ferrimolybdite or 

molybdenum-bearing iron hydroxide in the zone of enrichment where it re

mains fixed by the acidic environment. Close to the surface, however, 
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the molybdenum has been leached where no pyrite remains to maintain an 

acidic environment. 

Alteration minerals noted in and around the Luz del Cobre ore

body are quartz, kaolinite, chlorite, sericite, barite, orthoclase, and 

siderite. The only one of these minerals that is likely to be very 

acid-consuming is siderite, which.is present only in very minor amounts. 

None of the other alteration minerals is likely to affect in situ leach

ing except, perhaps, kaolinite which may affect the flow pattern of the 

leaching solution. 

Two types of information that might be of considerable value in 

the evaluation of an orebody for in situ leaching were not recorded in a 

systematic manner. These are the mode of distribution of the copper min

erals and the size of the ore fragments. The mode of distribution may 

be as disseminated particles, veinlets, or as open fracture fillings. 

During the drilling program it was not known that these types of informa

tion might be of value. The logging form in Appendix B includes places 

to record this information. 

Ore Reserve Estimation 

A modification of the cross-section method (Popoff, 1966) was 

used to determine the ore reserves of the Luz del Cobre deposit. Cross 

sections through the orebody were constructed perpendicular and parallel 

to the long axis of the deposit. Ore grades were projected onto these 

cross sections from the nearest drill holes. All of these cross sections 

were contoured by copper grade. The grade contours were modif.ied until 

the contours from all of the cross sections were matched where they 
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intersected. The cross sections were then sliced on a 5 m horizontal 

interval. The copper grades on each of these horizontal slices were 

then contoured using the contours from the vertical cross sections and 

assay data from level maps of the underground workings where it was 

available. All of the contours were again modified until a three

dimensional fit was achieved for all of the cross sections and horizon

tal slabs. The tonnage and grade of each 5 m slab were determined by 

p1animetering the areas within each contour interval and multiplying by 

the specific gravity. The tonnage and grade of the 5 m slabs were then 

added to determine the tonnage and grade of the entire orebody (Hackman, 

1974). 

After additional underground workings had been driven, sampled, 

and assayed, the ore reserves were recalculated to take advantage of the 

new information. The final ore reserve estimate was 4,133,347 metric 

tons of 1.38% copper (Haynes, 1977). Table IX-2 gives the tonnage and 

grade by horizontal slab. 

The nature of the supergene leaching process results in a tabu~ 

1ar orebody with a relatively evenly distributed copper grade. There

fore, it was possible to use the modified cross-section method to de

termine the tonnage and grade of the Luz del Cobre ore deposit. 

Mining Method 

Open-pit mining was the first mining method considered because 

of the tabular shape and topographic position of the orebody. In spite 

of the favorable topography the stripping ratio was found to be greater 

than 3 to 1. Furthermore, when only acid leachable portion of the 



289 
Table IX-2. Tonnage and Grade of Ore Body by Slabs and Totals. 

SLAB TONS CUBIC METERS GRADE GRADE x CUBIC METERS 
640 9,032 3,434.3 0.46 1,586.2 
635 9,367 3,561.6 0.43 1,532.8 
630 39,810 15,136.8 1.76 26,577.2 
625 164,592 62,582.4 1.26 78,785.0 
620 251.237 95,527.2 1.18 113,181.9 
615 327,176 124,401.6 1.15 143,416.6 
610 346,509 131,752.6 1.29 170,121.0 
605 381,371 145,008.0 1.23 178,119.6 
600 372,004 141,446.4 1.23 174,263.9 
595 346,579 131,779.2 1.28 168,770.1 
590 308,777 117,405.6 1.62 190,516.4 
585 264,.283 100,488.0 1.82 182,733.0 
580 218,452 83,061.6 2.16 179,411.7 
575 186,671 70,977.6 2.04 145,059.3 
570 175,464 66,716.4 1.86 123,800.6 
565 177,973 67,670.4 1.35 91,685.1 
560 174,126 66,207.6 1.04 69,021.8 
555 187,006 71,104.9 0.84 59.676.6 
550 92,917 35,329.8 0.74 26,281.4 

EM3 .= 1 2 553,592.0 EG x M3 = 2,124,540.2 

NOTE: )~Surface oxides = 100,000 tons at 1. 0% Cu = 1,000,000 kg Cu 

M3 x 2.63 (sp.gr.) = 4,033,347 metric tons 
+100 2000* 

4,133 2 347 

= 1.39% Ave. Grade 

+1.00* 
1. 39 

56,063,523 kg Cu 
+1 2 000,000 kg Cu* 
57,063,523 kg Cu 
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orebody is considered, the stripping ratio increases to about 4 to 1. 

In addition it would be necessary to build a haulage road through very 

rough topography to the nearest feasible plant site, 3.75 krn from the 

orebody. A preliminary feasibility study of an open-pit mining opera

tion with vat leaching indicated a DCFROI of less than 8% with a copper 

recovery of 70% and a copper price of $.80 per pound (Hackman, 1974). 

It was noted that the Luz del Cobre orebody is similar in many 

respects to the Old Reliable orebody in Arizona, which has been leached 

in situ. Another preliminary feasibility study (Hackman and Carwile, 

1974) indicated that it would be viable to mine the Luz del Cobre ore 

deposit by the same method. 

Metallurgical Testing 

All of the metallurgical testing was performed by ALCOA's re

search laboratories in New Kensington, Pennsylvania (Hiskey, 1974). 

Samples of core rejects from the ore zone portion of 12 drill holes in 

the Luz del Cobre orebody were subjected to agitation and column leach

ing tests. The core rejects contained particles ranging in size from 

extreme fines to about one centimeter in diameter; the individual sam

ples weighed from about 0.5 to 10 kg. These samples are listed in 

Table IX-3. 

Agitation Leaching Tests 

Preliminary agitation leaching tests were run at room temperature 

to determine the leaching response of individual drill hole composite 

samples. One group of experiments was run to determine the extraction 

of copper using only H2S04 at a concentration of 20 gpl (grams/liter), 
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Table IX-3. Drill Core Reject SamE1es. 
DEPTH INTERVAL NO. OF RAW MATERIALS SECTION 

DRILL HOLE (HETERS) SAMPLES SAMPLE NO. 
SA-1 46.45-100.10 24 409760a thru x - K73 

SA-2 65.00-85.95 12 409763a thru 1 - K73 

SA-3 88.70-136.40 22 409764a thru v - K73 

SA-5A 64.15-93.85 14 409766a thru n - K73 

SA-7 51. 00-69. 65 11 409768a thru k - K73 

SA-8 48.90-62.60 7 409769a thru g - K73 

SA-I0 1.15-57.05 12 409771a thru 1 - K73 

SA-15 35.30-85.90 15 409814a thru a - 73 

SA-l7 39.70-67.60 10 409815a thru j - 73 

SA-18 35.95-40.75 2 409816a and b - 73 

SA-19 39.30-45.25 3 409817a thru c - 73 

SA-21 52.25-92.70 14 409818a thru n - 73 
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and another group using a leaching solution containing 20 gpl H2S04 and 

15 gpl Fe3+ as ferric sulfate. 

Weighed composites from portions of the samples from each drill 

hole were prepared for leaching tests as shown in Table IX-4. All of 

the samples used in these tests were pulverized to -28 mesh. Composite 

Nos. SAl64 through SA170, 5Al72, and SAl73 were used for the preliminary 

agitation leaching tests at room temperature. Chemical analyses of the 

samples are given in Table IX-S. The precious metal content is very 

low; gold was not detected in any composite, and the highest silver con

centration was 7 ppm for Composite No. 5Al73. 

Copper is recovered by sulfuric acid alone from copper oxide, 

carbonate, and silicate minerals. The addition of an oxidant, such as 

ferric ion, is required for copper extraction from copper sulfide miner

als; however, chalcopyrite, the most refractory copper sulfide mineral, 

is nearly nonleachable under the conditions of these tests. As dis

cussed in Chapter III, almost all of the copper should be extracted from 

the minerals chrysocolla, malachite, azurite, and tenorite with sulfuric 

acid only. About one-half of the copper should be readily extracted 

from cuprite with sulfuric acid only; the remainder, which is converted 

to native copper, requires an oxidizing agent. One-half of the copper 

in chalcocite can be extracted rapidly; however, the remainder, which is 

in the form of covellite, is extracted slowly. Under the conditions of 

these tests, essentially none of the copper is extracted from chalcopy

rite. Tables IX-6 and 7 show copper extractions for the various compos-

ites using solutions containing sulfuric acid and sulfuric acid-ferric 

sulfate, respectively. 
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Table IX-4. Composite Samples for Agitation Leaching. 

COMPOSITE NO. SAMPLE NOS. DRILL HOLE 
5Al64 409760a thru s-K73 SA-I 

5Al65 409760t thru x-K73 SA-I 

5Al66 409763a thru I-K73 SA-2 

5Al67 409764a thru v-K73 SA-3 

5Al68 409766a thru n-K73 SA-5A 

5Al69 409768a thru k-K73 SA-7 

5Al70 409769a thru g-K73 SA-8 

5Al72 409771a thru e-K73 SA-IO 

5Al73 409771f thru I-K73 SA-io 

5A245 409760a thru x-K73 SA-I 

409764a thru v-K73 SA-3 

5A246 409763a thru I-K73 SA-2 

409766a thru n-K73 SA-5A 

409768a thru k-K73 SA-7 

409769a thru g-K73 SA-8 

409771a thru I-K73 SA-lO 
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Table IX-5. Chemical Analyses of Composite Samples for Agitation 
Leaching (%). 

COMPOSITE 
NO. Cu Fe S Mo Si02 A1203 CaO MgO 

5A164 0.93 17.5 4.31 .049 48.7 10.8 0.55 1.3 

5A165 0.56 15.2 3.47 .040 50.4 11.6 0.87 1.7 

5A166 3.69 11. 6 3.93 .035 54.0 13.0 0.10 0.7 

5A167 0.83 14.9 4.95 .046 51.2 11.4 0.43 1.2 

5A168 2.28 12.2 3.79 .043 54.4 13.9 0.09 0.6 

5A169 1. 33 17.1 2.14 .056 51.4 l2.5 0.28 0.8 

5A170 1.10 10.6 7.57 .0l2 57.3 15.4 0.05 0.2 

5A172 1. 41 14.3 0.31 .012 57.1 12.6 0.13 0.4 

5A173 0.68 6.7 2.78 .002 60.8 16.8 0.42 0.6 

5A245 0.58 16.4 4.46 .032 48.4 11.8 0.52 1.5 

5A246 1. 93 12.2 3.03 .022 55.1 14.3 0.17 0.6 
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Table IX-6. Agitation Leaching Data for Tests with 20 gp1 H2S04 at Room 
TemEerature. 

COPPER EXTRACTION (%) 
TIME COMPOSITE NUMBERS 
(MIN) 5A164 5A165 5Al66 5A167 5A168 5A169 5A170 5A172 5A173 
30 nil nil 10.3 nil 8.77 19.1 73.8 2.77 

60 nil nil 15.6 nil 16.0 15.5 80.7 3.83 
. 

120 nil nil 22.8 nil 21.1 12.9 81.4 13.7 

240 nil nil 21.5 nil 26.3 25.5 82.7 8.46 

360 nil nil 30.7 nil 30.3 14.9 28.8 84.6 15.3 

Table IX-7. Agitation Leaching Data for Tests with 20 gp1 H2S04-15 gp1 
Fe3+ at Room TemEerature. 

COPPER EXTRACTION (%) 
TIME COMPOSITE NUMBERS 
(MIN) 5A164 5A165 5A166 5A167 5A168 5A169 5A170 5A172 5A173 
30 9.98 12.5 34.1 9.64 43.0 45.9 45.5 75.2 58.8 

60 11.1 12.5 36.3 10.8 44.7 47.3 46.3 79.3 61. 7 

120 12.1 12.5 38.3 12.0 47.2 50.2 49.8 73.3 61. 7 

240 13.2 14.2 42.3 15.3 50.4 54.4 50.6 83.8 64.4 

360 14.1 14.2 44.3 17.5 51.2 57.1 50.6 83.1 64.4 
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No copper was extracted from composite sample Nos. 5A164 , 5A165 , 

and 5A167 when leached with sulfuric acid alone; whereas, with sulfuric 

acid-ferric solution 14.1, 14.2, and 17.5% copper, respectively, was ex

tracted in six hours. The results in Table IX-6 can be compared with 

the core logging results in Table IX-I. The test results for sample 

Nos. 5A164 and 5Al65 agree fairly well with the visual core logging re

sults. However, the results do not match as well for sample No. 5A167. 

Copper extraction from comp~site Nos. 5Al66 , 5Al68 , and 5A170 

was about 30% at six hours for leaching with sulfuric acid along, indi

cating the presence of appreciable amounts of acid-soluble copper miner

als, although the visual logs indicate somewhat lesser amounts of acid

soluble copper minerals. Extractions for these composites were in the 

44 to 50% range when the sulfuric acid-ferric sulfate solution was used. 

These results agree well with the visual logging results, especially for 

composite sample Nos. 5A168 and 5A170. 

The leaching of composite No. 5A169 was comparable to that of 

No. 5Al73. Sulfuric acid solution extracted about 15% of the copper 

from both samples, and the sulfuric acid-ferric sulfate solution ex

tracted 57.1 and 64.4% from Nos. 5A169 and 5A173, respectively. Compos

ite No. 5A169 agrees reasonably well with the visual logs; however, the 

test results from 5Al73 indicated a much lower acid-soluble content than 

the visual log. 

Sample No. 5A172 yielded about 85% copper extraction in six hours 

with sulfuric acid alone, with 74% being extracted in the first 30 min

utes. The sulfuric acid-ferric sulfate solution did not improve copper 
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extraction from this composite. The visual log indicates that the 

copper-bearing mineral in this zone is chrysoco11a. 

Three reasons for the apparent discrepancies between the agita- ". 

tion leaching tests and the visual core logging are: 1) core recovery 

varied from sample to sample within the composite used for the leaching 

tests with the poorest recovery in the supergene portion of the orebody; 

2) the sample from a given drill hole interval was split several times 

before it was composited for leach testing; and 3) there were probably 

significant errors in some of the original visual core logs. 

Statistically Designed 
Agitation Leaching Tests 

Statistically designed agitation leaching tests were performed 

to determine the effects of time, temperature, H2S04 concentration, and 

Fe3+ concentration. Three levels of temperature, H2S04 concentration 

anf Fe3+ con~entration, and six levels of time were investigated, thus 

giving 124 degrees of freedom. 

Based on the results of the preliminary agitation leaching tests, 

composite Nos. SA24S and SA246 were prepared for statistically designed 

agitation leaching experiments. Composite No. SA24S contained ore from 

drill hole Nos. SA-1 and SA-3 because composite Nos. SA164, SA16S, and 

SA167 gave similar room temperature leaching responses with both sulfuric 

acid and sulfuric acid-ferric sulfate 1ea.ching agents. As shown in Table 

IX-1, these are the only samples that contain appreciable amounts of cha1-

copyrite. Composite No. SA246 contained ore from drill hole Nos. SA-2, 

SA-SA, SA-7, SA-8, and SA-10 because composite Nos. SA166 , SA168 , SA169 , 
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5Al70, and 5A173 gave analogous results for both sulfuric acid and sul

furic acid-ferric sulfate leaching agents. 

Figure IX-12 shows copper extraction versus time at 60°C with 

15 gpl Fe3+ and acid concentration varied. Extraction for composite No. 

5A246 varies little with sulfuric acid concentration over the range in

vestigated. The rapid attainment of 50% copper extraction suggests dis

solution according to the reaction 

and the slower extraction of the remaining copper to the reaction 

CuS = Cu2+ + SO + 2e-

The reactions for copper extraction from chrysocolla, malachite, azurite, 

tenorite, and cuprite are not typical of the observed kinetic patterns 

because they are very fast. 

Copper extraction for composite No. 5A245 is also independent of 

sulfuric acid concentration over the range investigated. The consider

ably lower extraction for this composite is because it contains much 

chalcopyrite. Hydrogen ion concentration at all sulfuric acid levels 

was well in excess of the stoichiometric requirement. The copper ex~ 

traction rate is limited by dissolution of sulfide minerals. Hydrogen 

ion is not involved in the reactions when ferric ion is the oxidant; 

therefore the rate of dissolution is independent of sulfuric acid 

concentration. 

~he influence of ferric ion concentration at 60°C and 10 gpl 

H2S04 is shown in Figures IX-13 and 14, respectively, for composite Nos. 
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5A245 and 5A246. These data demonstrate the importance of the oxidant. 

Copper extractions using 10 and 15 gpl Fe3+ are nearly the same for com-

posite No. 5A246 and indistinguishable for No. 5A245. Both composites 

show substantially higher initial extraction rates when ferric ion is 

present, and extractions after six hours are also higher. Data for the 

experiments conducted at 25°C and 40°C display similar trends. Data for 

leaching composite No. 5A246 at 5 gpl H2S04 and 40°C are shown in Figure 

IX-IS. Available ferric ion at 10 and 15 gpl concentration exceeded 

greatly the stoichiometric amount necessary for the copper'in the sample. 

Chalcocite dissolution rate is independent of ferric ion concentration 

over a wide range, provided stoichiometric conditions are satisfied. 

Figures IX-16 and 17 are plots of copper extraction versus time 

with temperature varies for composite No.s 5A245 and 5A246, respectively. 

Dissolution curves for both composites consist of a first stage with a 

rapid rate and a second stage with a slower rate. Figure IX-17 illus-

trates the leaching of a chalcocite-bearing ore. The first stage, up to 

15 min. in time, yields about 50% extraction of the copper and appears to 

be independent of temperature. The equation 

2+ -CU2S = Cu + CuS + 2e 

describes the reaction for the first stage. Second-stage leaching occurs 

after 15 minutes and is represented by the equation 

Dissolution of the intermediate CuS product is slow at 25°C but notice-

ably faster at higher temperatures. 
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The data from the series of experiments to investigate agitation 

leaching at composite No. 5A246 were analyzed statistically by regres

sion analysis techniques using copper extraction as the dependent vari

able and temperature, time, sulfuric acid concentration, and ferris ion 

concentration as the independent variables. The intention of the analy

sis was only to determine the significance of the variables tested. 

Table IX-8 shows data from the regression analysis. The student t-test, 

which is the ratio of the regression coefficient to the standard devia

tion of the regression coefficient, was used to evaluate the data. At 

120 degrees of freedom the t-value for the 1% significance level is 2.36 

(Hoel, 1971); therefore, all variables except ferric ion concentration 

are highly significant. The t-value for ferric ion concentration is not 

significant even at the 10% level; therefore leaching is independent of 

ferric ion concentration over the range investigated. The statistical 

treatment of the data confirms known information regarding the leaching 

of copper ores (Hiskey, 1974). 

Copper extraction from the ore samples investigated was indepen

dent of sulfuric acid concentration provided ferric ion was present, an 

excess of sulfuric acid being unnecessary. Best extractions were ob

tained when leaching with sulfuric acid-ferric sulfate solutions; how

ever, copper extraction was indifferent to ferric ion concentration as 

long as stoichiometry was satisfied. Initial extraction rate for com

posite No. 5A246 with ferric ion present was two times faster than with

out ferric ion and five times faster for composite No. 5A245. Further

more, the copper extraction at six hours leaching time was nearly 

doubled for both samples with ferric ion present. It is important to 
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Table IX-8. Regression Analysis of Data for Composite Number 5A246. 
STANDARD DEVIATION 

FACTOR COEFFICIENT OF COEFFICIENT RATIO 
Temperature 0.6937 0.0441 15.73 

H2S04 0.3952 0.0905 4.37 

Fe3+ Concentration 0.1920 0.3057 0.63 

Time 0.0746 0.0051 14.69 

Fe3+ (present/not present) 19.2886 4.2115 4.58 
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keep the ferric ion concentration as low as possible consistent with 

good extraction because cementation and electrowinning operations are 

most efficient at low ferric ion concentrations. High ferric ion con

centrations reduce current efficiencies, require high current densities 

in electrowinning, and cause excessive consumption of scrap iron during 

cementation. Initial leaching rates were somewhat independent of temper~ 

ature, but the overall copper extraction was very sensitive to tempera

ture. Composite No. 5A246 at all times gave higher copper extractions 

than No. 5A245 because composite No. 5A245 contained chalcopyrite as the 

major copper mineral. 

Column Leaching Tests 

The amenability of two composite samples of coarse ore to column 

leaching was determined during this phase of the metallurgical testing. 

Two composite samples minus 12.7 rom in particle size were prepared for 

these tests as shown in Table IX-9. Composite No. 5A247 was prepared at 

the start of metallurgical testing and contained material from the entire 

depth interval for the drill holes indicated in Table IX-9. Composite 

No. 5A366 contained only one ore from above the 570 m level of the ore

body, since the ore above this level is entirely supergene. Minus 48 

mesh material was removed from each composite by wet screening and the 

plus 48 mesh fraction dried. The minus 48 mesh fraction was removed to 

avoid problems of solution flow caused by fine ore and slimes. Particle 

size distribution and chemical analyses for the two composites are shown 

in Tables IX-IO and 11, respectively. The experimental procedure on 

column leaching tests is given in Chapter III. 
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Table IX-9. Composite Samples for Column Leaching. 

COMPOSITE NO. SAMPLE NOS. DRILL HOLE 
SA247 409760a thru x - K73 SA-l 

409763a thru 1 - K73 SA-2 

409764a thru v - K73 SA-3 

409766a thru n - K73 SA-SA 

409768a thru k - K73 SA-7 

409769a thru g - K73 SA-8 

409771a thru 1 - K73 SA-IO 

SA366 409760a thru f - K73 SA-l 

409763a thru 1 - K73 SA-2 

409764a thru h - K73 SA-3 

409766a thru n - K73 SA-SA 

409768a thru k - K73 SA-7 

409769a thru g - K73 SA-8 

409771a thru 1 - K73 SA-lO 

409814a thru f - 73 SA-IS 

40981Sa thru j - 73 SA-17 

409816a thru b - 73 SA-18 

409817a thru c - 73 SA-19 



Table IX-10. Particle Size Distribution of Samples for 
Column Leaching. 

PARTICLE SIZE 
MESH MM 

12.7 
9.51 
6.35 

4 4.76 
6 3.36 
8 2.38 

10 1.68 
14 1.19 
20 0.84 
28 0.60 
35 0.42 
48 0.30 

CUMULATIVE PERCENT FINER THAN 
COMPOSITE NO. 

5A247 5A366 
100.0 100.0 

96.6 97.2 
78.3 81.3 
60.9 66.5 
43.8 52.1 
32.3 39.7 
23.1 29.1 
16.3 21.4 
11.3 15.5 

7.30 10.6 
4.04 6.33 
1.41 2.86 
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Table IX-II. Chemical Analyses of Composite Samples for Column Leach-
ing (%). 

COMPOSITE 
NO. Cu Fe S Si02 A1203 CaO MgO 

5A247 1.11 15.9 3.95 50.7 11.6 0.41 0.8 

5A366 1. 26 12.7 3.20 55.9 l3.2 0.21 0.2 
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Tables IX-12 and 13 show extraction data for column leaching of 

composite Nos. 5A247 and 5A366, respectively. Percentage copper extrac

tion versus time curves for composite Nos. 5A247 and 5A366 are shown in 

Figure IX-18. The initial leaching rate for No. 5A247 was comparatively 

fast, with 25.9% of the copper extracted in one day and 45% in five days. 

An additional 15% was extracted during the next 18 days of leaching. 

Acid consumption was high at 9.3 and 13.5 gm H2S04/gm of copper dis

solved for 5 and 23 days of leaching, respectively. High aci? consump

tion results when the leachable copper minerals have dissolved (rate of 

extraction decreased) and gangue minerals continue to react. Dissolution 

of carbonate, oxide, and hydrous oxide gangue minerals such as calcite, 

magnesite, siderite, hematite, magnetite, and goethite consumes acid; 

however, the ore contains very little calcite and magnesite, as indicated 

by the calcium and magnesium analyses in Table IX-II. 

The high acid-consuming character of the ore is attributed to 

iron-bearing gangue minerals with siderite being dissolved readily by 

sulfuric acid. Liquor analyses indicated 17.3 gpl total iron after 23 

days of leaching with iron minerals still dissolving. 

Composite No. 5A366 was leached with lower sulfuric acid concen

tration (5 gpl H2S04) because high acid c~nsumption with composite No. 

5A247 was attributed in part to the high acid strength (20 gpl H2S04) 

used. Composite No. 5A366 showed favorable extraction with approximate~ 

ly 16% of the copper extracted the first day and 36.1% after 7 days of 

operation. The final extraction of 55% after 22 days of leaching is 

comparable to that for composite No. 5A247; however, the consumption of 
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Table IX-12. Column Leaching Data for Composite No. 5A247 Using 20 gp1 
H2SO4• 

CUMULATIVE DATA 
TIME SOLUTION ANALYSIS (BEl) H2S04 CONSUMED 

(DAYS) Cu Fe3+ Cu Ext. (%) gm./gm Cu 

0.25 2.06 1.04 18.6 6.00 

1 2.88 2.23 25.9 6.48 

2 3.68 3.55 33.3 7.46 

3 4.22 4.54 38.3 8.01 

4 4.62 5.30 42.2 8.58 

5 4.91 10.5 44.9 9.30 

7 5.03 10.5 45.9 9.44 

8 5.02 10.5 45.9 9.51 

9 5.20 13.0 47.7 10.7 

10 5.29 12.8 48.6 10.8 

11 5.51 14.1 50.9 11.3 

14 5.62 13.9 51.8 11.5 

16 5.92 14.6 55.0 12.0 

18 6.02 12.5 55.9 12.8 

21 6.33 13.4 59.0 13.1 

23 6.48 10.9 60.4 13.5 
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Table IX-13. Column Leaching Data for Composite No. 5A366 Using 5 gp1 
H2SO4 • 

CUMULATIVE DATA 
SOLUTION ANALYSIS (gp1) H2S04 CONSUMED TIME 3+ 

(DAYS) Cu Fe Cu EXT. (%) gm/gmCu 

0.25 1. 32 0.07 10.5 3.39 

1 1.95 0.13 15.5 3.43 

2 2.54 0.29 20.2 3.49 

3 3.32 0.80 26.4 3.72 

6 4.00 0.83 31.9 3.64 

7 4.52 1.24 36.1 3.98 

8 0.88 0.33 40.4 4.37 

9 1.09 0.39 42.1 4.53 

10 1.25 0.38 43.4 4.65 

13 1.58 0.56 46.0 4.73 

14 1. 78 0.66 47.6 4.86 

15 1. 92 0.30 48.7 4.99 

16 2.10 0.74 50.1 5.08 

17 2.26 0.92 51.4 5.13 

20 2.52 0.95 53.5 5.21 

21 2.64 1.08 54.4 5.34 

22 2.71 1.08 55.0 5.43 
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Figure IX-IS. Column Leaching of Composite Nos. SA247 and SA366 at Room 
Temperature (23°C). 
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acid was only about 3.6 gm H2S04/gm copper extracted. This composite 

contained less acid-consuming gangue minerals. The final liquor con-

tained only 6.5 gpl total iron. 

Figure IX-19 shows the comparison of column leaching data for 

San Antonio composite No. 5A366 with that for two samples of ore from 

the Old Reliable Mine of Ranchers Exploration and Development Corpora-

tion near Mammoth, Arizona (Hiskey, 1974). These results indicate that 

better copper extraction is possible from the San Antonio ore under si-

milar conditions. When leached with acid alone, the San Antonio and Old 

Reliable ores yielded 40.4 and 26.4% copper extraction, respectively, 

after 8 days with a lower acid concentration being used on the San 

Antonio ore. 

Selection of the 
Coyote Blasting Method 

Ground Preparation 

Three methods for improving the permeability of a supergene cop-

per deposit were discussed in Chapter IV. Neither hydraulic fracturing 

nor block caving are appropriate for the Luz del Cobre deposit. The de-

posit must be submerged in order to use hydraulic fracturing. Block 

caving is normally a primary method for the mining of an ore deposit 

with in situ leaching used merely to recover the copper that was unprof-

itable to mine by block caving. Blasting is, therefore, the only method 

available for ground preparation. 

The Luz del Cobre deposit is roughly tabular in shape (Figures 

IX-4 and 5). The orebody is 450 m long, 150 m wide, and up to 50 m 
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thick (Figure IX-20). It is covered by a maximum of 80 m of overburden 

(Figure IX-2l). The ore has an average specific gravity of 2.63 in 

place. The deposit is highly fractured as a result of its geologic evo

lution. The ore is largely in brecciated rock that has been cut by 

joints, faults, and bedding planes. The hypogene sulfide minerals that 

originally cemented much of the orebody together have been leached and 

replaced by friable oxide and supergene sulfide minerals. As a result, 

the deposit can be shattered by displacement. 

The Technical Services Section, Explosives Products Division, 

DuPont Corporation was chosen to design and supervise the blast. The 

DuPont repoLt (Porter, 1974) describes the required explosives products, 

their placement and loading techniques, and the supply and blast proce

dures in detail. 

DuPont personnel determined that the most efficient method of 

getting the desired results would be through the use of a coyote blast. 

Factors such as rough terrain, depth of the ore, shape of the orcebody, 

and existing underground workings helped to rule out a downhole blast or 

a series of smaller blasts. In addition to the extensive underground 

workings already in the deposit, experienced miners were readily avail

able to drive the additiorial workings required for the blast. 

ANFO was chosen as the explosive because it can supply all of 

the required energy, the workings are dry, it is relatively safe and 

easy to use, and it is the least expensive explosive available. 
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Blast Design 

The blast was designed by calculating the volume of a block of 

ground to be displaced and then calculating the required amount of ex

plosive using an average powder factor of 1.0 kg/m3• Each meter ~f 

drift is capable of holding 1.45 tons of bagged ANFO. If the required 

amount of drift exceeded the amount available, additional drifts were 

driven. Drifts or stopes not required for explosive or stemming will 

serve to increase the porosity and permeability of the deposit. 

A long-section was constructed through the long axis of the de

posit (Figure IX-22). Perpendicular cross sections were then construct

ed on roughly 25 m intervals. Figures IX-23 and 24 show two of these 

cross sections--the remaining cross sections can be found in Porter 

(1974). The size of the area to the right of C between the 457 and 574 

levels is 850 m2 on G and 1050 m2 on Gl. The volume of the block repre

sented by this section is 22,800 m3• It will require a minimum 27,800 

kg of ANFO to displace this block. The workings on the 547 level are 

shown in Figure IX-25. Details of the charge layout on one drift are 

shown in Figure IX-26. Table IX-14 describes the amount of explosive 

and primers required for each unit along the drift. The charge layout 

indicates that 24,000 kg of ANFO will be used for the block described 

above. This process was used for every cross section, level, and drift. 

Each block of ground is bounded on the bottom and top by the level to be 

loaded and the level above it or the ground surface above it, respec

tively. Layouts for the levels above the 547 level are given in Figures 

IX-27, 28, and 29. The charge layouts for each drift can be found in 
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Table IX-14. Charge Layout for One Drift on the 547 Level. 

UNIT LENGTH WT (KG) BAGS LOAD/M PRIMERS 
1 6 6,000 240 1000 2 

2 5 stennning 

3 10 10,000 400 1000 2 

4 10 10,000 400 1000 2 

5 10 10,000 400 1000 2 

6 10 10,000 400 1000 2 

7 10 10,000 400 1000 2 

8 10 10,000 400 1000 2 

9 10 10,000 400 1000 2 

10 10 10,000 400 1000 2 

11 10 10,000 400 1000 2 

12 10 10,000 400 1000 2 

13 10 10,000 400 1000 2 

14 10 10,000 400 1000 2 

15 10 10,000 400 1000 2 

16 10 10,000 400 1000 2 

17 10 10,000 400 1000 2 

18 10 10,000 400 1000 2 

19 10 10,000 400 1000 2 

20 6 6,000 240 1000 2 

TOTAL 187 182,000 7280 38 



J 

I 

I 
JI 

/ 
/ 

..... ANFO Charge 
rz::zxz:z Stemming 

Open Drift 

o 20m 
I::=:iIIIIII 

Figure IX-27. Explosive Loading Plan Hap for the 574/582 Level. __ After Porter (1974). 

W 
N 

" 



/ 
/ 

c-" ~ "' A ,~~ ,- 11 J. --.., - C· 

..... ANFO Charge 

z:zzxz:z Stemming 
Open Drift 

o 20m 
c::::tIIIII 

Figure IX-28. Explosive Loading Plan Map for the 591/600 Level. -- After Porter (1974). 

W 
N 
()'.) 



J 

I 

c---

J' 

/ 
/ 

-rrr::rz:r 

c· 

ANFO Charge 

Stemming 
Open Drift 
o 20m 
I::::=iIIIII 

Figure IX-29. Explosive Loading Plan Map for the 638 Level. -- After Porter (1974). 
W 
N 
\0 



330 

Porter (1974). A summary of the material requirement for the blast is 

given in Table IX-IS. 

Blast Timetable 

The Luz del Cobre blast timetable is given in Figure IX-JO. 

This timetable must be followed very closely in order to fit the most 

favorable local weather conditions. The ANFO must be kept dry at all 

times and the blast should take place before the beginning of the summer 

electrical storms. The period from January through May is usually the 

driest and most storm-free part of the year in Sonora. 

ANFO Production, Transportation, 
and Loading Procedure 

The ANFO mixing plant will be set up in Hermosillo, Sonora. The 

ammonium nitrate will be shipped from Monclova, Coahulia to Hermosillo 

at the rate of 1000 tons per month. The mixed ANFO will be loaded di-

rectly into trucks for shipment directly to the mine. 

About 90 working days will be required to load the quantities of 

explosives and stemming shown in Table IX-1S at an average rate of 120 

tons per day. The drift layout, as shown in Figure IX-26 for example, 

will be used as the working plans for the shot loading. The stemming 

will be loaded concurrent with the ANFO and will require an additional 

three days to place the final plug following the end of the charge 

loading. 

There is a priming unit every S m (Figure IX-'3l) in each continu-

ous charge. A priming unit, in this case, is a 1.4 m length of 



Table IX-15. Loading Diagrams and Load Summaries (All Levels). 
DRIFT PRIMERS 

LEVEL (M) (Kg) BAGS (1 lb. UNITS) 
547 793.0 715,000 28,600 596 

574 1,660.5 1,331,500 53,260 1,156 

582 

591 1,350.0 1,541,000 61,640 940 

600 899.4 927,500 37,100 628 

638 782.5 670,000 26 2 800 544 

TOTAL 5,485.4 5,185,000 207,400 3,864 

STEMMING 

1255 M x 2.23 M2 (XS) = 2,800 M3 required at 2.0 g/ee 

2,800 M3 x 2.0 g/ee = 5,600 tons 

5,600 T f 25 Kg/bag = 224,000 bags 

Primaeord 27,000 M 

Additional Workings 3651 m 

STEMMING 
(M) 
78.0 

419.0 

55.0 

336.5 

192.5 

174.0 

1,255.0 
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Dismantle equipment 

Blast date 

Figure IX-30. Proposed Blast Timetable. -- After Porter (1974). 
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Cross tie 

Figure IX-3l. Primer Layout for a Typical Drift. -- After Porter (1974). 
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detonating cord on which four primers have been threaded and held in 

place by knots in the cord at 20 cm from each end as shown. 

Loading Details: Method for Priming. Description: The objec-

tive is to place a priming unit every 5 min each continuous charge. 

Where the charges are short, a minimum of two priming units will be used 

per charge. A priming unit is defined here as a 1.4 m length of deto-

nating cord on which four primers have been threaded and held on by 

knots in the cord at 20 cm from each end as shown in Figure IX-32. 

\/ 
primers 

Figure IX-32. Primer Unit Make-up. 

Primer Assembly: The primers will be supplied 50 per case and 

the detonating cord will be 300 m per box. At some location away from 

the working areas, the priming units should be pre-assembled and reboxed 

at 10 units per case. This primer pre-assembly can proceed as the load-

ing operations use the primers to maintain an inventory of about 100 

units. 
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Deployment of Detonating Cord: Four strands of detonating cord 

will be positioned in all loaded drifts. This cord will be placed as 

illustrated in Figure IX-32. Four strands of detonating cord will be 

positioned in all loaded drifts (Figure IX-31). 

The loading must begin at the most remote point and proceed in 

retreat fashion; therefore, it is necessary for charge placement and 

stemming to occur concurrently. 'The same loading crews assigned to a 

drift will place both the ANFO and the stemming. 

Each charge is laid out in a 20 bag unit which has a total 

weight of 500 kg. A mine car can carry one unit at a time. Before 

loading commences, the entire section of drift will be measured and 

marked by paint on the rib of the drift. These markings show the line 

marking the end of a unit and the appropriate unit number on each side 

of the mark. 

Because the explosive load varies throughout the mine, the 

height of the ANFO pile in each unit may differ from that of the adja

cent unit. The charge layout charts (Figure IX-26) show the loading 

density for each unit. At 1.45 tons of ANFO/meter the 4 x 6 ft unit 

should be nearly full in most cases. 

The stemming is laid out in units similar to the units of charge 

placement. Both bulk and bagged stemming material can be used. The 

stemming must be packed to fill the entire drift cross section. In 

areas where post-blast drainage is to be promoted, coarse round rocks 

can be used as stemming. However, this type of stemming should only be 

used in the bottom half of the drift. The upper half should be filled 

with fine bagged stemming. 
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Blast Preparation 

A number of new activities, in addition to the completion of 

the loading, will occur in the final month before the blast. These ac

tivities include arming and firing preparations (Figure IX-34), communi

cations (Figure IX-34), instrumentation preparations (Figure IX-35), 

property inspection (Figure IX-36), blast security (Figure IX-37), and 

the countdown schedule to the blast (Figure IX-38). 

In addition to initiation on each level through its adit, all 

but the 638 level will be interconnected through the mine. Two detonat

ing cords will be deployed from each of the following portals: 547 lev

el, 574 level, 582 level, 591 level, 600 level, 638 level. At shot time 

the cords from each of the portals will be extended to a common point 

and initiated by a single hook-up of several caps. 

Within minutes of blast time, the electric blasting caps will be 

connected by two strands of connecting wire to a blasting machine located 

at a remote site. These wires will be deployed during the period of fi

nal shot preparation and will be checked out by a dry run 24 hours prior 

to blast time. 

Monitoring and Safety 

Table IX-16 indicates the anticipated damage to villages within 

30 km of the blast (Figure IX-39). The majority of the damage will occur 

in San Antonio de la Huerta, 3 km from the blast site. Twelve of the 100 

buildings in the village are expected to be damaged. Because of the high 

damage probability and the weakened condition of many of the adobe struc

tures in San Antonio, it is recommended that the village be evacuated at 
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PROCURE BLASTING ___ CHECK BLASTING __________________________ BLAST 
MACHINE MACHINE MAY 30 

WI{ APRIL 28 WI{ MAY 5 

WI{ MAY 5 WI{ MAY 5 WI{ MAY 12 

SELECT FIRING __ ORDER REELS OF __ DEPLOY LEAD- __ TEST LEAD- BLAST 
CABLE ROUTING LEADING LINE ING LINE ING LINE MAY 30 

. WI{ MAY 5 MAY 26 

Figure IV-33. Arming and Firing Preparations. 

ARRANGE FOR RADIOS 
AND SUPPLIES 

WI{ APRIL 28 

DETERMINE AIR-GROUND 
COMMUNICATIONS 

WI{ MAY 5 

MAY 26 I 
I 

MAY 26 

Figure IV-34. Communications. 

TEST COMMUNICA- ___ BLAST 
TIONS PATHS MAY 30 

MAY 26 

ACTIVATE CON- __ BLAST 
TROL CENTER MAY 30 

MAY 30 

BLAST 
MAY 30 



TENTATIVE ARRANGEMENT FOR 
RENTAL OF SEISMOGRAPHS 

APRIL 

SELECT AND 
ASSIGN SEIS- PREPARE - -MIC RECORD- LIST OF 
ING SITES SITES 

ARRANGE 
WITH 

PROPERTY 
OWNERS 

WI( MAY 5 WI( MAY 5 . WI( MAY 12 

SET UP AND 
TEST INSTRUMENTS 

MAY 26-28 

Figure IX-35. Instrumentation Preparations. 

SELECT TYPICAL BUILDINGS I 
IN NEARBY TOWNS 

WI( MAY 5 

ARRANGE FOR PREBLAST 
INSPECTIONS INSPECTIONS 

WI( MAY 12 MAY 19-28 

Figure IX-36. Property Inspections. 

BLAST 

MAY 30 

POSTBLAST 
INSPECTIONS 

MAY 31 
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BLAST 
MAY 30 
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ISELECT GUARD LOCATIONS ~ ____ ACTIVATE GUARD 1------- BLAST 
. AND EQUIPMENT. STATIONS MAY 30 

WI< MAY 5 MAY 29 

ARRANGE FOR HELICOPTER I LOCATE AND I BLAST 
AND DEFINE OPERATIONS ---- ~OVE LIVESTOCKt------- MAY 30 

WI< MAY 5 MAY 28-30 

BLAST 
INOTIFY PUBLIC AGENCIES 1---------------- MAY 30 

WI< MAY 19 

DEVISE PERSONNEL 
CONTROL SYSTEM 

WI< MAY 5 

SELECT OBSERVATION SET UP PERSONNEL ACTIVATE PER- --BLAST 
POINT FOR HEAD COUNT CONTROL SYSTEM SONNEL CONTRO MAY 30 

SYSTEM 

WI< MAY 5 MAY 26 MAY 28-29 

MAKE LIST OF 
PARTICIPANTS 

WI< MAY 19 

DEVISE EVACUATION EVACUATE SAN BLAST 
PROCEDURE ANTONIO AND MAY 30 

VICINITY 
WI< MAY 5 

MAY 30 

Figure IX-37. Blast Security. 



Post guards 
Activate control station 
Begin time announcements 
Cameras ready & cameraman 

at firing bunker 
Blast area restricted to 

arming crew 
Cap wiring 
Tie caps to cord 
Blast area totally cleared 
All personnel at assigned 

loca tions '." 
Head count complete 
Air surveillance completed 
Recording stations ready 
Verify __ recording station status 
Begin countdown 
Start cameras 
Shot fires 
Bunker report to control 
First post-shot inspection 

2 Luz del Cobre - 2 Du Pont 
Road clearing and inspection 

7:30 8:00 8:30 

X 
X 

X 

Figure IX-38. Schedule for Dry Runs and Main Blast. 
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Table IX-16. San Antonio Project - Proposed 11.5 mm 1b Blast Predicted Effects of Ground Motion on 
Nearby Structures. 

DISTANCE GROUND MOTION 
EST. NO. FROM BLAST PREDICTED-MAXIMUM DAMAGE RATIO NO. BLDGS. DAMAGED 

AREA BLDGS. (Km) (Cm/sec) PREDICTED-MAXIMUM PREDICTED-MAXIMUM 
San Antonio 100 3.0 2.58 7.75 .12 .48 12 48 

La Barranca 10 6.4 .63 1.90 .004 .065 0 0 

Tonichi 150 8.5 .37 1.12 .00075 .02 0 3 

San Javier 80 10.0 .28 .83 .002 .01 0 1 

Soyopa 110 14.9 .13 .39 <.0001 .001 0 0 

Tecoripa 150 30 .036 .11 <.0001 <.0001 0 0 

Charge Distribution: Level Charge Weights (Lb) 

639 1.66 x 106 

600 4.80 x 106 

574 3.71 x 10 6 

549 1.35 x 106 

Areal Extent of Blast: 150 x 450 m 

Average Surface Elevation: 684 

Overall Powder Factor: .83 1b/ton 
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the time of the blast, with the exception of a few observers. Observers 

in San Antonio, Tonochi, and La Barranca are advised to be outside all 

buildings and at least three building heights away from all buildings 

at blast time (Porter, 1974). 

It is recommended that pre-blast and post-blast inspections of 

representative buildings be made in the villages listed in Table IX-16 

in order to provide a basis for evaluating damage claims. In addition 

it is recommended that seismic measurements be made in these villages to 

determine the actual ground motion resulting from the blast. 

Fluid-flow Conditions 

The correct fluid-flow conditions for an in situ leaching opera

tion are best shown by the in situ leaching operation at the Miami mine. 

The deposit was block caved until it was no longer economically viable 

At this point it was converted to an in situ leaching operations which 

has been operated with great success for the last 40 years. A major fac

tor in the success of this operation is the presence of the haulage work

ings at the bottom of the deposit. These workings permit a relatively 

even flow of copper-bearing solution from the deposit and the flow of air 

upward into the deposit. 

The Old Reliable, on the other hand, provides an example of im

proper fluid-flow conditions. As pointed out in Chapter V, the solution 

flow from the deposit was uneven and there was no access for air to flow 

upward through the deposit. Consequently, most of the chalcocite in the 

deposit remains unleached. 
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Source of Water 

The Yaqui River is the source of water for the proposed in situ 

leaching operation at the Luz del Cobre deposit. The nearest point on 

the river is about 3 km from the deposit and about 500 m below the top 

of the deposit. The maximum amount of water required for the operation 

will be 4000 l/min. This amount of water would be required on a contin

uous basis only during the first few months of the leaching operation. 

The Yaqui River at San Antonio de 1a Huerta is normally about 60 m wide 

and about 3 m deep. The river flows in excess of 1 km per hour, based 

on the experience of the writer floating down the river on a rubber 

boat. Therefore, the Yaqui River is capable of supplying more than one 

million liters per minute or more than 100 times the maximum amount 

required. 

Water from the Yaqui River is presently used mainly for drinking 

and agriculture; therefore, it is free of undesirable substances that 

would adversely affect an ~n situ leaching operation. 

Porosity and Permeability 

The porosity of the supergene orebody and its overlying capping 

prior to any mining operations was probably in the range of the 12% sug

gested by Kennedy and Stahl (1974). The blast at the Old Reliable in

creased the porosity by about 7% (Catanach et a1., 1977). Therefore, 

the porosity of the blasted zone at the Luz del Cobre mine should be 

about 20%. 

Based on the very limited information available in Table V-2 

the average permeability of the deposit should be in the range of 10 to 
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100 darcies. However, the permeability will probably range from less 

than 1 to more than 1000 darcies depending on the location within the 

deposit. The permeability of the surrounding rock is probably 1 darcy 

or less. 

Flow Conditions 

As stated in Chapter V, flow within the saturated zone is a 

function of the permeability, the shape of the zone of fluid flow, and 

the amount of fluid which arrives at any given location on the interface 

between the saturated and unsaturated portions of the fragmented rock. 

Flow through the unsaturated portion of the broken zone is also 

a function of the fragment size of the rock through which the leaching 

solution will flow. The solution will flow over more of the surfaces of 

the finer rock fragments (Figure V-8). However, the flow paths will 

chang~ with time (Cathles and Murr, 1980), so that most of the rock 

surfaces will be subjected to flowing solution during the life of the 

operation. The fluid will flow more rapidly through the coarser materi

al, but the surfac~s of the finer material will have a greater chance of 

being exposed to the flowing solution so long as gravitational flow pre

dominates over capillary flow. 

Optimum conditions are most likely to occur for the leaching of 

supergene sulfide minerals if the entire are zone is unsaturated and 

oxygen-bearing air is able to flow upward countercurrent to the leaching 

solution. 

Figure IX-40 shows the outline of the fragmented zone of the Luz 

del Cobre deposit. Essentially all of the supergene copper ore is within 
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this zone. Figure IX-41 shows the cross section of the fragmented zones 

at the locations indicated in Figure IX-40. 

In order to insure even fluid flow from the deposit, a new set 

of workings should be developed below the orebody after the blast. 

These should be far enough below the broken zone to be in rock not ad

versely affected by the blast. Raises should be extended upward into 

the broken zone at regular intervals so as to permit relatively even 

fluid flow. The workings .shou1d be large enough to permit the flow of 

air back along the top of the adit and upward into the raises connected 

to the adit by crosscuts. A possible plan for these workings is shown 

in Figure IX-42. 

Method of Application 

As pointed out in Chapter V, sprinkle or trickle application is 

the best way to apply the leaching solution to the surface of the depos

it. The typical optimum application rate is about 0.183 1iters/min/m2 

(Fletcher, personal communication, 1980). However, as pointed out by 

Cath1es and Schlitt (1980), the optimum application rate for a given 

orebody is a function of air flow and temperature within the deposit be

ing leached. Therefore, the application rate will have to be adjusted 

to meet the leaching conditions being monitored within the deposit dur

ing leaching. If the air flow is too low, the Eh is too low, then the 

solution flow rate should be decreased. If, on the other hand, the tem

perature is too high, causing the bacteria to sicken and die, then the 

solution flow rate should be increased to cool the leaching zone. 
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Later in the life of the leaching operation when the copper con

tent of the fluid flowing from the deposit drops to an unacceptable lev

el, the pattern of fluid application may have to be modified to fit the 

pattern of ore distribution (Figure IX-42). It may also be necessary to 

use drill hole application to supplement surface application. Applica

tion by drill hole should be used in those areas of the deposit where 

the monitoring system shows that the leaching solution is not reaching 

relatively higb-grade portions of the deposit. 

Fluid Egress 

Figure IX-42 illustrates a fluid egress system that would·p~o

vide relatively even flow from the leaching orebody and a flow path for 

air to flow upward countercurrent to the leaching solution. Stemming 

from some of the lower adit which passes into the orebody may be mucked 

out after the blast in order to serve as supplementary paths for air 

flow. 

Copper Production 

As pointed out in Chapter VI, it is still not possible to accu

rately estimate, prior to production, the total amount or the rate of 

copper production for a given in situ leaching operation with currently 

available leaching models. Therefore, the method used here involves the 

estimation of these two variables separately. 

Total Copper Recovery 

Figure Ix-43 illustrates the level of copper recovered from 16 

leaching operations in the southwestern United States. It was 
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constructed using only data from the heap, dump, and in situ leaching 

operations. This is a cumulative probability curve for copper recovery 

for this group of deposits which vary in mineralogy from chalcocite and 

chalcopyrite to copper oxide minerals. The Luz del Cobre deposit con-

tains all of these minerals. 

Rate of Copper Production 

l~e calculation of the rate of copper production at any given 

time is based on the concept that the amount of copper produced in a 

given time period will be less than the amount produced in the previous 

time period of the same length, and that the decrease in the rate of 

copper production will be proportional to the amount produced in the 

previous time period. 

The amount of copper produced in any given time period can be 

determined with the equations: 

and 

(E-Y) - Ai-l 
(E-Y) Xi - l 

where Ai = copper produced in period i (gm) 

Xi = copper concentration in the solution (gm/l) 

F = solution flow rate (l/min) 

T = unit of time (min) 

E = estimated total amount of copper that can be produced (gm) 



y = 
i-1 

E 
j=O 

A. = amount of copper produced prior to i-1 (gm) 
J 

Xo = initial copper concentration 
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The information to be used in this equation is listed in Table IX-17. A 

first estimate for Xo is 3 gil, based on the initial copper concentra-

tion at the Old Reliable. Hiskey (personal communication, 1975) stated 

that 3 gil is a good initial estimate. 

Copper production will be terminated when income from the opera-

tion is equal to the cost of continued operation. 

Monitoring 

Continuous monitoring of the deposit by monitor wells would pro-

vide information about the leaching process (Harshbarger, 1974). These 

monitor wells would give the operator information upon which to base 

corrective action in areas where leaching is unsatisfactory. For exam-

p1e, injection wells may be necessary in order to correct a poor flow 

pattern in a specific segment of the deposit. 

Copper Recovery 

Copper in solution from in situ leaching of the Luz del Cobre 

deposit can be recovered either by cementation (precipitation in scrap 

iron or by solvent extraction and e1ectrowinning (SX-EW). Both of these 

methods were discussed in Chapter VII. 

A cementation plant would be cheaper to build but more expensive 

to operate. In situ leaching at the Luz del Cobre deposit using cemen-

tat ion was examined by Hackman and Carwile (1974) and using SX-EW by 
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Table IX-17. Luz del Cobre In Situ Leaching Basic Data. 

Estimated copper content 

% soluble copper (all Cu minerals except Cpy) 

Amount readily leachable 

Amount likely to be leached 

Anticipated initial copper concentration 
of solution 

Flow rate: scrap precip. 

SX-EW 

57,040,189 kg 

87.7% 

50,024,245 kg 

20-70% (probability 
curve) 
3 gIl (triangular proba
bility curve 2 gil) 

4000 l/min 

4000 l/min 
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Gallagher (1979). Table IX-IS shows the major operating cost items for 

each method of copper recovery. 

SX-EW requires no scrap iron, smelting, or refining while cemen

tation requires no SX reagents. Labor, sulfuric acid, and transportation 

would be more expensive for cementation, while more electricity would be 

required for SX-EW. The lower operating cost for SX-EW would permit a 

longer operating life because the operation could continue until the in

come fell to the level of the operating costs. In addition more copper 

would be produced using SX-EW, since less iron salts would be precipi

tated in the deposit to cause additional fluid-flow problems. 

Figure IX-44 is a flow sheet for cathode copper production using 

SX-EW. The plant is designed to recover uranium as well as copper if it 

is economically justified. 

Financial Analysis 

It has been determined that the Luz del Cobre supergene copper 

deposit is amenable to in situ leaching. Now it is necessary to deter

mine the economic viability of the proposed in situ leaching operation. 

Because it is possible to recover the copper leached from the deposit by 

copper cementation or SX-EW, a financial analysis of the operation using 

each method is necessary. 

Cost Items 

The preproduction costs for copper cementation and SX-EW are 

presented in Tables IX-19 and IX-20. The cost data in these tables are 

summarized from Hackman and Carwile (1974), Haynes (personal 



Table IX-lB. Cost Items and Their Relative Importance for 
Cementation and SX-EW at the Luz del Cobre 
Deposit. 

COST ITEM CEMENTATION SX-EW 

Labor X 

Electricity X 

Sulfuric acid X 

Scrap iron X NA 

SX reagents NA X 

Transportation X 

Smelting X NA 

Refining X NA 
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Figure IX-44. Flow Sheet for Cathode Copper Production Using SX-EW. -
After Gallagher (1979). 
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Table IX-19. Preproduction Costs - SX-EW. -- All cost figures given in 
thousands of U. S. dollars. 

Capital Expense 

SX-EW plant and mobile 
equipment 

Amortizable Investment 

Exploration 
Workings - Coyote blast 

and technical studies 

Blast 

Drainage system 

TOTAL 

Table IX-20. Preproduction 
ures given in 

Capital Expense 

Copper cementation plant 
and mobile equipment 

Amortizable Investment 

Exploration 

Workings - Coyote blast 
and technical studies 

Blast 

Monitoring and drainage 
system 

TOTAL 

I 2 3 4 5 

4600 5600 

434 434 

2630 

2090 

205 205 

434 434 2630 7895 9805 

Costs - Copper Cementation. -- All cos t fig-
thousands of U. S. dollars. 

I 2 3 4 5 

2240 2240 

434 434 

2630 

2090 

205 205 

434 434 2630 4535 2445 
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communication, 1981), and Gallagher (1979). These costs have been ad-

justed for inflation using data from O'Neil (1980). 

The capital expenditures are for the copper recovery plant and 

related equipment: This cost for SX-EW includes the site preparation, 

the solution handling system, the solvent extraction system, the e1ectro-

winning system, the power distribution system, the acid storage system, 

the mobile equipment, and the design and engineering. All of the cost 

data for the SX-EW plant was taken from Gallagher (1979). The cost of a 

copper cementation plant was estimated to be about 40% of the cost of an 

SX-EW plant by Sudderth (1974). 

The amortizable investment includes those items outlined in 

Table VIII-2. However, the technical studies were included with the 

cost of developing the workings for the coyote blast. The costs for 

road construction, ground preparation, the explosive, and the placement 

of the explosive are included under the cost of the blast. The remain-

ing cost item to be amortized is for monitoring and drainage systems. 

The exploration is also included under the heading of amortiz~ 

able investment because there is no depletion allowance in Mexico and 

the exploratibn costs can .. be amortized. 

The major operating cost items are also included in Table VIII-2. 

The direct costs for labor, supervision and technical support, and main-

tenance and repair were taken from Gallagher (1979). The other direct 

cost items are listed in Tables IX-21, 22, 23, and 24 showing the most 

likely cost and the possible range of costs for these items. These were 

estimated from a variety of sources in the U.S.A. and Mexico. 



Table IX-2l. Sensitivity Analysis - COEEer Cementation (Total Cost Basis). 

1 
COEFFICIENT 

MOST LIKELY MEAN S.D. OF 
VARIABLE VALUE RANGE SHAPE DCFROI DCFROI VARIATION RANKING 

Market Risk 
Copper price $2.22/kg $1. 76-3. 30/kg tri2 6.58 6.577 1.000 3 
ANFO cost $0.30/kg $0.20-0.50/kg tri 2.28 0.489 0.214 8 
Sulfuric acid 
cost $40/ton $30-50/ton tri 2.56 0.213 0.083 10 

Scrap iron cost $l20/ton $100-200/ton tri 1.71 1.084 0.634 6 
E1ectrictty cost $0.03/kwh $0.02-0.05/kwh tri 2.45 0.289 0.118 9 
Transportation 
cost $O.lO/ton-km $0.05-0.20!ton-km tri 2.48 0.202 0.081 11 

Smelting & Re-
fining cost $0.66/kg $0. 60-0. 77/kg tri 2.39 0.532 0.223 7 

Geological and rechno1ogical Risk 
Total copper 

hO 3 recovery 40% 20-70% l.S -3.65 6.946 -1. 903 2 
Initial leaching 
rate 3 gil 2-4 gil tri 2.12 1.388 0.655 4 

Sulfuric acid 
-4 

4.26xlO-7 to 
consumption 4. 53xlO ton 1. 89xlO-3 tons tri 0.93 1.943 2.089 1 
(ore) ton of ore ton of ore 

Sulfuric acid 
consumption (Cu 0.77 tons O. 5-1. 0 tons tri 2.59 0.095 0.037 12 
precipitation) ton Cu produced ton Cu produced 

Scrap iron 
consumption 1. 6 kg/kg Cu 1.1-2.9 kg/kg Cu tri 1.89 1.209 0.640 5 

Electricity 6 
consumption 6, 696,000kwh/yr 6-8xlO kwh/yr tri 2.53 0.087 0.034 13 

lStandard deviation 
~Triangular 
Histogram w 

'" 0 



Table IX-22. Sensitivity Analysis - Copper Cementation (Forward Cost Basis). 

MOST LIKELY MEAN S.D. 1 

VARIABLE VALUE RANGE SHAPE DCFROI DCFROI 
Market Risk 

tri2 Copper price $2.22/kg $1. 76-3. 30/kg 27.07 9.760 
ANFO cost $0.30/kg $0.20-0.50/kg tri 19.77 1.568 
Sulfuric acid 
cost $40/ton $30-50/ton tri 20.69 0.298 

Scrap iron cost $120/ton $100-200/ton tri 19.49 1.455 
Electricity cost $0.03/kwh $0.02-0.65/kwh tri 20.55 0.385 
Transportation 
cost $O.lO/ton-km $0.05-0.20/ton-km tri 20.58 0.303 

Smelting & Re-
fining Charges $0.66/kg $0.60-0.77 /kg . tri 20.46 0.789 

Geological and Technological Risk 
Total copper 

his3 recovery 40% 20-70% 13.68 8.024 
Initial leaching 
rate 3 gIl 2-4 gIl tri 20.37 2.906 

Sulfuric acid 
-4 

4.26xlO-7 to 
consumption 4.53xlO tons 1. 89xlO-3 ton 
(ore) ton of ore ton of ore tri 18.82 2.286 

Sulfuric acid 
consumption (Cu 0.77 tons 0.5-1.0 tons tri 20.74 0.142 
precipitation) tons Cu produced ton Cu produced tri 20.74 0.142 

Scrap iron 
consumption 1. 6 kg/kg Cu 1.l-2.9kg/kg Cu tri 19.76 1. 623 

Electricity 
6=8xl06kwh/yr consumEtion ~,_696, OOOkwh/yr tri 20.66 0.110 

lStandard deviation 
2Triangular 
3Histogram 

COEFFICIENT 
OF 

VARIATION 

0.361 
0.079 

0.014 
0.075 
0.019 

0.015 

0.039 

0.587 

0.143 

0.121 

0.007 
0.007 

0.082 

0.005 

RANKING 

2 
6 

11 
7 
9 

10 

8 

1 

3 

4 

12 
12 

5 

13 

w 
'" I-' 



Table IX-23. Sensitivit~ Ana1~sis - SX-EW (Total Cost Basis). 
COEFFICIENT 

MOST LIKELY 1 OF 
VARIABLE VALUE RANGE SHAPE MEAN S.D. VARIATION RANKING 

Market Risk 
Copper price $2.22/kg $1. 76-3. 30/kg tri2 10.47 3.936 0.376 2 

ANFO cost $0.30/kg $0. 20-0. SO/kg tri 7.46 0.383 O.OSl S 

Sulfuric acid 
cost $40/ton $30-S0/ton tri 7.70 0.10S 0.014 7 

Electricity cost $0.03/kwh $0.02-0.0S/kwh tri 7.4S 0.376 O.OSO 6 

Transportation 
cost $0.10/ton-kIn $0.OS-0.20/ton-kIn tri 7.64 0.07S 0.010 8 

Geological and Technological Risk 

Total copper 
his3 recovery 40% 20-70% 2.27 6.968 3.070 1 

Initial leaching 
rate 3 g/l 2-4 g/l tri 7.67 1.696 0.221 3 

Sulfuric acid 4.S3x10-4tons 4.26x10=; to 
consumption tons of ore 1. 89x10 tons tri 7.0S 0.901 0.128 4 

tons of ore 

Electricity 2.2kwh/kg Cu 2.2 kw/kg Cu 6 
consumption + 6,696,000 + 6 to 8 x 10 tri 7.66 0.060 0.008 9 

lStandard deviation 
2Triangu1ar 
3Histogram 

w 
0\ 
N 



Table IX-24. Sensitivit~ Anal~sis - SX-EW (Forward Cost Basis). 
COEFFICIENT 

MOST LIKELY OF 
VARIABLE VALUE RANGE SHAPE MEAN 1 VARIATION RANKING S.D. 

Market Risk 
Copper Price $2.22/kg $1. 76-3.30/kg tri2 22.56 5.194 0.230 2 

ANFO Cost $0.30/kg $0.20-0.50/kg tri 18.37 0.787 0.043 5 

Sulfuric acid 
cost $40/ton $30-50/ton tri 18.87 0.120 0.006 7 

Electricity cost $0.03/kwh $0.02-0.05/kwh tri 18.55 0.468 0.025 6 

Transportation 
cost $O.lO/ton-km $0.05-0.20/ton-km tri 18.79 0.100 0.005 8 

Geological and Technological Risk 
Total copper 

his3 recovery 40% 20-70% 12.82 7.704 0.601 1 

Initial leaching 
rate 3 gIl 2~4 gIl tri 18.88 2.677 0.142 3 

Sulfuric acid 4.53xlO-4 tons 4.26xlO-7 to 
consumption tons of ore 1. 89xlO-3 tons tri 18.09 1.080 0.060 4 

ton of ore 

Electricity 2.2kwh/kg Cu 2.2 kw/kg Cu 6 
consumEtion + 6,696,000 + 6 to 8 x 10 tri 18.82 0.067 0.003 9 

lStandard deviation 
;rriangular 

Histogram 

w 
0\ 
W 
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The indirect costs include depreciation, amortization, depletion, 

and security. The double declining balance method was used for depreci

ation and amortization until staright line depreciation and amortization 

was greater. There is no depletion allowance in Mexico. Security is a 

relatively minor item and was included with labor and supervision. 

The general expense items--marketing and administration--were 

also taken from Gallagher (1979) and included with labor and supervision. 

Measuring Profitability 

The income statement (Table VIII-3) was modified for use in 

Mexico (Tables IX-25 and IX-26). 

The measure of profitability chosen for this study is the DCFROI 

method. This method was chosen in spite of its limitations because it 

is the most widely used and understood method in the mining industry, 

and the computer program used to aid in analyzing the project is most 

readily applicable with the DCFROI method (Lonergan, personal communica

tion, 1981). 

In addition to the evaluation of the project for copper recovery 

by copper cementation and SX-EW, the project is evaluated for the total 

cost case and the forward cost case. The total cost case uses all of 

the costs since the beginning of exploration. On the other hand, the 

forward cost case does not include sunk costs. The cash flow for each 

of these four cases is given in Tables IX-23, 24, 25, and 26. The profit

ability of each case is listed in Table IX-27. 



Table IX-25. Income Statement for an In Situ Leaching Operation in 
Mexico - Copper Cementation. 

Gross Sales 

less: transportation to smelter 
less: smelting, refining, marketing expense 
less: production tax 

Net Smelter Return (NSR) 

less: royalties paid 

Gross Income from Mining 

less: leaching costs 
beneficiation costs 
general mine and plant expense 

Net Operating Income 

less: fixed charges 

All mine-site costs 

sales and administrative expense (S&A) 
depreciation and amortization 

Pre-tax Net Income 

less: income tax and profit sharing 

Net Profit 

add back: depreciation and amortization 

Net Operating Cash Flow 

less: capital expenditures 

Net Cash Flow 
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Table IX-26. Income Statement for an In Situ Leaching Operation in 
Mexico - SX-EW. 

Gross Sales 

less: transportation to market 
less: production tax 

Net Sales 

loss: royalties paid 

Gross Income from Mining 

less: leaching costs 
beneficiation costs 
general mine and plant expense 

Net Operating Income 

less: fixed charges 

All mine-site costs 

sales and administrative expense (S&A) 
depreciation and amortization 

Pre-tax Net Income 

less: income tax and profit sharing 

Net Profit 

add back: depreciation and amortization 

Net Operating Cash Flow 

less: capital expenditures 

Net Cash Flow 
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Table IX-27. Profitability (DCFROI) of the 
Proposed In Situ Leaching Operation. 

Copper 
cementation 

SX-EW 

Sources of Risk 

TOTAL FORWARD 
COST COST 

BASIS BASIS 

2.6% 20.8% 

7.7% 18.9% 
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The three types of risk discussed in Chapter VIII are political, 

market, and geological and technological risk. 

The most likely political risks in Mexico would probably involve 

the imposition of partial government ownership or the imposition of addi-

tiona1 taxes. The possibility of either of these occurring at the pres-

ent time appears to be small. 

Market risk would involve the variability in the price of copper 

and variability in the cost of input items such as labor, materials, and 

equipment. The effect of the copper price and the costs of ANFO, su1fur-

ic acid, scrap iron, electricity, transportatio~and smelting and refin-

ing are examined in the next section on sensitivity analysis. 

Geological and technological risk depends on the total copper re-

covery, the initial leaching rate, and the consumption of sulfuric acid, 

scrap iron, and electricity. The total copper recovery and the initial 

leaching rate are a function of the ore reserves, deposit mineralogy, 

copper distribution, fragment size, and the fluid-flow pattern. 
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The effects of market risk and geological and technological risk 

are examined further through the use of sensitivity and risk analysis. 

A computer program originally written by Dixon (1977) and modified by 

Lonergan (1981) is used to examine these risk variables through the use 

of sensitivity and risk ans1ysis. 

Sensitivity Analysis 

Sensitivity analysis permits the examination of the effect of 

one variable on the profitability of a project by changing that variable 

while holding all others constant. This gives an indication of which 

variables have the greatest effect on profitability. 

The effect of changes in the cost of labor has not been included 

in the sensitivity analysis because of the difficulty of estimating 

changed in the cost of labor in Mexico. These changes are particularly 

difficult to estimate because of differences in inflation rates between 

Mexico and the United States and the consequent periodic devaluation of 

the peso relative to the dollar. 

In order to determine which variables have the greatest effect 

on the DCFROI of the project, the variable being examined was sampled 

100 times by Monte Carlo simulation while all of the other variables 

were held constant. Results are listed in Tables IX-21, 22, 23, and 

24. Input information consists of the most likely value of the vari

able, the range of the variable, and the shape of the distribution. The 

output consists of the mean DCFROI and the standard deviation of the 

DCFROI. The coefficient of variation was calculated by dividing the 
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standard deviation by the mean value. The ranking of each variable is 

determined by the size of the coefficient of variation. 

Table IX-28 lists the variables for all four cases with their 

respective rankings. The rankings are essentially the same for every 

case except for the case of cement copper-total cost basis. This case 

differs from the others because the mean values of the DCFROI are rela

tively low. Spiegel (1961) points out that the coefficient of variation 

fails to be useful as the mean drops below one. Therefore, the rankings 

from the other three cases will be used. 

The total copper recovery and the copper price are clearly the 

most important variables. The variation in DCFROI with total copper re

covery is plotted in Figure IX-45. Since the copper recovery is the 

most important variable as shown by the sensitivity analysis, anything 

which can be done to improve the total copper recovery should be done. 

For example, the drainage system which allows the copper-bearing solu

tion to drain from the deposit and permits air to flow upward through the 

deposit is critical for the enhancement of the total copper recovery and 

therefore the level of the DCFROI, especially in view of the downside 

risk as illustrated in Figure IX-4S. 

Figure IX-46 illustrates the variation of the DCFROI with the 

copper price. The only thing that can be done about the copper price is 

to try to time the beginning of production to take advantage of any rapid 

increase in the copper price. 

The next most important factor is the initial leaching rate. 

The same things that influence the total copper recovery affect the.ini

tial leaching rate. In addition, the oxide copper minerals will tend 



Table IX-28. Variable Ranking 
CEMENT COPPER 

TOTAL FORWARD 
VARIABLE COST BASIS COST BASIS 

Market Risk 
Copper Price 3 2 

ANFO Cost 8 6 

Scrap Iron Cost 6 7 

Smelting and Refining Charges 7 8 

Electricity Cost 9 9 

Sulfuric Acid Cost 10 11 

Transportation Cost 11 10 

Geological and Technological Risk 
Total Copper Recovery 2 1 

Initial Leaching Rate 4 3 

Sulfuric Acid Consumption (ore) 1 4 

Scrap Iron Consumption 5 5 

Sulfuric Acid Consumption 
(copper precipitation) 12 12 

Electricity ConsurnQtion 13 13 

TOTAL 
COST BASIS 

2 

5 

6 

7 

8 

1 

3 

4 

9 

SX-EW 
FORWARD 

COST BASIS 

2 

5 

6 

7 

8 

1 

3 

4 

9 
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to leach more rapidly than the supergene copper sulfide minerals. There-

fore, applying the initial leaching solution over the areas with the 

greatest amount of copper oxide minerals might have a more favorable 

effect on the initial leaching rate. 

The next most important factor is the sulfuric acid consumption 

of the ore. There is little that can be done to influence this factor 

since it is largely an inherent characteristic of the ore. However, 

as pointed out by Hiskey (1974), the sulfuric acid consumption is also a 

function of the acid concentration. The acid concentration should be 

kept as low as possible within the limits required to obtain the optimum 

leaching rate. 

The ranking of the remaining variables depends on the method of 

copper recovery. There is little that can be done to influence any of 

the market factors except to try to obtain the items involved at the 

best price available. It is interesting to note that there is more vari

ability involved in the production of cement copper than there is in the 

production of copper by SX-EW. 

Risk Analysis 

The risk analysis involves the assignment of a shape and range 

of values to a probability distribution for each of the variables in

volved. Tables IX-23 , 24, 25, and 26 list these for each of the four 

cases examined. These probability distributions are based upon subjec

tive probabilities that were obtained from experts in the subjects in

volved. All of the distributions are triangular except for the 
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distribution of total copper production, which is a histogram based on 

Figure IX-44. 

A computer simulation of the DCFROI of each of the four cases 

involved is constructed through the use of Monte Carlo sampling. This 

involves the process of random sampling from a cumulative probability 

distribution for the value of a particular variable. Each variable is 

sampled in this manner. These samples are, in turn, placed in a cash 

flow model which calculates a cash flow for the project and a resulting 

DCFROI. Four hundred simulations were performed to yield a probability 

distribution of the DCFROI for each case. 

The results of the risk analysis are illustrated in Figures IX-

47, 48, 49, and 50. The results are tabulated in Table IX-29. The risk 

analysis indicates that on a total cost basis neither of the a1terna-

tives are attractive. Using the forward cost basis both projects have 

about the same mean DCFROI of about 15.5%. However, the SX-EW case has 

a significantly smaller standard deviation of 10.72%'. Therefore, it is 

unlikely that the project would have a negative cash flow if SX-EW were 

used. 

Comparison of Copper 
Cementation and SX-EW 

As discussed in Chapter VII, Madsen and Groves (1979) conducted 

laboratory tests that showed that iron from copper cementation precipi-

tated in the material being leached. They found that the use of SX-EW 

resulted in 6-20% better recovery. Figure IX-51 illustrates the .dif-

ference in recovery from the original recovery curve using curves with 
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Table IX-29. Results of the Risk Analysis. 
TOTAL COST BASIS FORWARD COST BASIS 

STANDARD STANDARD 
MEAN DEVIATION MEAN DEVIATION 

DCFROI DCFROI DCFROI DCFROI 
Cement copper -2.34 11.21 15.30 14.83 

SX-EW 4.56 9.09 15.55 10.72 
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6, 13, and 20% less recovery. The results are tabulated in Table IX-30. 

These results show that it is clearly desirable to use SX-EW rather than 

copper cementation. 

Summary 

The geological evaluation of the Luz del Cobre deposit indicates 

that it contains more than 4 million tons of ore grading about 1.4% cop

per. More than 85% of the copper is contained in supergene minerals. 

The dominant copper mineral is chalcocite with significant amounts of 

cove1lite, native copper, tenorite, cuprite, azurite, malachite, and 

chrysoco1la at the upper edge of the chalcocite blanket. 

Metallurgical testing of the Luz del Cobre ore indicates that 

the orebody is readily amenable to sulfuric acid leaching as long as an 

oxidizing agent is present. The only significant acid-consuming mineral 

within the orebody is siderite, which occurs in relatively small amounts 

below the zone of oxidation. 

The Luz del Cobre orebody has an overburden of more than 10 mil

lion tons--as a result the orebody is not suitable for open-pit mining. 

It is also too small and low grade to be mined by block caving. How

ever, it can be mined by in situ leaching if the ground is prepared by a 

coyote blast. 

The Yaqui River, 3 km from the Luz del Cobre deposit, would 

serve as water supply for an in situ leaching operation. Leach solu

tion can be applied by sprinkler or trickle tubes supplemented by drill 

hole injection if necessary. A system of underground workings below the 
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Table IX-30. Results of the Risk Analysis for Copper Cementation with 
Decreasing Recovery. 

TOTAL COST BASIS FORWARD COST BASIS 
STANDARD STANDARD 

LEVEL OF HEAN DEVIATION HEAN DEVIATION 
RECOVERY DCFROI DCFROI DCFROI DCFROI 

Original Cumula-
tive Probability 
Curve -2.34 11.21 15.30 14.83 

6% Less -3.53 11.18 13.92 14.84 

13% Less -5.06 11.37 12.11 15.05 

20% Less -7.30 11.39 9.49 15.09 



orebody would be necessary for the drainage of the deposit as well as 

countercurrent air flow to facilitate oxidation. 
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It is anticipated that 20-70% of the copper would be recovered 

by in situ leaching with a most likely recovery level of about 40%. The 

copper can be precipitated through the use of either copper cementation 

or SX-EW (Figure IX-2). 

The financial analysis of the project indicates that the major 

variables affecting the level of profitability are the amount of copper 

recovered and the copper price. Risk analysis of the project indicates 

that a mean DCFROI of about 15.5% could be obtained with either copper 

cementation or SX-EW. However, the standard deviation of the DCFROI for 

an SX-EW operation is about 5% less than it would be for copper cementa

tion. The profitability of the project would be substantially improved 

if there were a significant increase in the copper price. 

The feasibility study of the project could be enhanced through 

the use of large-scale column leaching and computer modeling (Cathles 

and Murr, 1980). Such a test would require 160 tons of ore representa

tive of the deposit to be leached for about 2 years. The results could 

be interpreted through the use of a computer model of the deposit. The 

only facility currently available for such a test is at the New Mexico 

Institute of Mining and Technology, Socorro, New Mexico. 



CHAPTER X 

SUMMARY AND CONCLUSIONS 

The principal contribution of this dissertation in the fields of 

geological engineering and engineering economy has been to provide a 

procedure to be used in the evaluation of supergene copper deposits for 

in situ leaching. A significant aspect of this contribution has been 

the development of a leaching rate equation that makes it possible to 

estimate the rate of copper production in advance. 

The amount of copper produced in any given time period can be 

determined with the equations: 

and 

where Ai = copper 

[

(E-Y) - Ai_I] 
Xi = (E-Y) 

produced in period i (gm) 

X. I 1.-

Xi = copper concentration in the solution (gm/liter) 

F = solution flow rate (liters/unit time) 

T = unit of time 

E = estimated total copper production 
i-I 

Y = 1: It = amount of copper produced prior ... 
j=O J 

X = initial copper· concentration (gm/liter) 
o 

to i-l(gm) 

The only independent unknowns are E, Xo ' and F. The estimated 

total amount of copper that can be produced (E) can be estimated from 

384 



385 

the results of similar leaching operations. The initial copper concen

tration (Xo) can be estimated from a series of metallurgical leaching 

tests. The flow rate (F) can be determined from the optimum leaching 

solution application rate and the capacity of an optimum size copper 

extraction plant. 

The leaching rate equation was used in the evaluation of the Luz 

del Cobre deposit for in situ leaching as an element of the proposed 

program for the development of the deposit. The following discussion 

summarizes the sequence of steps in the evaluation of any supergene cop

per deposit for in situ leaching. 

The stages of an evaluation of a supergene copper deposit for in 

situ leaching are outlined in Figure I-I, which has been used numerous 

times throughout this dissertation. Almost everything in this illustra

tion is directly dependent on the geology of the supergene copper depos

it being evaluated. Therefore, the evaluation of a potential in situ 

leaching prospect should begin with a thorough study of the geology. 

Figure 11-14 illustrates the possible sequence of stages in the 

development of any supergene copper deposit from a porphyry copper de

posit. The supergene copper minerals in the deposit are either supergene 

sulfide minerals or supergene "oxide" minerals. The manner in which the 

supergene deposit developed also determines the size, grade, and depth 

of burial of the deposit. Current geological conditions determine the 

location of the deposit with respect to the water table or zone of 

saturation. 

If the deposit is sufficiently large and high grade, it can be 

mined by conventional open-pit or underground methods. If, on the other 
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hand, the deposit cannot be economically mined by conventional methods 

it can still be considered for in situ leaching. 

The first step in the evaluation of a supergene copper deposit 

is to determine the tonnage, grade, mineralogy, and spatial distribution 

of the deposit. All of these characteristics are normally determined in 

the course of any thorough exploration program. In addition, the frag

ment size of the ore and mode of distribution of the ore minerals 

should be determined. 

The next step is to test the metallurgical response of the ore. 

Agitation and column leach tests should provide information about the 

level of copper recovery that can be expected, the amount of sulfuric 

acid consumed, and the need for an oxidizing agent. The ore should also 

be tested for potential by-products such as uranium. Large-scale column 

leach testing may provide information that is of particular value in the 

computer modeling of an in situ leaching operation. 

The third step is to determine the type of ground preparation 

that is required. The type of ground preparation required is largely a 

function of the location of the deposit relative to the water table or 

zone of saturation. If the deposit is below the zone of saturation, the 

best method of ground preparation is probably hydraulic fracturing. On 

the other hand, if the deposit is above the zone of saturation the 

ground may be prepared by block caving or blasting. It is unlikely that 

it would be feasible to block cave a deposit solely as preparation for 

in situ leaching. However, there may still be enough copper remaining 

for in situ leaching after a deposit has been mined by block caving. 



Blasting has been the most common method of ground preparation for in 

situ leaching of deposits above the zone of water saturation. 
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The fourth step involves evaluation of the fluid flow through a 

deposit. The pattern of fluid flow depends on the method of application 

of the leach solution, the porosity and permeability of the deposit, and 

the manner of egress of ,the copper-bearing solution from the deposit. 

If the solution is improperly applied, an unfavorable flow regime may be 

initiated. If the permeability of the deposit is highly variable, the 

bulk of the fluid may flow through the more permeable portions of the 

deposit. If the egress for the solution is improperly constructed, most 

of the fluid flow may pass through a limited portion of the deposit. If 

a significant portion of the copper mineralogy is made up of supergene 

sulfide mine~als, it must be possible for air to flow countercurrent to 

the leach solution to,provide adequate oxidation or an oxidizing agent 

must be added. 

The copper leaching process depends on the mineralogy of the de

posit. If the deposit is dominantly comprised of copper "oxide" miner

als, the effectiveness of the leaching is a function of the strength of 

the acid solution when it reaches a given fragment of ore and the loca

tion of the copper minerals within the ore fragment. 

If, on the other hand, the deposit is dominantly comprised of 

supergene sulfide minerals the process is somewhat more complicated by 

the need for an oxidant as well as sulfuric acid. The oxidation reac

tions are also dependent on the presence of aerobic bacteria which serve 

as catalysts to speed the reactions. If no oxidizing agent is present, 

the reactions do not occur. The dissolution of copper sulfide minerals 
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occurs most rapidly at temperatures high enough for optimum bacterial 

activity. If the temperature is too low, the reactions are slow; if it 

is too high, the bacteria sicken and die. 

Continuous monitoring of the deposit by monitor wells can pro

vide information about the leaching process. With information from a 

series of these monitor wells, corrective action can be taken in those 

areas where leaching is unsatisfacto~y. For example, injection wells 

may be necessary in some areas. 

Once the copper-bearing solution flows from the deposit, it can 

be recovered by copper cementation or solvent extraction and e1ectrowin

ning. From an operating point of view, it is most advantageous to use 

SX-EW because operating costs are lower, no additional iron is precipi

tated in the deposit, and the final product may be sold directly to a 

fabricator. On the other hand, the capital expenditures for an SX-EW 

plant is typically 250% of the cost of a copper cementation plant. 

Once an in situ leaching project is shown to be technologically 

feasible it must be shown to be economically feasible. A financial 

analysis should involve cash flow analysis, sensitivity analysis, and 

risk analysis. These methods provide the means to study the inflow and 

outflow funds, the critical factors that determine the level of profit

ability, and the probability distribution of the measure of profitabi

lity used. A few examples will illustrate how Figures 1-1 and 11-14 can 

be used. 

The Van Dyke deposit in Miami, Arizona was discussed briefly in 

Chapter I. The deposit contains about 100 million tons grading about 

0.5% copper. The principal ore mineral is chrysoco11a, which represents 
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95% of the copper in the deposit. Chrysoco11a occurs as vein1ets about 

1 mm in width and approximately 1 inch apart. The orebody averages 400 

ft in thickness and is overlain by 600-1200 ft of Gila Conglomerate and 

200-300 ft of Barren schist. The copper probably came from a chalcocite 

deposit about 1000 ft away prior to the deposition of the Gila Conglom

erate. The most likely sequence of events leading to the development of 

the deposit from a porphyry copper deposit are outlined in Figure X-1. 

Figure X-2 outlines the sequen~e of steps in the evaluation of 

a deposit like the Van Dyke deposit. After the tonnage, grade, mineral

ogy, and mode of occurrence of the deposit had been determined the next 

step would be metallurgical testing. These tests would indicate that 

the ore contained acid-soluble minerals which did not require an oxi

dizing agent. Since the deposit is below the zone of water saturation, 

hydraulic fracturing could be used for ground preparation. The sulfuric 

acid for copper dissolution would be applied through injection wells. 

The copper-bearing solution would then be removed by pumping from recov

ery wells. The copper could be recovered by solvent extraction and 

e1ectrowinning and sent directly to a fabricator. 

The Miami mine in Miami, Arizona was block caved prior to 1941. 

After block caving was no longer profitable, much copper mineralization 

remained in the deposit. A leaching program was then instituted to re

cover the last remaining copper from the deposit. Very little copper 

was carried in the solutions taken from the mine after water had been 

applied to the deposit. This was due to lack of significant pyrite in 

the predominantly chalcocite deposit which made the internal generation 
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Figure X-l. A Likely Sequence of Steps Leading to the Development of a 
Deposit Like the Van Dyke Deposit. 
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of sufficient sulfuric acid impossible. Figure X-3 indicates the se

quence of steps leading to the development of the Miami chalcocite 

orebody. 
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Figure X-4 illustrates the stages in the evaluation of a deposit 

like the Miami deposit for in situ leaching. The geology of the deposit 

was well known because of the preceding block caving operation. Hydro

metallurgical testing would have indicated that the copper could be dis

solved by sulfuric acid plus an oxidizing agent. The deposit was above 

the zone of water saturation and the ground preparation had been provid

ed by the block-caving operation. The sulfuric acid solution was ap

plied on the surface above the caved orebody. The sulfuric acid sup

plied the proper pH conditions for leaching, and the air circulating 

upward from the haulage tunnels countercurrent to the percolating solu

tion provided the proper Eh conditions for leaching. The copper-bearing 

solution flowed out through the haulage tunnels and was pumped to the 

precipitation plant. The copper was originally recovered by cementa

tion. When solvent extraction-electrowinning technology became avail

able in the 1970's, an SX-EW plant was installed. 

The final example is the Old Reliable deposit near Mammoth, 

Arizona. In this case the deposit was localized in a breccia pipe on 

the periphery of a porphyry copper system. The partially oxidized chal

cocite blanket was developed as shown in Figure X-So 

Since the deposit is almost exactly like the Luz del Cobre de

posit, the evaluation (Figure X-6) followed the same sequence discussed 

in Chapter IX. However, the drainage system for the copper-bearing so

lution was improperly designed so air could not circulate countercurrent 
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A Possible Sequence of Steps Leading to the Development of 
a Deposit Like the Miami Deposit. 
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A Sequence of Steps Leading to the Development of a Deposit 
Like the Old Reliable. 



SUPERGENE COPPER DEPOSIT 

1 
Geological Evaluation 

1 
Hyd rome ta llu r 

ACID SOLUBLE COPPER MINERALS ACID + OXlD~NT SOLUBLE COPPER MINERALS 

BELOW ZONE O~TURATION ABOVE ZONEIOF SATURATION BELOW ZONE OF SATURATION 

• Hydraulic Fracturing , 
Injeftion Leaching , 

Acid Copper Extraction , 
cave~~ting -----..--:----

Percolation Leaching , 
Acid Copper Extraction , 

, 
Hydraulic Fracturing , 

Injection Leaching , 
Acid + Oxidant Copper Extraction , 

Percolation-Leaching , 
Acid + Oxygen Copper Extraction , 

Pump from Recovery Wells Gravity Flow Pump from Recovery Wells ~vi!l Flow 

r 
PRECIPITATION PLANT 

Figure X-6. 

Solvent Extraction 

• Electrowinning 

Scrap Iron Precipitation , 
Smelting , 
~ning 

FABRICATOR 

The Sequence of Steps That Were Used in the Evaluation of the Old Reliable 
Deposit for In Situ Leaching. 

W 
\0 
0\ 



397 

to the leaching solution. Therefore, only the oxidized portion of the 

deposit was readily leached. Copper was recovered by cementation on 

scrap iron. When copper production declined to the point where the cost 

of production was equal to the value of the copper produced, the opera

tion was shut down. Less than 20% of the contained copper was 

extracted. 

The problems evident at the Old Reliable can be readily avoided 

at the Luz del Cobre deposit by developing an in situ leaching opera

tion as proposed in Chapter IX, thereby providing an example of how a 

carefully planned evaluation could lead to an economically viable in 

situ leaching operation. 



APPENDIX A 

MINERALOGY AND CHEMISTRY 
OF SUPERGENE PROCESSES 

The object of this appendix is to examine the manner in which 

some of the minerals of a porphyry copper system are altered as a result 

of exposure to supergene conditions. In order to understand the pro-

cesses leading to the development of supergene copper deposits, it is 

necessary to begin with the basic principles of aqueous chemistry and 

apply them to supergene processes. Since these same chemical processes 

occur during in situ leaching, this appendix also serves as a background 

for considering the chemistry of sulfuric acid leaching. 

Chemical Principles 
of Supergene Processes 

Leaching, whether as a geologic process or as part of a meta1-

1urgica1 process, is controlled by the principles of aqueous chemistry. 

Aqueous chemical reactions can be viewed as belonging to two general 

types--those which are and those which are not readily reversible under 

ordinary weathering conditions. 

Reversible chemical reactions can be further divided into three 

types (Hem, 1970). These are: 1) reversible solution and deposition 

reactions in which water is not chemically altered; 2) reversible solu-

tion and deposition reactions in which water molecules are broken down 

into H+ and OH- ions; and 3) reversible solution and deposition reactions 

or ion reactions involving changes in oxidation state. 
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Reactions less readily reversible include relatively complicated 

processes such as the weathering of feldspars, which does not seem to be 

reversible under ordinary conditions. Barriers to reversing the reaction 

may result from slow reaction rates or the need for an energy input. 

Chemical Equilibrium 

In order to evaluate equilibrium for a chemical reaction 

aA + bB = cC + dD 

the Law of Mass Action must be used. 

where [J = molar concentration of reactants and products 

K = equilibrium constant, which is not constant for all 
concentrations. 

The Law of Mass Action applies to actual solute concentrations only when 

they are equal to the effective concentration or activity. 

The deviation from ideal behavior of the dissolved components in 

chemical reactions is largely attributable in dilute solutions to elec-

trostatic effects. The strength of the field around the ions is a func-

tion of the insulating, or dielectric, properties of the solvent. The 

physical dimensions and concentrations of the ions also influence their 

mobility. 

Methods for determining the activity coefficients are explained 

in considerable detail in Garrels and Christ (1965). 
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The second law of thermodynamics deals with energy transfers and 

states that energy will only be transformed spontaneously when it can 

move from a high energy level to a lower one. The second law of thermo

dynamics can be used quantitatively through the use of the concepts of 

enthalpy, entropy, and free energy. Enthalpy (H) is the total energy 

content plus the product of pressure and volume. In a chemical change, 

only part of this energy is normally available to perform work if the 

temperature is held constant. Entropy (S) is the unavailable part of 

the energy. Entropy can be described in terms of the amount of random

ness or disorder. Free energy (G) is the available part of the energy. 

A corullary of the second law of thermodynamics points out that in spon

taneous processes the entropy of the products is greater than that of 

the reactants. 

Mathematically the second law of thermodynamics can be stated as 

G = H - TS 

Since absolute measurements of total energy are not possible, 

~G = ~H - ~(TS) 

'and with constant temperature 

~G = ~H - T~S 

From the second law of thermodynamics, it can be determined that 

a chemical reaction can be expected to occur spontaneously if the free 

energy contained in the products is less than the amount contained in 

the reactants. The sign of the ~Go value indicates whether or not the 
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reaction will tend to occur spontaneously. The reference state for most 

substances is the pure element in the form to be expected at 25°C. The 

negative sign for ~GoR indicates that energy is released, and the reac-

tion can be expected to be spontaneous. The free energy of the reaction 

can be related to the equilibrium constant by the equation 

where R is the gas constant and T is the absolute temperature. 

Reversible solution and deposition reactions involving changes 

in oxidation state can be examined in terms of half reactions or redox 

couples. The standard potential for a redox couple is represented by EO. 

The potential of the hydrogen electrode is taken as zero. The sign of 

the potential associated with reducing reactions is negative, and the 

sign for oxidation reactions is positive. 

When the activities of participating species in a system differ 

from unity, the potential observed.at equilibrium is the redox potential 

or Eh. The redox potential is related to the standard potential and the 

activities of the participating substances by the Nernst equation. 

Eh = EO + RT In [oxidized species] 
nF [reduced species] 

where N is the number of electrons involved and F is a constant, the 

faraday. A faraday is 23.06 kcal/volt-gram equivalent in the units 

necessary to express the faraday to have it be consistent with the other 

units used. 
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The Nernst equation is actually an extension of the Law of Mass 

Action and is only 2pp1icab1e to solutions and associated species at 

chemical equilibrium. The free energy change in a chemical reaction in 

which electrons are lost or gained can also be equated to the standard 

potential for an oxidation or reduction half reaction. 

The use of the minus sign indicates that the reaction must be written 

as a reduction reaction. 

With the proceeding relationships it is possible to construct 

Eh-pH diagrams for a specific group of chemical components such as cop

per, iron, sulfur, and water at a specified temperature and pressure. 

The stability fields for solid compounds which form from these compo

nents and the concentrations of soluble species can be readily shown. 

Garrels and Christ (1965) demonstrated the development of Eh-pH diagrams 

in great detail. However, the relationships exhibited in these diagrams 

apply only at equilibrium. Although Eh-pH diagrams are extremely use

fu1~ they do not yield any information,about reaction rates or meta

stable components which may form under nonequi1ibrium conditions. 

Chemical Reaction Rates 

For many reactions the reaction rates are too slow for the reac

tion to reach equilibrium and there may be no possible pathway by which 

the reaction may be reversed. The dissolution of rock materials in

volves reactions of this type. 
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The reaction rate may be expressed as the order of a reaction. 

The order of a reaction is defined as the actual number of atoms, ions, 

or molecules where concentration determines the rate of the reaction. 

For the reaction 

aA = bB 

the reaction rate is expressed as 

R = _-dA __ 
dt 

dCA 
ct 

where CA = the concentration of A. This can also be expressed as 

-dCA 
dt 

= kC n 
A 

where n = order of the reaction and' k = rate constant. For a first-

order reaction, 

k = 1 In CAo 
t CA 

where CAo = initial concentration of A. For a second-order reaction, 

For a zero-order reaction, 

k = 1 (~ 
t CA 

k = dCA 
dt 

_1_) 
CAo 

Zero-order reactions generally indicate that some factor other than con-

centration may be rate-controlling. This rate-limiting factor may be 
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the rate of diffusion of reactant to a surface or the area of reactant 

surface exposed. 

In more complex reactions such as 

aA + bB + cC = products 

the reaction rate is 

The overall order of the reaction is 

for n1 = 1, n2 = 1, and n3 = 0; and therefore n = 2, then 

k = ~-:-----=l=---_~ 1n CBo CAt 
t(C C·) C C Ao Bo Ao Bt 

The most complex reactions commonly occur in a series of steps. One of 

these steps is often much slower than the others and is thus the rate-

determining step. 

Temperature also has a strong effect on reaction rates. A gen-

era1ization can be made that a 10°C change in temperature will change 

the rate of reaction by a factor of approximately 2. 

The Arrhenius equation relating temperature and reaction rate is 

k = Ae-E/ RT 

where A = probability of reaction occurrence and E = energy of activa-

tion. In a reaction which has an overall favorable free-energy 
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relationship but proceeds slowly, the explanation may be that one step 

in the reaction path has a high energy of activation. 

The Supergene Environment 

Supergene processes generally occur at normal surface conditions. 

The chemical relationships involved can be best illustrated through the 

use of Eh-pH diagrams for 25°C and 1 atm pressure. 

Figure A-I indicates the approximate position of some natural 

environments as characterized by Eh and pH. The environments of great

est interest here are those for ground water, stream water, rain water, 

and mine water. The Eh-pH characteristics of mine waters are indicated 

in Figure A-2. The solid line represents the limits of Eh-pH measure

ments of natural aqueous environments. The dashed line separates the 

Eh-pH characteristics of waters from primary ores and those from oxi

dized ores. 

Sato (1960) defines the supergene environment through the use of 

a series of reaction couples (Figure A-3). The oxidation potential of 

an aqueous system should be at or above the potential of the H202-02 

couple so long as a detectable amount of free oxygen is present in the 

system. If the Eh of the system is below this potential, oxygen, when

ever available, would be consumed immediately in the oxidation of sub

stances in the system. Oxygen and hydrogen peroxide establish a rever

sible equilibrium, and the ratio of the partial pressure of oxygen to 

the activity of hydrogen peroxide, together with pH, determines the Eh 

value of the system as shown by the equation: 
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Figure A-I. Approximate Posi~ion of Some Natural Environments as Charac
terized by Eh and pH. -- After Garrels and Christ (1965). 
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Figure A-2. Eh-pH Characteristics of Mine Water. -- An attempt is made 
to distinguish between water coming from the primary are 
and that draining from oxidized are. After Garrels and 
Christ (1965). 
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Eh 
P02 

= 0.632 - O.059lpH + 0.0295 log (H
2

0
2

) 

The minimum ratio is very likely to be unity. Therefore, the minimum 

Eh value for the weathering environment must be the standard potential 

Eh = 0.682 - 0.0591 pH 

At the surface, the partial pressure of oxygen is approximately 0.2 atm. 

The activity of hydrogen peroxide, on the other hand, is unknown. except 

that it is very small. The ratio of the former to the latter was arbi

trarily chosen by Sato (1960) at 106• This gives the upper marginal 

value for the Eh of the weathering environment as: 

Eh = 0.859 - 0.0591 pH 

The pH range of the weathering environment is much more wide-

spread. The lowest values are usually found in mineralized areas where 

pyritic ores are actively oxidizing. The normal presence of goethite 

and limited concentrations of dissolved iron in those areas indicate 

that the pH value for the weathering environment would not be lower than 

the equilibrium pH value of a.l molal solution of dissolved iron in con-

tact with ferric hydroxide (Sato, 1960). Where rock and soil are ex-

posed to the atmosphere, the pH values are unlikely to greatly exceed 

the equilibrium value for the CaC03-H20 system under the atmospheric 

partial pressure of CO2 . 
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The objective of this appendix is to determine the effects of a 

supergene environment on the hypogene mineral assemblages found in a 

porphyry copper system. As shown in ,Figure A-2, supergene conditions 

are more oxidizing and acidic than those in equilibrium with hypogene 

mineral assemblages. This is primarily due to the oxidation of sulfide 

minerals, especially pyrite, which in turn produce sulfuric acid. The 

dissolution of pyrite in contact with the atmosphere proceeds in the 

following manner: 

FeS2 + 7/2 02 + H20 = Fe++ + 2S04- + 2H+ 

2Fe++ + 1/2 02 + 2H+ = 2Fe3+ + H20 

The presence of an acidic oxidizing environment in contact with most 

rock-forming and hypogene ore minerals causes fundamental changes in the 

overall mineralogy. Beginning with the iron minerals, these changes are 

examined. 

Iron Minerals in 
the Supergene Environment 

The stability relationships of the iron oxides, sulfides, and 

carbonates are illustrated in Figure A-4. These minerals--pyrite, magne-

tite, hematite, and siderite--may occur as hypogene minerals in a por-

phyry copper system along with minor amounts of iron-bearing silicate 

minerals. 

Iron may go into solution in a number of different forms as the 

primary iron minerals are acted upon by supergene processes. The areas 

of dominance for each solute species are illustrated in Figure A-S as a 
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Figure A-4. Stability Relations of Iron Oxides, Sulfides, and Carbonate 
in Water at 25°C and 1 atm Total Pressure. -- Total dis
solved sulfur = 10-6 . Total dissolved carbonate = 10°. 
After Garrels and Christ (1965). 
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Figure A-S. Areas of Dominance for Solute Species as a Function of pH 
and Eh in the System Fe-H20 at 25°C and 1 atm. -- After 
Hem (1972). 
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function of Eh and pH. The boundaries of the domains are drawn so that 

the activities of the species on either side of the line are equal. Al

though some of the species could exist anywhere in the diagram, the ac

tivity of each species decreases rapidly away from the boundaries of its 

domain. In addition to the soluble forms of iron, large concentrations 

of ferric iron are present as colloidal and suspended ferric oxyhydrox

ides. The solubility of iron as a function of Eh and pH at 25°C and 1 

atm pressure is illustrated in Figure A-6. 

Iron minerals which are precipitated from solution under super

gene conditions are a function of Eh, pH, and the activity of various 

ions. Eh appears to be the most significant chemical control with re

spect to iron mineral deposition. Iron minerals precipitated from solu

tion under oxidizing conditions include amorphous ferric hydroxide, goe

thite, hematite, maghemite, lepidocrocite, and jarosite. Those precipi

tated under reducing conditions include pyrite, marcasite, pyrrhotite, 

and tetragonal FeS. The majority of these minerals may be precipitated 

from solution at some time during the weathering of a porphyry copper 

system. 

For conditions of geologic interest under supergene conditions, 

the products most often precipitated from solution are goethite, amor

phous ferric oxyhydroxide, and jarosite (Langmuir, 1969). Goethite is 

precipitated by the slow oxidation of aqueous or solid ferrous iron spe

cies. The goethite precipitation reaction is probably important only 

above a pH of 4 because Fe2+ oxidation rates are practically negligible 

at lower pH levels. Amorphous ferric hydroxide precipitate (Figure A-7) 
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Figure A-6. Solubility of Iron in Moles Per Liter as a Function of Eh 
and pH at 25°C and 1 atm Pressure. -- Activity of sulfur 
species 96 mg/l as 8°42 , and carbon dioxide species 61 mg/l 
as HCO). After Hem (1970). 
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Figure A-7. Stability Fields for Solids as a Function of pH and Eh in 
the System Fe-H20 at 25°C and 1 atm. -- Activity of dis-
solved iron 10-3 mol/l (56 mg/l Fe). Positions of sta-
bility-field boundaries for Fe = 10-5 and 10-7 mol/l are 
indicated by dashed lines. After Hem (1972). 
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tends to convert spontaneously into goethite, although in some instances 

conversion may be incomplete even after years of aging at ambient tem-

peratures. If, however, the amorphous phase is precipitated in the 

presence of Fe2+, it tends to completely recrystallize into goethite. 

Under very acidic conditions (pH <3.0), jarosite is the dominant 

iron mineral; however, the stable mineral is goethite if the pH is great

er than 3.0 (Brown, 1971). Some general conclusions can be drawn from 

the diagram in Figure A-8: 1) jarosite is stable at low pH and moderate

ly oxidizing Eh values; 2) the stability field of jarosite moves to in-

creasingly lower Eh values as the activity of dissolved iron or potassium 

increases; 3) the jarosite field completely eliminates the Fe3+ stability 

field for high activities of Fe3+ and s04= ions; and 4) the activities 

of H+ and S04= (and/or HS04-) are critical to jarosite precipitation or 

solution (BrovTn, 1971). Jarosite may persist outside its stability 

field due to either persistent arid conditions or the sluggishness of 

the reaction jarosite + goethite with continued ground water action. 

Lepidocrocite, maghemite, and hematite are uncommon as direct 

precipitates from aqueous solution at low temperatures. Lepidocrocite 

most often precipitates in the pH range of 2 to 6.5 by the oxidation of 

aqueous or solid ferrous iron species in the presence of Fe2+ complexing 

anions. Maghemite is usually formed by the oxidation of magnetite or by 

the dehydration of lepidocrocite. Hematite usually crystallizes from 

amorphous ferric oxyhydroxide by dehydration or by long-term aging in 

solution. 

For the reaction a - Fe203 + H20 (1) = 2[a - FeOOH], ~Go = 

1,666 60 calories. This demonstrates that goethite should dissociate 
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Figure A-B. Stability Relations Among Some Iron Compounds in Water at 
25°C, 1 atm Total Pressure as a Function of Eh, pH, and 
activity of total dissolved iron equal to activity of dis
solved potassium species. Activity of total dissolved sul
fur is lO-2m. The black region represents the area of 
stability of jarosite, the lightly dotted region goethite. 
After Brown (1971). 
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spontaneously into hematite in water at 2SoC (Langmuir, 1969). The fact 

that goethite is quite common in surface environments probably reflects 

its low nucleation energy in solution as compared to hematite and the 

extremely slow kinetics of its dehydration and recrystallization to he

matite at ambient temperatures. 

Figure A-9 illustrates that, in addition to being the most stable 

of the ferric oxyhydroxides, hematite is also the least soluble. Amor

phous ferric hydroxide, on the other hand, is clearly the most soluble 

of the ferric oxyhydroxides at ambient conditions. 

Hem (1972) points out that iron can be made more or less soluble 

in a particular system through at least six different mechanisms: 

1) The solubility of iron may be changed by changing pH. For a 

given Eh value, a change of 0.1 pH unit in the vicinity of pH 7 

will change the equilibrium solubility of iron by a factor of 

about 2. 

2) The solubility of iron may be changed by changing Eh. If oxygen 

were depleted by a factor of 10 in originally oxygenated water 

and if the oxygen-water system controls the potential, the effect 

would be to lower the Eh by about 0.03 v, which increases the 

solubility of iron by a factor of about 3. 

3) If other factors are held constant, increased or decreased acti

vity of certain anions will change iron solubility. 

4) The solubility of iron may be increased by increasing the acti

vity of a complexing ligand. Generally, ferric complexes with 

both organic and inorganic ligands are stronger than the corre

sponding ferrous complexes. Sulfate anions may reach substantial 
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Figure A-9. Comparison of the Possible Ranges of Stability of the Fer
ric Oxyhydroxides at 25°C and 1 atm Total Pressure, Ex
pressed in Terms of the Activity Product. -- Brackets de
note least-stable ([) or most-stable forms (]). Solid 
horizontal lines are known ranges of stability. Dashed 
horizontal lines are presumed ranges of stability, and as 
such their extent is conjectural. After Langmuir (1969). 
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concentrations in a sulfide system exposed to supergene condi-

tions. Ferrous and ferric sulfate complexes are possible if 

sulfate concentrations are high enough. Generally these species 

will not be significant unless sulfate concentrations approach 

or exceed 1000 mg/l as S04=. The fact that these ferric sulfate 

complexes form can be demonstrated by the existence of jarosite 

in leached outcrops over sulfide bodies. 

5) The solubility of iron can be altered by changes in temperature 

or pressure. However, these effects are smaller than those indi

cated for the first four mechanisms. 

6) A departure from equilibrium can be produced by energy input from 

other sources. 

Iron sulfides such as pyrite, marcasite, and tetragonal FeS may 

also form from supergene solutions. Supergene iron sulfide minerals form 

at lower Eh and pH values than iron oxide minerals. As pointed out by 

Berner (1964), several thermodynamic and kinetic factors affect the na

ture of the iron sulfides formed from aqueous solutions. These factors 

are pH, temperature, the presence of oxidizing agents, and the initial 

form of the iron involved. Higher temperatures and a lower pH accelerate 

reactions which are quite slow or inhibited at neutral or basic pH and 

room temperatures. Examples of these are the crystallization of tetrag

onal FeS from an amorphous precipitate, the formation of pyrite and te

tragonal FeS from goethite, and the formation of pyrrhotite from metallic 

iron. The initially formed tetragonal FeS may be slowly transformed to 

pyrite with the passage of time. The presence of an oxidizing agent such 
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as atmospheric oxygen or ferric iron results in the formation of pyrite 

or marcasite. Marcasite is not formed when ferric ions in goethite 

serve as the oxidizing agent. Under more anaerobic conditions in which 

the iron initially is in the metallic or ferrous form, the products 

formed are either tetragonal FeS or pyrrhotite. 

A study by Back and Barnes (1965) of a ground water system in 

Maryland illustrates the controls of the iron mineralogy and the iron in 

solution. It was found that the mineralogy and organic content of the 

aquifer and the ground water flow pattern are the primary controls on 

the oxidation potential and pH of the water. The concentration of iron 

in the water tested showed little correlation with the pH of the water; 

however, a strong correlation existed between the oxidation potential 

and the concentration of iron in the ground water. The highest concen-

trations of iron were found in the water with the lowest Eh. The high-

est oxidation potentials were measured in water produced from shallow 

.~ wells and those wells in recharge areas. The lowest potentials were 

measured down-gradient in water associated with gray and green sediments. 

The Eh values measured in the field are between the values predicted 

from the solubilities of amorphous ferric hydroxide. 

Silicate Minerals in 
the Supergene Envirolunent 

The majority of the minerals in a porphyry copper system are si-

licate minerals. These minerals either predate the hypogene copper min-

eralization or are the result of hypogene alteration. The commonly found 

silicate minerals include quartz, K-feldspar, plagioclase, muscovite (se-

ricite), biotite, epidote, chlorite, montmorillonite, and kaolinite. 
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Only a few of these minerals are in equilibrium with a supergene envir-

onment. Quartz and kaolinite usually survive supergene alteration. In 

fact, kaolinite is the most common supergene alteration product of most 

other silicate minerals. 

Chemical weathering results from a change in chemical environ

ment. Minerals that have formed under magmatic, hydrothermal, metamorph

ic, or sedimentary conditions are rendered potentially unstable when ex

posed to the atmosphere. They are vulnerable to attack by water, oxygen, 

and, in the case of a porphyry copper system, sulfuric acid. These re

actions, which are generally exothermic, tend to proceed spontaneously. 

Three simultaneous processes are involved in the weathering of 

silicate minerals (Loughnan, 1969). First there is a breakdown of the 

parent mineral structures resulting in the release of cations and SiJ,~C';.~.,(; 

The silica may go into a dispersed state or it may remain in a polymelJ'

ized form. Second is the removal in solution of some of the released 

cations. Third is the reconstruction of the residue with components 

from the atmosphere to form new minerals which are in stable or meta

stable equilibrium with the environment. 

Factors Controlling Silicate Weathering 

Factors which control the process of chemical weathering include 

rainfall, topography, temperature, pH, Eh, cation fixation, leaching, 

and crystal structure. The first three factors are primarily a function 

of the climate and tectonic activity and are discussed in Chapter II. 

The sum of the negative charges within any crystal must equate 

the sum of the positive charges in accordance with Pauling's rules. 
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However, exposed atoms and ions at the surfaces possess unsaturated va-

lences. When these surfaces are brought into contact with water, hydra-

tion occurs through the attraction of the water dipoles to the charged 

surfaces. 

Minerals containing alkalis and alkaline earths invariably yield 

abrasion pH values on the alkaline side of neutrality (Table II-3. 

Minerals devoid of these ions produce acid values. Apparently the pro-

cesses of hydration, hydrolysis, and hydr9gen replacement of cations 

continue until a state of equilibrium is attained. At this point, ac

cording to Loughnan (1969), just as many ions re-enter the structure as 

leave it according to the following equation: 

+ [ ]- + - + [ ]- + -M mineral + H OH = H mineral + M OH 

The formation of illite, montmorillonite, and chlorite from 

feldspar is possible only if the secondary products inherit some of 

their structure from the parent mineral. Kaolin minerals are to be ex-

pected where the parent minerals break down to individual tetrahedra. 

Under highly acid conditions, H+ ions are very abundant relative to other 

cations; therefore, kaolin minerals tend to be the dominant supergene 

alteration products. The size of the hydrogen ions permits easy penetra

tion into crystal lattices. Once they have gained admission, the high 

charge-to-radius ratio, which is greater than for any other ion, has a 

marked disrupting affect on the charge balance within the lattice. 

Figure III-3 illustrates the relationship between pH and the 

mobilities of the common metallic ions. The solubility of the cations 

and other rock constituents is generally as follows: 
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+I- + +I- + Ca > Na > Mg > K > S~02 > F 0 > Al 0 ... e 2 3 2 3 

Fresh minerals release bases at a fast rate, but this rate rap-

idly decreases with time. It appears that residual primary weathering 

products retard the release of bases from minerals, apparently by accumu-

lating close to the weathering surface. However, if the system is open 

and these products are removed at a rate equal to or greater than their 

release from the parent mineral, then the residue becomes progressively 

more acid. 

A high concentration of H+ may result from the oxidation of sul-

fide minerals in the presence of water. Frequently, in areas of sulfide 

mineralization, the ground waters attain very low pH values. 

A few elements, particularly iron and titanium, are capable of 

existing in more than one valence state in combination with an anion. 

Iron, as was discussed in a previous section, changes greatly in its mo-

bility with changes in oxidation state. 

Although the primary rocks contain potassium and sodium in ap-

proximately equal amounts~ the concentration of potassium in seawater is 

only about one-tenth that of sodium. The reason for this discrepancy is 

that, unlike sodium, potassium released from the primary rocks during 

weathering often becomes entrapped in the secondary clay products. Fixa-

tion of potassium by clay minerals is dependent on the layer charge or 

charge density of the mineral. The unique size of the potassium ion is 

responsible for its preferential fixation by layered-lattic silicates 

(Figure A-IO). 
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Repeated flushings by water tend to remove the soluble constitu-

ents released by the hydrolyzing processes at the mineral surface and 

permit the weathering reactions to proceed toward completion. 

The behavior of the various ions in weathering reactions can be 

related to their ionic potential. 

Ionic Potential / 
Ionic Charge Z r = ________ ~ __ ~_4-----~ 

Ionic Radius (Angstroms) 

Ions can be arranged into three groups (Figure A-12): 1) those with a 

low ionic potential (Z/r >3.0) such as Na+, K+, Ca++, Mg++, which tend 

to pass into true ionic solution during the weathering processes; 2) 

those with intermediate ionic potentials (3.0 ~ Z/r ~ 9.5), such as A13+, 

Fe3+, and Ti4+, which are precipitated and become concentrated in the 

residue; and 3) those with high ionic potential (Z/r >9.5) including 

silicone, nitrogen, and phosphorus which form soluble anionic radicals 

in weathering. 

It is apparent that crystal structure influences the rate of min-

eral decay, since some minerals containing highly mobile cations as es-

sential constituents exhibit remarkable stability to weathering solu-

tions. Goldich's weathering sequence for common rock-forming minerals 

is given in Figure A-12. The order coincides exactly with that of Bowen 

for the crystallization of minerals from a silicate melt (Loughnan, 

1969). 

The number of anions which may surround and bond to a given ca-

tion is limited and depends on the coordination number. The coordination 

number is a function of the radii and valence of the cation and the 
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anion. Isomorphous substitution of one cation for another is possible 

if they have similar coordination numbers. The degree to which iso

morphous substitution may occur depends on the difference in ionic ra

dii, the equality of valence, and the suitability of the structure. A 

stable configuration is possible only if a mineral is electrically 

neutral. 

The classification of silicate minerals is based on the degree of 

polymerization of silica tetrahedrons. The degree of polymerization is, 

in turn, controlled by the ionic potential (Figure A-II). 

The most rapidly weathered silicate mineral in a porphyry copper 

system is epidote, which is a nesosilicate (Si04 Group). In contrast to 

the rest of the silicate groups, polymerized tetrahedra are absent in 

the nesosilicates. The independent tetrahedra are bonded together by 

cations. 

The weathering rates for phyllosilicates vary greatly, depending 

on the individual mineral. The phyllocilicates contain sheet-like net

works in which the apices of the tetrahedra point in one direction. Hy

drosylions occur in the plane of the apical oxygens. The primary phyl

losilicates contain two such sheets inverted to each other and bonded 

together through the unshared oxygens by cations such as Al3+, Mg++, 

Fe3+, Fe++ in octahedral coordination. Among the micas, one in four of 

the silicons of the tetrahedral sheets is replaced by aluminum and the 

charge is neutralized by the introduction of potassium into the structure. 

Muscovite (sericite) is one of the most resistant of the silicate miner

als to break down in the weathering environment; biotite, on the other 

hand, weathers rapidly. 
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The resistance to weathering of the tectosilicates varies great

ly with the particular mineral under consideration. The structure is 

complex with a three-dimensional framework of tetrahedra in which all 

oxygens are shared by silicons. Quartz has a solubility of about 7-14 

ppm near neutrality, and therefore it is one of the most resistant min

erals to chemical attack. Among the feldspars, anorthosite is the least 

stable and chemical breakdown is rapid. The potassium and sodium feld

spars offer greater resistance to chemical attack. 

The clay minerals may form as the result of hydrothermal altera

tion or weathering. The most common of the clay minerals are those of 

the kaolin group. Minerals of this group have a layered structure simi

lar to the phyllosilicates but differ in that they contain only one te

trahedral and one octahedral sheet per unit layer. The crystal structure 

consists of unit layers stacked on one another in the C crystallographic 

direction and held together firmly by hydrogen bonding between the hy

droxyl ions of the octahedral sheet of one layer and the oxygens of the 

tetrahedral sheet of the adjacent layer. 

Chlorite and montmorillonite are also clay minerals which occur 

in porphyry copper systems. They contain magnesium and iron in addition 

to the elements found in kaolinite. They generally occur only as hypo

gene minerals in a porphyry copper system. Illite is a clay mineral 

with the physical properties of the micas. 

A.lthough kaolinite, montmorillonite, and other clay minerals may 

occur as hypogene minerals in a porphyry copper system, only kaolinite 

has been found as a supergene mineral in porphyry copper systems 

(Sheppard, Nielsen, and Taylor, 1969), 
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Aluminum is the third most abundant element in the earth's crust. 

However, it rarely occurs in natural water in concentrations greater 

than a few tenths of a milligram per liter with the exception of water 

with a very low pH. 

Aluminum occurs in many' silicate rocks in fourfold coordination 

with oxygen as a substitute for silicon. It may be found in sixfold co-

ordination in crystal sites similar to those occupied by magnesium and 

iron. It also occurs as aluminum hydroxide in the form of gibbsite, and 

is found as a sulfate in alunite •. However, it occurs most commonly in 

the aluminum-bearing clay minerals·. 

The cation, Al+3 , predominates in many solutions where the pH is 

less than 4.0. As the pH rises, the aluminum combines with hydroxide 

radicals until above neutral pH, the predominant dissolved form of alumi-

num is the anion, Al(OH)4 (Hem, 1970). 

The polymerization of aluminum hydroxide species proceeds in a 

different way in the presence of dissolved silica than when silica is 

absent. When sufficient silica is present, the aluminum appears to be 

rapidly precipitated as rather poorly crystallized clay-mineral species 

(Hem, 1970). 

Not many of the reactions by which aluminum is dissolved or pre-

cipitated can be treated reliably by equilibrium methods. In solutions 

whose pH is below 4.0, the solubility can be calculated reasonably from 

the solubility product of gibbsite. 
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The element silicon is second only to oxygen in abundance in 

the earth's crust. The chemical bond between silicon and oxygen is very 

strong, and the Si4+ ion is the right size to fit closely within the 

space at the center of a group of four closely packed oxygen ions. The 

same structure occurs with hydroxide ions, which are nearly the same size 

as the 0-2 ion. When silicon is in solution it is not in the form of 

silica, Si02 , but in the hydrated form of silic acid, H4Si04 or Si(OH)4 

(Hem, 1970). 

Most of the dissolved silica in natural water results from the 

chemical breakdown of silica minerals other than quartz. At 25°C, the 

solubility of quartz is in the range of 6-14 ppm. Amorphous silica, on 

the other hand, has a solubility of between 100 and 140 ppm at 25°C. 

This solubility range is highly temperature-dependent, as. shown in Fig

ure A-14. Natural water normally has more dissolved silica than the 

quartz equilibrium value but less than values shown for amorphous silica, 

which appears to be the upper equilibrium limit. 

The solubility equilibrium with amorphous silica is metastable 

with respect to the crystalline forms, but crystallization is so slow 

that the metastable equilibrium determines the solubility of silica in 

short-term laboratory experiments and probably also in many geologic 

processes (Krauskopf, 1959). 

When a saturated solution is cooled, the silica in excess of the 

equilibrium figure may remain suspended as a colloid instead of precipi

tating. In acid solutions and in solutions only slightly supersaturated, 

the colloid is very stable. Both the dissolution and polymerization re-

actions of amorphous silica are slow, especially in acid solution. This 
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Figure A-l3. Solubility of Amorphous Silica. -- After Krauskopf (1959). 



434 

means that non-equilibrium solutions, both supersaturated solutions and 

solutions containing colloidal silica well below the equilibrium solu-

bi1ity, may exist long enough to be of geologic interest. 

Colloidal silica is coagulated when electrolytes neutralize the 

charges on its particles. Silica in true solution may be precipitated 

by reaction with specific cations like A13+ or Cu++ (Krauskopf, 1959). 

Alumina in the amorphous state or as gibbsite appears to have a marked 

affinity for silica, and presumably reactions between these constituents 

result in the crystallization of kaolinite or ha110ysite. Because of 

this affinity, desi1icification of kaolins to yield bauxites occurs only 

under intense leaching conditions (Loughnan, 1969). 

Alkali Metal and Alkaline Earths 

++ ++ + + 
The loss or retention of Ca ,Mg ,Na, K is essentially a 

function of the degree of leaching; however, the fixation of K+ and pos

sibly Mg++ by certain silicate structures may retard the solution of 

these constituents. 

Calcium is an essential constituent of many igneous rock miner-

a1s, especially of the chain silicates, pyroxene and amphibole, and the 

plagioclase feldspars that are not completely albite. The most common 

forms of calcium in sedimentary rock are the carbonates. The ca1cium-

bearing carbonates include calcite, aragonite, and dolomite. Other sedi-

mentary calcium minerals are the sulfates, gypsum and anhydrite. Calcium 

is also found in some zeolites, montmorillonite, and as cement in some 

of the detrital rocks. 
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The most common form of calcium in solution is as the ion Ca . 

However, in solutions where sulfate concentrations exceed 1000 mg/l, 

more than half the calcium could be present in the form of the CaS04 ion 

pair. The calcium minerals are discussed more thoroughly in the sections 

on carbonate and sulfate minerals. 

Magnesium ions are smaller than sodium or calcium ions and there-

fore have a stronger charge density and greater attraction for water 

·'molecules. In solution in water, a magnesium ion probably is surround-

ed by six water molecules in an octahedral arrangement similar to that 

of aluminum (Hem, 1970). The hydration shell of the magnesium ion is 

not as strongly held as that of aluminum ions, but the effect of hydra-

tion is much greater for magnesium than for the larger ions, calcium and 

sodium. The tengency for crystalline magnesium compounds to contain 

water or hydroxide is probably related to this hydration tendency. 

In igneous rock, magnesium is typically a constituent of the 

dark colored ferromagnesian minerals. In altered rocks, magnesian min-

eral species such as chlorite, montmorillonite, and serpentine occur. 

Sedimentary forms of magnesium include carbonates such as magnesite, do-

lomite, and hydromagnesite, and the hydroxide brucite. 

The magnesium ion, Mg2+, will normally be the predominant form 

of magnesium in solution in natural water. The ion pair, MgS04 (ag), 

has about the same stability as the species, CaS04 (ag) (Hem, 1970). 

Water from dolomite which is at or below saturation should con-

tain nearly equal concentrations of calcium and magnesium in terms of 

milliequivalents/liter, because in the solution process equal amounts 

of the two ions will be dissolved. Water that is near or above 
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saturation, however, may have lost some calcium by calcite precipita

tion, so that the water may attain a concentration of magnesium greater 

than that of calcium. 

Sodium is the most abundant member of the alkali-metal group. 

In igneous rocks, sodium is only slightly more abundant than potassium, 

but in sediments sodium is much less abundant. Sodium occurs in plagio

clase feldspars, especially in those toward the albite end of the solid

solution series. 

When sodium has been brought into solution, it tends to remain 

in that state. There are no important precipitation reactions that can 

maintain low sodium concentrations in water in the way that carbonate 

precipitation controls calcium concentrations. Sodium is retained by 

absorption on mineral surfaces, especially by minerals with high cation 

exchange capacities such as clays. The effect of ion-exchange reac

tions, however, is to replace one kind of solute ion with another, and 

therefore these reactions do not directly control the solubility of ions 

(Hem, 1970). 

Sodium bicarbonate is one of the less soluble of the common so

dium salts. At ordinary room temperature, however, a pure solution of 

this salt could contain up to 15,000 mg/l sodium. When saturated with 

respect to halite, a solution could have as much as 150,000 mg/l sodium. 

Because of the high sodium concentrations that can be reached before any 

precipitate is formed, the sodium contents of natural water have a very 

wide range. The amounts vary from less than 1 mg/l in rain water to 

more than 100,000 mg/l in the brines of closed basins (Hem, 1970). 
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The sodium of dilute waters where solid concentrations are below 

1000 mg/l is generally in the form of Na+ ion. In more concentrated so

lutions, however, a variety of complex ions and ion pairs is possible. 

Relative to sodium, potassium is liberated with greater diffi

culty from silicate minerals and exhibits a strong tendency to be rein

corporated into solid weathering products, especially certain clay 

minerals. 

The principal potassium minerals of silicate rocks are the feld

spars, orthoclase and microcline (KAlSi30S);" the micas; and the feld

spathoid, leucite (KAlSi206). The potassium feldspars are very resistant 

to attack by water, but they are altered to silica, clay, and potassium 

ions by the same process as other feldspars only more slowly. In sedi

ments, the potassium commonly is present in unaltered feldspar or mica 

particles or in illite or other clay minerals. Evaporite rocks locally 

include beds of potassium salts and constitute a source for high potas

sium concentration in brines. 

Concentrations of potassium more than a few tens of milligrams 

per liter are unusual except in water with very high dissolved-solids 

concentrations or in water from hot springs (Hem, 1970). 

The potassium ion is substantially larger than the sodium ion, 

and it would normally be expected to be absorbed less strongly than so

dium in ion-exchange reactions. However, potassium is incorporated in a 

special way into some clay-mineral structures. In illite, potassium 

ions are incorporated into spaces between crystal layers where they are 

not removable by further ion-exchange reactions (Hem, 1970). 
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In the framework structure of the feldspars, the tetrahedra are 

linked through all four oxygen atoms to yield a three-dimensional con-

figuration. Aluminum substitution for silicon within the tetrahedra 

creates a net negative charge on the framework which is balanced by an 

alkali or calcium ion. The feldspars break down through the loss of 

these alkali or calcium ions; however, the tetrahedra framework must be 

ruptured for them to escape. 

The alkali feldspars have an aluminum silicon ratio of 1:3, the 

calcium feldspars, 1:1. In spite of the structural similarities of the 

alkali and calcic feldspars, a considerable disparity exists in their 

weathering stability. Apparently, the greater replacement of silicon by 

aluminum in anorthite results in a higher degree of polarization of the 

oxygens, and the lattice is more prone to rupture at the Al-O-Si bonds. 

With the loss of the metallic ions, the framework structure breaks down 

into chains which tend to polymerize into sheets in much the same manner 

as those released from the pyroxenes. 

Anorthite decomposition can be represented as 

anorthite kaolinite 

The potash- and soda-rich feldspars rank among the more stable 

of the crystalline silicates and require more intense leaching conditions 

or more time for their breakdown than do the majority of other silicate 

minerals. Both potash and plagioclase feldspars may alter to halloysite; 
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frequently such alteration is restricted to plagioclase. The potash 

feldspars may initially yield illite and later kaolinite as weathering 

proceeds (Loughnan, 1969). 

Albite can decompose as 

albite ha110ysite 

2NaA1Si30S + 2H+ + 11 H20 = A12Si20S (OH)4 • 2H20 + 

4H4Si04 + 2Na+ 

K-fe1dspar, on the other hand, may decompose as 

K-fe1dspar kaolinite 

or 
K-fe1dspar illite 

which, in turn, may weather as 

illite kaolinite 

In the common micas, aluminum in fourfold coordination replaces 

silicon to the extent of 1:4 and the tetrahedra are polymerized into 

sheets. Two sheets bonded by cations in octahedral coordination comprise 

a single layer. Because of the aluminum replacement of silicon, the 1ay-

ers have a net negative charge of 1 valence unit and this is balanced by 

a potassium ion located between the layers. Weathering initially pro-

ceeds along these zones of weakness by solution of the potassium and the 
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introduction of water molecules, a process which enables the potassium-

depleted structure to expand in a manner similar to montmorillonite. 

A considerable disparity exists in the rate of solution of K+ 

from the dioctahedral (muscovite) and trioctahedral (biotite-phlogopite 

series) micas. This has been atributed to: 1) differences in the ori-

entation of ' the O-H bond of the hydroxyl groups; 2) the ready oxidation 

of ferrous ions in the octahedral sheet to the ferric state, thus upset-

ting the balance of charges within the structure; and 3) the preferential 

solution of octahedral ferrous and magnesium ions from the trioctahedral 

micas. 

biotite 

vermiculite 
or 

chlorite 
or 

montmorillonite 

...-. kaolinite 

Weathering Products of 
Silicate Minerals 

Minerals break down primarily because some of their constituent 

atoms and ions are dissolved and eff~ctively removed from the environ-

ment. The loss of those constituents renders the existing mineral struc-

tures unstable, and new crystalline phases tend to form in their stead. 

Rocks rich in alkaline earths tend to yield waters with rela-

tively high concentrations of these ions and, consequently, high pH val-

ues. On the other hand, waters associated with igneous rocks containing 

a predominance of silica have low pH values. 

Although kaolinite may be the final product of the weathering as 

anorthite, aluminous montmorillonite, and even chlorite may develop as 
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intermediate phases. The potash and soda feldspars offer greater resis

tance to chemical weathering. Illite, halloysite, and kaolinite are the 

common weathering products (Loughnan, 1969). 

Kittrick (1969) viewed the problem of which minerals would re

sult from chemical weathering in a different manner (Figure A-14). Ac

cording to this stability diagram, mineral pairs that can form intimate 

associations are gibbsite-kallinite, kaolinite-montmorillonite, and 

montmorillonite-amorphous silica. All other pairs are forbidden. The 

formation of three or more of these minerals is also forbidden. This 

stability diagram predicts ion activity relationships that are in reas

onable agreement with those obtained from soils and sediments (Kittrick, 

1969). 

Amorphous silica probably limits high silica levels, with mont

morillonite also forming at high silica levels. Kaolinite forms at in

termediate silica levels and gibbsite at low silica levels. These min

erals in turn probably control the activity of aluminum ions at a level 

appropriate to the pH. The formation of these minerals is controlled by 

a combination of kinetics and equilibria. The kinetic dissolution of un

stable silicates appears to control the H4Si04 level. The new mineral(s) 

most stable at that H4Si04 level appear to precipitate in response to 

solution equilibria. Another factor is the rate of movement of H4Si04-

bearing solutions out of the system (Kittrick, 1969). 

Halloysite, which has the same silica content as kaolinite, forms 

only under water or in an environment of very high humidity, and if ex

posed in an evaporating atmosphere it tends to dehydrate irreversibly to 

metahalloysite. Metahalloysite is difficult to distinguish from b-axis 
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Figure A-14. Composite Stability Diagrams for Some Minerals in the 
A1203-Si02-H20 System at 25°C and 1 atm. -- The stability 
line of each mineral is solid where it is the most stable 
mineral of the group. After Kittrick (1969). 
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disordered kaolinite. Probably much of the kaolinite recorded as a prod-

uct of the weathering of feldspars is in reality metahalloysite 

(Loughnan, 1969). 

The release of tetrahedral chains having an Si-Al ordering which 

could yield mica structures upon polymerization requires the severing of 

the least number of bonds in the feldspar structure. In the presence of 

a restricted supply of water, these chains have at least temporary sta

bility. If polymerization took place in the presence of potassium, alu

minum, magnesium, ferric and ferrous iron, then micas and montmorillonite 

could form. However, if the feldspars were reduced to isolated tetrahe

dra, the forma-tion of these minerals is considered unlikely, their place 

being taken by kaolin minerals. 

The nature of the residual deposits from the weathering of feld

spars, therefore, depends on the relative rates of breakdown of the min

eral and removal of the released constituents. If the rate of breakdown 

exceeds the rate of removal, a residue of illite or montmorillonite or 

both can be anticipated. If the converse occurs, the more likely product 

is kaolinite, halloysite, or both. 

Feth, Roberson, and Polzer (1964) studied the ground waters asso

ciated with granites in the Sierra Nevada of California. The composi

tions of these ground waters are plotted in Figures A-IS and A-16. As 

shown on the diagrams, kaolinite is the solid phase in equilibrium with 

the ground waters. In the case of porphyry copper systems, it has been 

demonstrated that kaolinite is generally the only silicate mineral prod-

uct of supergene alteration (Sheppard et al.; 1969). 
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Figure A-IS. Stability Relations of the Phases in the System K20-A1203-
SiO,-H20 at 2SoC and 1 atm Total Pressure as Functions of 
[K+J/[H+] and [H4Si04]' After Loughnan (1969). 
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Figure A-16. Stability Relations of Phases in the System Na20-A1203-
SiO~-H,O at 25°C and 1 atm Total Pressure as Functions of 
[Na ]/LH+] and [H4Si04]. After Loughnan (1969). 



Carbonate Minerals in 
the Supergene Environment 

The carbonate minerals most frequently found associated with 
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porphyry systems include calcite and less often siderite. It may also 

be possible to find some magnesium-bearing carbonates. The total volume 

of hydrothermal carbonates associated with a porphyry copper system is 

likely to be quite small. Volumetrically the only major amounts of car-

bonates likely to be found in close proximity to a porphyry copper system 

are from carbonate sedimentary rocks. 

Table 11-3 lists the carbonate minerals in-decreasing order. of 

abrasion pH. The magnesium-bearing carbonates have the highest pH, fol-

lowed by the calcium carbonates and finally siderite, which is an iron 

carbonate. This gives a relative idea of their solubility in acidic 

conditions. 

The solubility equilibrium for calcite at 25°C and 1 atm pres-

sure is 

This can be used directly in calculating the saturation status of a par-

ticular solution. The concentration of carbonate ions usually is not 

directly determinable to the desired accuracy. The equilibrium 

can be added to the previous equation to give 
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The major equilibria among dissolved carbon dioxide species are 

represented graphically in Figure A-17. This diagram shows the percent-

age of activities of undissociated carbonic acid, bicarbonate, and car-

bonate ions in the total of dissolved species of carbon dioxide as a 

function of pH. Activities of the dissolved species are in moles per 

liter. As can be seen from the graph, all of the dissolved carbon diox-

ide in an acidic solution would be in the form of carbonic acid. 

Sulfate Minerals in 
the Supergene Environment 

The element sulfur, when dissolved in water, generally occurs in 

the oxidized state (S6+) complexed with oxygen as the anion sulfate 

(S04-2). The fields of dominance of the sulfur species at surface condi

tions is shown in Figure A-IS. 

Nonequilibrium forms of sulfur can persist for long periods. 

This is the result of the slowness of sulfur oxidation or reduction re-

actions and the special conditions required for these changes to take 

place. Although Figure A-IS .does not represent a completely reliable 

evaluation of sulfur behavior, it does indicate boundary conditions and 

the general features of the chemistry of sulfur species. The only boun-

daries in Figure A-IS which would be changed by changing the total sulfur 

concentration would be those around the field of stability of free 

sulfur. 

The most important and extensive occurrences of the sulfates are 

in the evaporite sediments. Calcium sulfate or anhydrite make up a con-

siderable part of many evaporite rock sequences. Sodium sulfate also 
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occurs in some closed basins. Barium and strontium sulfates are less 

soluble than calcium sulfate. They are also relatively rare. 

The dissociation of sulfuric acid is not complete in the lower 

pH range of natural water. HS04 ion predominates below about a pH of 

1.90. At a pH of 2.90, about 10% of the total sulfate would be in the 

form of HS04, and at a pH of 3.90 only 1% of the sulfate would be repre

sented by HS04. The total sulfate concentration may be represented by 

CSO 
4 aHS04 

In spite of the fact that sulfate is itself a complex ion, it 

displays a strong tendency to form further complex species. The most 

important of these are ion pairs of the type NaS04 and caSO~. An in

creasing proportion of the sulfate in solution becomes tied up in this 

way as the sulfate concentrations increase. The relationship 

implies that solutions containing 10-2-10-3 moles per liter of sulfate 

(approximately 1000-100 mg/l) will contain significant amounts of the 

ion pairs. These ion pairs influence the solubility of solids such as 

gypsum (Hem, 1970). 

Figure A-19 illustrates the regions of dominance for Ca(OH)2' 

CaC03 , and CaS04 . 2H20 with respect to pH, log C03 ' and log S04' In 

this diagram it can be seen that gypsum dominates the region of low pH 
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even with very low sulfate-to-carbonate ratios. Figure 111-4 is an-

other way of viewing the gypsum-calcite relationship. This diagram com-

bines the equilibrium relationships: 

and 

log [C +2] + log [so~] = log K 

for the chemical equation 

as (Hem, 1970): 

[HCO-] 
log _--0.

3_ + log [s04=] = log K 
[H+] 

The sulfate minerals, strontium sulfate and barium sulfate, are 

relatively insoluble in water. 

-10.0 

-6.5 The solubility products are 10 for 

SrS04 and 10 for BaS04. 

The only other sulfate of significance with respect to porphyry 

copper systems is alunite, KA13 (S04)2(OH)6' which may occur either as a 

hydrothermal or a supergene mineral. In either case a very acid environ-

ment is necessary. Figure A-20 illustrates the relationship of alunite 

tions among these three minerals are as follows 

muscovite alunite 
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Figure A-20. Stability Relations for Alunite as a Function of Indi
vidual Ion Activities. -- Quartz is present and tempera
ture and pressure constant. After Remley et ale (1969). 
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kaolinite alunite 

and (Remley et al., 1969): 

muscovite kaolinite 

2KAl Si ° (OR) + 2R+ + 3R 0 

Alunite is found in the upper parts of some porphyry copper sys-

terns such as Red Mountain, Arizona and Cananea, Sonora, Mexico. Alunite 

is also produced by supergene alteration where there is a low pR and a 

substantial supply of potassium and sulfate ions. The mineral is, there-

fore, very stable under porphyry copper supergene leaching conditions. 

Molybdenum Minerals in 
the Supergene Environment 

Molybdenum frequently occurs in porphyry copper systems as molyb-

denite (MoS2) in sufficient quantities to qualify as an ore mineral. 

Molybdenite is extremely unstable in the normal weathering environment, 

as indicated in Figure A-21. In a simple aqueous environment molybdenum 

may exist in four stable species. These are the two anions [(molybdate 

(MOO~) and acid molybdate (HMo04)]; the molybdene cation (M002+); and the 

solid oxide phase, ilsemannite (Mo
3

0
S
). The only stable species in the 

weathering zone are the two anions with a boundary between them at a pR 

of 6. Field and laboratory observations have demonstrated that the acid 

molybdate anion is quite immobile, whereas the doubly negative charged 

molybdate anion is relatively mobile (Ransuld, 1966). 
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Figure A-21. The MO'1ybdenum-su1fur-water System. -- After Hansu1d 
(1966). 
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The Eh-pH diagram for molybdenum-sulfur-iron-water illustrated 

in Figure A-22 was constructed from actual field data (Hansuld, 1966). 

Four solid phases appear on this diagram: the primary sulfide molybden-

ite and the three oxidation products -- blue-colored ilsemannite, yellow-

colored ferrimolybdite, and brown- to orange-colored molydenum-bearing 

iron hydroxide. The heavy black line represents the oxidation reaction 

potential of molybdenite -- that is the minimum potential at which mo-

lybdenite will be actively oxidized. The stability relations show that 

under acid conditions, molybdenite oxidizes to ferrimolybdite whereas 

under weakly acid to alkaline conditions, it forms molybdenum-bearing 

iron hydroxide. Whether ferrimolybdite or molybdenum-bearing iron hy-

droxide forms is mainly a function of pH (Hansuld, 1966). 

A comparison of the behavior of copper and molybdenum in the 

weathering environment shows that the conditions of mobility for the two 

elements are markedly different. In an acid environment, molybdenum oc-

curs as the immobile acid, molybdate, and remains essentially fixed; 

whereas copper is relatively soluble and is leached away. On the other 

hand, in alkaline surface drainage waters, copper solubility is extremely 

limited but molybdenum occurs as the mobile molybdate anion. Therefore, 

it may be said that, in general, the geochemical behavior of molybdenum 

is inverse to that of copper (Hansuld, 1966). 

Copper Minerals in 
the Supergene Environment 

Virtually all of the copper in a hypogene porphyry copper system 

is in the form of the copper-iron sulfides, chalcopyrite and bornite. 

The exposure of these minerals to the Eh-pH conditions illustrated in 
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Figure A-22. The Molybdenum-iron-sulfur-water System with the Mo/Fe 
Ratio 1/100. -- After Hansuld (1966). 
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Figure 11-11 released copper as Cu++, which may then react with other 

chemical species to form the supergene copper minerals. Which copper 

minerals form in the supergene environment is a function of the Eh-pH 

conditions and the activities of chemical species such as S=, S04=' C0
3

=, 

and silicic acid. 

Supergene copper minerals occur mainly as sulfides, sulfates, 

oxides, carbonates, silicates, and native copper. There are a large 

number of other types of supergene copper minerals, but they are for the 

most part quantitatively insignificant. Supergene copper may also occur 

as impurities or as absorbed ions in other minerals such as neotocite 

and the clay minerals. Copper-bearing minerals of this type may be lo

cally significant. 

Copper Sulfide Minerals 

Quantitatively and economically, the copper sulfide minerals are 

the most important of the supergene· copper minerals. The process of su

pergene copper sulfide enrichment initially made the porphyry deposits 

economically viable. 

The copper sulfide minerals are chalcocite (Cu2S), djur1eite 

(Cu1 •96S), digenite (Cu1 . 76S to CU1.79S), ani1ite (Cu1 . 7SS), b1aub1ei

bender cove11ite (CuS to CU1.4S), and cove11ite (CuS). The phase rela

tionships of the copper sulfide minerals have been illustrated by 

Roseboom (1966). 

Although several of the copper sulfide minerals may also occur 

as hypogene minerals, they are of much greater importance as supergene 

minerals. Copper sulfide deposits resulting from supergene enrichment 
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are generally described as "massive chalcocite" or "sooty chalcocite." 

Massive chalcocite may be described as competent aggregates of supergene 

copper sulfides, generally having a steely-gray appearance; whereas 

sooty chalcocite may be described as friable, powdery accumulations of 

supergene copper (Sillitoe and Clark, 1969). 

The mineralogical relationships in the supergene copper sulfide 

deposits of northern Chile have been described in some detail by Sillitoe 

and Clark (1969). They found that the sulfide assemblages making up 

zones of massive chalcocite contained dominant djurleite with minor 

chalcocite and digenite or anilite. Remnants of the hypogene sulfide 

minerals persist as cores in the massive chalcocite and become increas

ingly common with depth in a supergene enrichment zone. Anilite is the 

most common constituent of sooty chalcocite. 

They also found that copper sulfides and copper-iron sulfides 

occur as oxidation products of hypogene and supergene sulfides. The 

first stage in the oxidation of djurleite is digenite followed by blau

bleibender covellite and normal covellite. These may occur individually 

or in association. Residual grains of chalcopyrite, generally margin

ally replaced by djurleite, have been oxidized to covellite. The oxida

tion of bornite resulted in the formation of supergene chalcopyrite, 

idoite (Cu3FeS
4
), supergene bornite, and covellite. All of these super

gene sulfide assemblages are ultimately oxidized to malachite and 

goethite. 

According to Sillitoe and Clark (1969), the assemblages of super

gene sulfides formed by the oxidation of previously formed sulfide miner

als resulted from the action of ferric sulfate-bearing solutions in the 
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oxidized zone above the water table. The ferric sulfate apparently is 

derived from the oxidation of pyrite and chalcopyrite which have sur

vived the previous cycle of supergene enrichment. 

Comparatively low Eh conditions are necessary for the formation 

of sulfides in the supergene environment (Figure 11-11). The alteration 

of massive chalcocite to covellite alone occurs at the base of the oxi

dized zone, immediately above the water table, where low oxidation poten

tials would be expected. The formation of sulfides as the initial stage 

in the development of goethite-malachite assemblages is favored in the 

near-surface zone. Sillitoe and Clark (1969) have tentatively postu

lated that the micro environmental immediately surrounding an oxidizing 

copper or copper-iron sulfide grain possesses a low oxidation potential. 

This low oxidation potential would be due to the exclusion of oxygen by 

the enclosing malachite and goethite. 

Copper Sulfate Minerals 

The three common copper sulfate minerals are chalcanthite (CuS04· 

5H20) , antlerite (Cu3(OH)4S04)' and brochantite (Cu4(OH)6S04). These 

minerals form under conditions of low pH, high Eh, and high sulfate con

centrations. These relationships are illustrated in Figure A-23, which 

illustrates the relative conditions required for the copper sulfates, 

oxides, sulfides, and native copper. 

Chalcanthite forms quite readily and is commonly found on the 

walls of underground workings within copper deposits. However, chalcan

thite is stable only under conditions of high humidity and low pH. Ant

lerite and brochantite, on the other hand, may persist for long periods 
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Figure A-23. 
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Stability relations in the system Cu-S-O as a function of 
Eh, pH, and ES (dissolved) -- After Schmitt (1962). 
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of time under very arid conditions. Both of these minerals, especially 

antlerite, were significant ore minerals at Chuquicamata, Chile. 

Copper Carbonate Minerals 

The supergene copper carbonates, especially malachite, are quite 

common in the zone of oxidation around copper deposits. The Eh-pH rela

tionships among azurite (Cu3(OH)2(C03)2)' malachite (Cu2(OH)2C03)' and 

other minerals in the Cu-S-C-H20 system are illustrated in Figure 11-12. 

This diagram indicates that the copper carbonates occur in a pH range 

intermediate to that of copper sulfates and the copper oxides. 

The copper carbonates, as indicated by the Eh range for stability 

(Figure II-II), decrease rapidly with depth. The source.of the carbonate 

ions for the copper carbonates may be either carbon dioxide from the at

mosphere or previous carbonate minerals. 

Copper Oxide Minerals 

The principal source of oxygen for the copper oxide minerals is 

the atmosphere. As could be expected, the more oxygen-rich mineral, 

tenorite (CuD), generally occurs higher in the zone of oxidation. The 

other principal copper oxide mineral, cuprite (Cu20), frequently occurs 

in greater quantities. A somewhat lesser known mineral, delafossite 

(CuFe02), may also occur in the zone of oxidation. 

All of the copper oxide minerals may occur near the lower limit 

of an oxidation zone which has been superimposed upon a zone of sulfide 

enrichment. Sillitoe (1969) suggested that delafossite is probably de

posited directly from downward percolating solutions which contain both 

cuprous and ferric ions. He also suggested that these solutions have 
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low activities of bicarbonate and sulfate ions, since copper carbonate 

and sulfate minerals are absent in a delafossite-bearing assemblage. 

Copper Silicate Minerals 

Virtually all of the common copper silicate minerals are varia

tions of chrysocolla, the most widespread of the supergene copper min

erals. The range of chrysocolla composition from Chuquicamata, Chile 

is indicated in Figure A-24 (Newberg, 1967). The color of chrysocolla 

may vary from blue or green to black, indicating the presence of 

manganese. 

Chrysocolla may form at the location of the orig~nal copper min

eral or at a substantial distance from the site of original deposition. 

As indicated in Figure II-II, copper may exist in solution below a pH of 

about six. The solubility of copper is, however, higher at lower pH 

levels. The pH of a copper-bearing solution tends to rise due to reac

tions with gangue minerals as it leaves the vicinity of oxidizing pyrite. 

Cupric ions may then combine with silica from the breakdown of silicate 

minerals, such as feldspars, to form chrysocolla. As pointed out pre

viously, colloidal silica is coagulated when electrolytes neutralize the 

charges on its particles. Silica may also be precipitated from true so

lutions by reactions with specific cations such as Cu++ or CuOH+, as 

suggested by Iler (1955). 

Conditions favoring the reaction of silica with copper to form 

an insoluble hydrated copper silicate appear to be: 1) a low copper con

centration, 2) silica concentrations below those yielded by equilibrium 

with amorphous silica, 3) low concentrations of anions with which copper 
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Figure A-24. The Composition of Chrysoco1la from Chiquicamata, Chile. 
-- After Newberg (1967). 



forms insoluble basic salts, and 4) a moderate to high pH. Starting 

with these basic concepts, Newberg (1967) conducted experiments which 

yielded information concerning the behavior of silica-bearing copper 

solutions. Newberg's results may be summarized as follows: 
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1) Gelatinous blue precipitates, formed by the titration of a cop

per nitrate solution with sodium hydroxide, change in time to 

tenorite. However, precipitates formed in the presence of sodi

um silicate apparently are stable indefinitely. 

2) The precipitates formed in the presence of sodium silicate be

have similarly to chrysocolla; that is, both substances leave an 

insoluble matter of silica when leached with dilute hydrochloric 

acid and both substances yield identical X-ray patterns. 

3) A gelatinous blue precipitate forms and settles when copper ni

trate (low pH) is added to sodium silicate (high pH), while the 

addition of sodium silicate to copper nitrate does not yield a 

visible blue precipitate that settles. Adding the copper solu

tion to the silica solution would involve the introduction of a 

small amount of cupric ion into a high-pH, high-silica environ

ment. Such an environment would favor the formation of CuOH+ 

(Figure A-25) and subsequent reactions with silica to form Cu

O-Si(OH)3+' Polymerization of Cu-O-Si(OH)3+ to form an insolu

ble hydrated copper silicate may then occur. 

This is in agreement with the thesis of Iler (1955) that the formation 

of a metal-hydroxide is an important. step in reactions leading to the 

formation of an insoluble metal silicate. 
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Figure A-25. Stability Fields of Cu++ Solids (Malachite, Tenorite, and 
Cupric Hydroxide) and Total Dissolved Copper. -- After 
Collins (1973). 
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As pointed out by Lovering, Huff, and Almond (1950), copper in 

solution from the oxidation of chalcopyrite and bornite may result in 

the precipitation of chrysocolla as joint fillings. The silica is made 

available along joints and fractures by hydrolysis aided by sulfuric 

acid from the oxidation of pyrite. The copper in solution combines with 

the available silica to form coatings and veinlets of chrysocolla. The 

chrysocolla is frequently found in alternating layers with amorphous si

lica on rock surfaces. 

On the other hand, if the copper is derived from a rapidly erod

ing zone of supergene enriched copper, it may be able to travel a con

siderable distance before it encounters suitable amounts of silica for 

precipitation. "Exotic" chrysocolla deposits are generally found in al

luvial gravels downstream from enriched supergene copper deposits. Ap

parently, sufficient silica is made available in bodies of alluvial 

gravel because of the large surface area exposed to water channeled 

through these zones. These alluvial gravels provide the conditions re

quired for the mechanism proposed by Newberg (1967). 

Manganese is soluble over much of the same Eh-pH range as copper 

(Figure A-26). The presence of manganese would readily permit the for

mation of "copper pitch" which yields the same X-ray pattern as chryso

colla (Throop and Buseck, 1971). This material should probably be clas

sified as a manganese-rich variety of chrysocolla. 

Copper in Other Minerals 

Copper may occur in significant quantities absorbed on clay min

erals. A significant portion of the copper at the Bluebird Mine in 
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Arizona is believed to be absorbed on clay minerals (Powers, personal 

communication, 1973). Experimental work by Heydemann (1959) demonstrat

ed that copper absorption capacity of clay increases in the following 

sequence: kaolinite, illite, and montmorillonit~. The absorption ca

pacity of clay is increased by raising the pH as well as the copper con

centration of a copper-bearing solution. The effect is most pronounced 

with kaolinites and least pronounced with montmorillonite. 

Copper may substitute for either manganese or iron in the min

eral, neotocite (Mn2FeSi40l3·6H20). Neotocite may occur as an altera

tion product of the manganese silicates. It has been found commonly in 

the copper deposits of the Dragoon Mountains of southeastern Arizona 

(Cantor, personal communication, 1975). 

Basis for Further Investigation 

The information presented in this appendix should serve as a 

background for an understanding o~ the series of changes in mineralogy 

that take place in a porphyry copper system exposed to the supergene en

vironment. The sequence of events leading to the development of a vari

ety of types of supergene copper deposits from hypogene porphyry copper 

systems are discussed in Chapter II. 

A more detailed analysis of supergene processes for specific 

mineral assemblages in a specific supergene environment requires a more 

sophisticated approach, especially for the evaluation of irreversible 

reactions. Helgeson, Garrels, and Mackenzie (1969) have presented the 

background and methodology for this approach. 



APPENDIX B 

DIAMOND DRILL HOLE LOGGING FORM 

The most efficient way to explore supergene copper deposits is 

by diamond core drilling, which usually represents the major cost item 

for exploration. However, much of the data which may be obtained from 

diamond core drilling is lost due to improper or incomplete logging 

procedure. 

Most geologists employ terms such as "weak," "moderate," or 

"strong" to describe the intensity of mineralization, alteration, or 

fracturing on logging forms. These terms are often meaningful only to 

the geologist who logged the core. The same terms may also mean differ

ent things to the same person at different times. Therefore, it is de

sirable to quantify the description of the core to as great an extent as 

is efficiently possible. The logging form presented here is an example 

which may be modified to fit the requirements of a specific deposit. It 

may also be used for keypunching directly from the logging form for com

puter processing. 

The logging form presented as Figures B-1 and B-2 consists of the 

column headings with one row of spaces for data recording. A convenient 

arrangement of the headings and the spaces for data recording is illus

trated in Figure B-3. 

The header cards are required only once for each drill hole. The 

column headings required should be self-explanatory. 
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The rock type card can be modified to fit the rock type involved 

in any particular project. The headings illustrated here would be used 

for intrusive igneous rocks. 

The copper mineralogy card is used to estimate the amount of the 

copper represented by different copper minerals to the nearest 1/10%. 

For example, if the total copper in an interval is 1.2%, it may be 0.9% 

chalcocite, 0.1% covellite, and 0.2% cuprite. This type of information 

may be of great significance. for metallurgical studies. The mode of oc

currence may be in the form of disseminations, veinlets, or open frac

ture fillings. 

The alteration mineralogy card is used to determine the altera

tion assemblage. This may be important for metallurgical purposes as 

well as for geological or geophysical interpretation. Pyrite should be 

estimated to the nearest percent. The abundance of other minerals does 

not need to be estimated with the same degree of accuracy, as shown in 

the explanation at the bottom of the figure. 

The last card is the structure and general information card. 

Size of veins and veinlets and their orientation relative to the axis of 

the core should be logged as well as the orientation of bedding, folia

tion, and jointing. The fragment size of the interval will provide in

formation for the blast designers and hydrologists. The Rock Quality 

Designation (RQD) will provide similar information. If the hole is 

drilled at an angle, the orientation of the hole should be logged. The 

bit sizes can be logged as NC, NX, BS, or AX. 
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A set of carefully recorded drill logs should provide the basis 

for the evaluation of any mineral deposit. This is especially important 

for the evaluation of supergene copper deposits for in situ leaching. 



Appendix C 

Risk Analysis Computer Program 

476 . 



C FINANCIAL AND ECONO"IC RISK ANALYSIS PROGRAM - DEC 10 VERSION 
C PREPARED FOR THE KEMMERER COAL CO., KEMMERER, WYOMING 
C SY THE DEPT. OF MINING AND GEOL. ENGRG, 
C UNIVERSITY OF ARIIONAJ TUCSON, ARIIONA 85721 
C DATEI DEC. 31, 1977 
C 

PROGRAM "AINCINPUT,OUTPUT,TAPE1-INPUT,TAPE5·0UTPUT) 
C THIS PROGRM PERFORMS COMPLETE ECONOHIC AND FINANCIAL ANALYSIS 
C OF EITHER MINING VENTURE DECISION OR AN OPERATING MINE 
C 
C HIGHLIGHTS 1-

E l: ~i~tg:~~T ~~:~Eg~li~~J~I~lf~0~~Dct~OgtB6~~~!I~R~~:~~S~~lTCHES 
C FRO" ONE METHOD TO ANOTHER IF USER DESIRES 10 DO SO. 
C 3. SENSITIVITY ANALYSIS ON ANY VARIABLE CAN BE PERFORMED. 

~""""""""""""'$""""""""""""'" •••••••••••••••••• C 
C THIS PROGRAK IS CURRENTLY DIKENSIONED TO HANDLE THE FOLLOWING 
C SITUATIONS 
C 1. "AX. NO. OF STOCHASTIC VARIABLES "SVAR" THAT CAN BE SAMPLED 
C • 30 C 2. KAX. NO. OF DETERHINISTIC VARIABLES "YVAR" WHOSE VALUES ARE 
C INPUT YEAR BY YEAR • 15. 
C 3. "AX. NO. OF PERIODS FOR ANALYSIS INCLUDING THE PRE-PRODUCTION 
C PERIODS • 35 
C 4. "AX. NO. OF SIHULATIONS FOR PROBABILISTIC RISK ANALYSIS 
C • 500 C 50 KAX. NO. OF CHARACTERS USED FOR VARIABLE HEADINGS 
C • 28 
C . 
C •• • •••• ·.·*··.········.······························ ................. . 

C 

CoKHON ISYSTI ICR,IPT,ITT 
COMMON ISVRII ISPT,NC(30),NSC30),SVARC30,5),SNAHEC210),IPPT, 

IPRUBl10,9),NCODEC30),TSVARC30,35) 
COMMON IYVRII lYPT,NY(15),YVARC15,35),YNAKECl05) 
COHMON INAMEI NAHE1IZ0),NAME2CZO),MfSC(2001,UNDC25) 
CUHHON ITIH~I IYBR,KLIFE,NPRE,IYEAR 35),KSPD(35) 
COMHON IDEP IREVNU,GROSS,CF(35' 
CO""~N 10prII NOUT,NDEC,N8UG,NfIN,NSEN,NDPR,NPLOT,NSIM 
COMMON IRATE11 RRATE,FTAXR,FDPLR,SDPLR,CHILR,ROYLM,80NUS 
CUHHON IKINEI NEHP,OPDAy,PRODR,LIFE 
COHMON ISENSI IRUN, IT,IPP,HEAD(ZO),STORC30,4),NCSAVC30) 
COHHON/STATE/ISTAT,ASEST,CLVAL,NEHP1,NEMPZ,AVSAL 

DIMENSION VALUE(30',PVNETC500),DCF(500),CSSIK(500), 
lAl(Z5),A(25) 

DATA SVAR,YVAR,PROB/150'O.O,525'0.0,90'O.OI 
DATA (UNDCIUI,IU.1,Z5'/25.4H •••• , 
DATA ICR,IPT,ITT/1,5,51 
DATA fSPT,IYPT,IPPT,NSMAX,NYHAX,NPKAX/O,O,O,30,15,101 
DATA VBR,KLIFE,NSIH,NPRE/1978,35,1,01 C··· ••• · •.••••• ·.· ••••••• ·· ••••••• ··•·· ••• ···· ••• •••• •••••••.••••••••••• C 

C •••• DESCRIPTION OF INPUT DATA 
C COL. FORKAT NAME DESCRIPTION E··· ...... . .. . • •••••••••• 
C 
C 
C 
C 

CARD ONE. RUN PARAMETER AND OPTION CARD. 
1-2 12 NOUT OPTION TO PRINT OUT THE INPUT DATA AND YEAR 

BY VEAR OUTPUT FOR THE FIRST SIMULATION ONLY 
1 • YES, 0 • NO. 
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~ 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C g 
C 
C 

E 
c 
C 

~ 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
g 

12 

12 

9-10 

11-12 12 

13-l't 12 

NDEC 

NBUG 
NFIN 
NSEN 

NDPR 

NPLOT 

DECISION CRITERIA OPTION SWITCH. 
1 s NET PRESENT VALUE 
2 • DCFROI 
3 • BOTH NPV AND DCFROI 
DEBUG SWITH TO PRINT OUT INTERI" RESULTS. 
1 • YES, 0 • NO. 
OPTION SWITCH. 1 • SXEWJ 2 • CEMENT CU 
1 • YES, 0 • NO. SENSITIVITY ANALYSIS SWITCH. REQUIRES READING 
IN ADDITIONAL DATA FRO" "SENSI". 
1 • YES, 0 • NO. 
DEPRECIATION METHOD OPTION. o • STRAIGHT LINE DEPRECIATION 
1 • DECLINING BALANCE 
2 • SUM OF THE YEARS DIGITS 
3 • USE ALL THREE METHODS. 
PLOTTING OPTIoN.CCURRENTLY NOT ALLOWED) 
1 • YES, 0 • NO. 

CARD TWO. HEADER CARD FOR PROJECT IDENTIFICATION 
1-80 20A~ NAMEl ALPHANUMERIC DESCRIPTION. 

CARD THREE. ADDITIONAL HEADER CARD. 
1-80 ZOA~ NA"EZ ALPHANUMERIC DESCRIPTION. 

CARD FOUR. FLOATING POINT CONSTANTS FOR FINANCIAL ANALYSIS. 
1-5 F5.0 RRATE DISCOUNT RATE TO BE USED IN NPV COMPUTATION 
&-10 F~.O FTAXR FEDERAL INCOME TAX RATE IN FRACTIONS. 

11-15 F5.0 FDPLR FEDERAL DEPLETION ALLOWANCE RATE IN FRACTIONS 
Ib-20 F5.0 SDPLR STATE DEPLETION ALLOWANCE RATE IN FRACTIONS 
21-25 F5.0 CMILR COUNTY MILLAGE 
2b-30 F5.0 OPDAY NUMBER OF OPERATING DAYS PER YEAR (OR PERIOD) 
31-~a FIO.a PRODR DAILY PRODUCTION OF ORE IN TONS. 
~1-50 FI0.0 ROYlM MINIMUM ROYALTY PAYMENT I YEAR IN S. 
51-bO F10.a BONUS BONUS PAYMENT I YEAR IN S. 

CARD FIVE •. INTEGER CONSTANTS. 
1-5 IS NSIM NO. OF DIFFERENT ROYALTY RATES TO CONSIDER 
. WHEN DOING A DETERMINISTIC SINGLE SHOT ANAL. 
b-10 15 KLIFE TOTAL MINE LIFE INCLUDING PRE-PRODUCTION PRO. 

DEfAULT VALUE IS 35, AS CURRENTLY DIMENSIONED 
11-15 15 IYBR THE CALENDAR YEAR FOR THE FIRST YEAR OF MINE 

LIFE. DEFAULT ~ALUE IS 1911. 
1b-20 
21-25 

CARD SIX. 
1-2 
3-~ 
b-10 

11-15 
Ib-20 
21-30 
31-~0 
H-50 

15 
15 

NPRE 
HE"P 

TOTAL NUMBER OF PRE-PRODUCTION YEARS. 
TOTAL NO. OF SIMULATIONS TO BE PREFORMED FOR 
RISK ANALYSIS. CZERO IF NSI" .GT. II 

STATE AND LOCAL VARIABLES 
A2 ISTAT ABREV. OF STATE "INE IS LOCATED IN 
NOT USED 
15 HEMPI NUMBER OF EMPLOYEES MAKING. SbOOO. 
15 NEMPZ NUMBER OF EMPLOYEES MAKING - 'bOOO. 
15 LIFE WRITE-OFF PERIOD CYRS.I FOR DEPRECIABLE ASSETS 
F10.0 ASEST ASSESSED VALUE OF TANGIBLE ASSETS AND PROPERTY 
F10.0 AVSAL AVE. SALARY OF EMPLOYEES MAKING - 5bOOO. 
FI0.0 CLVAL ASSESSED VALUE OF TON OF COAL FOR TAX PURPOSES 

C 
C ••••••••••••••• •••••••••••••••••••••••••••••••••••••• •••••••••••••••••• C •••• READ IN CARD ONE. 

RtADCICR,lOl NOUT,NDEC,NBUG,NFIN,NSEN,NDPR,NPLOT 
10 FORMATUOIZ1 

C •••• READ IN CARDS TWO AND THREE. 
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C 

READ ((CR, 1 HU"E 1 
READ(lCR,l)NA"EZ 

1 FORI1AT(ZOAIt. 
C •••• READ fN CARD fOUR. READ lCR,ZO' RRATE,FTAXR,FOPLR,SOPLR,C"ILR,OPOAY,PRODR,ROYlM,BONUS 
C 
C •••• READ IN CARD FIVE. 

READ(lCR,Zll NSI",KLIFE,IYBR,NPRE,NEMP 
20 FORI1ATlbf5.0,3flO.O' 
21 FORI1ATUOI5) 

C CHECK IF RISK ANALYSIS FOR ONE ROYALTY RATE IS TO BE PERfORMEDJ 
C If SO NEMP .GT. 1J If NOT NEI1P .EG. 0 

IF(NEI1P.GT.O .AND. ,NSI" .GT.11 'GO TO 71t 
00 Z f • 1,KLIfE 
IYEAR II • I + IYBR - 1 

Z CONTINUE 
GO TO 75 

71t WRITECIPRp7b.NE"PlNSIK 
7b FORMAT(" VALUES ~OR NEI1P AND NSIH ARE ",ZI5," THIS IS ILLEGAL"' 

GO TO 99 
C •••• READ IN CARD SIK. 

75 READCICR,ZZ'lSTAT,NE"P1t NE"P2,LlfE,ASEST,AVSAL,CLVAL 
22 fOR"ATCAZ,3X,3I5,3F10.OI 

C C •••• READ 1M VARIABLES BY CALLING SUBROUTINE "READI". 
C 

CALL READI 
C IfCNOUT.GT.O) CALL INOUT 
E •••• CHECK IF SENSITIVITY ANALYSIS IS TO BE PERfORI1ED,If YES READ THE 
C REQUIRED DATA. 

C 

1ST • 1 
NSEN • NSEN + 1 
DO 50 IRUN • 1,NSEN 
IF 'NSEN.EQ,l) GO TO 12 
IFClST.EQ.OI GO TO 15 

DO 25 I • 1,ISPT 
NN • NSUI 

NCSAVeNM' • NceNN' 
DO 25 J • 1,It STOR'NN,J) • SVARCNN,J+I) 
CONTINUE ~5 

C •••• SET "1ST" SWITCH TO ZERO 
1ST • 0 GO TO 12 

15 CALL SENSI 
C 
12 CONTINUE 
C •••• START SIHULATION 

I!lOY • 1 ' 
IF(IRUN .EQ. 1 .ANO. NSEN .GT. 11 GO TO bl 
IF(NEMP .GT. 01NS1" • NEMP 

C 
C 
C 
C 

bl DO bO I • 1, NS1" 
GENERATE ONE VALUE FOR EACH STOCHASTIC VARIABLE WHOSE VALUE 
IS TO REMAIN CONSTANT fRO" YEAR-TO-YEAR DURING THIS ~IMULATION 
RUN. 
00 70 N • 1,ISPT 
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65 
70 

C 
C 
C 

C 
C 

301 

C 302 
302 

C 
C 
C 51 
C 53 
C 

52 

~ 
C 

IFCNCODECN) .GT. 0) GO TO 70 
NL - NSIN' 
NCO- NCIN' 
SVARCNL,1' - 0.0 
CALL RANDOHCNLlNCo) 
DO 65 N2 - 1,3) 
TSYARCNL,N2) - SVARCNL,1) 
CONTINUE 
DETERHINE THE ANNUAL CASH FLOWS. 
CALL ECONOHCHPY,I,CSSI~,IROY'AT,A) 
IFCNDEC.EO.1' GO TO 301 
IFCNDEC.EO.2' GO TO 302 
DETERHINE THE NET PRESENT VALUE AND lOR DISCOUNTED CASH FLOW 
RETURN ON INVESTHENT. 
CALL NETPRVCHPY,PV) 
PVNETCI) - PY 
IF(NDEC.LT.3' GO TO 303 
CALL DCFROICI,DF,CF,NPRE,HPY,NBUG' 
CALL RATECCF,DF,HPy,NPRE,NSI~,I' 
IFCI .LE. ZO .AND. NBUG .GT. 0' GO TO 51 
GO TO 52 
WRITECIPT,S3)CATCKK',KK-t,25) 
FORHATC///,5C/,1X,5F15.2 , 
WRITECIPT,53,CACKK),KK-1,2') 
DCFCI, - OF PVNETCI) - YVARC14,IROY' • 100. 

IFCSYARC18,1' .EO. 3.0' PVNETCI' a PVNETCI'/100. 
IF "HOUT" SWITCH IS ON, PRINT YEAR BY YEAR YALUE S OF THE VARIABLES. 
FOR THE FI~ST SIMULATION ONLY, BY CALLING SUBROUTINE "OTPUT" 

C 303 
303 

IFCI.EO.1.AND.NBUG.GT.0) CALL OTPUT 
IROY - IROY • 1 
I~ CHEHP .GT. 0) IROY • 1 

C 

C 

60 CONTINUE 
IFCNEHP .GT. 0) GO TO 402 
IFCSYARC18,1' .LE. 1.0) WRITECIPT,71' SVARC25,1) 
IFCSVARC18,1' .LE. 2.0 .AHD. SVARC18,1) .GT. 1.0) WRITE'IPT,72) 

1 SVARCZ5,1) 
IFCSYARC18,1) .LE. 3.0 .AND. SVARC18,1) .GT. 2.0) WRITE(IPT,73) 

1 SVARC25,1) 
71 FORHATC1Hl,20X,"SUHHARY OF RESULTS FOR DIFFERENT ROYALTY RATES·, 

1" --- S",F3.0,. U308",I,ZOX,61C"-"),//,30X,"PER CENT OF NoI", 
Z10X,"DCFROI",1,30X,17C"-"),10X,6C"-"» 

72 FoR~ATC1Hl,20X,"SUH"ARY OF RESULTS FOR DIFFERENT ROYALTY RATES", 
1" --- S",F3.0,· U308",/,20X,61C"-"',//,30X,"PER CENT OF GROSS-, 
210X,"DCFRoI",1,30X,17C"-"',10X,6C"-")' 

73 FORHAT'1Hl,20X,"SUHHARY OF RESULTS FOR DIFFERENT ROYALTY RATES", 
1" --- S",F3.0," U308",I,ZOX,61C"-"),//,30X,"HDOLLARS PER YEAR", 
Z10X,"DCFROI",/,30X,17C"-"),10X,6C"-"" 

WRITECIPT,69' CPVNETCI"DCFCI),l - 1,NSIH' 
69 FORHATC30X,F17.0,10X,F6.1,/' 

IFCNEMP .EO. 01 GO TO ItOIt 
fFCNDEC.EO.l' GO TO 401 

L01 FCNDEC.EO.2' GO TO 402 
~ CALL SORTCPVNET,NSIH' 

WRITECIPT,69' CI,PVNETCI',DCFCI',I-l,NSIH' 
CALL DISTRIBCPVNET,1,NSIH,NPLOT) 
IFINDEC.LT.3' GO TO 403 

402 IFCNEMP .E~. l' GO TO 99 
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77 
1e 
63 
64 
62 
19 

403 
404 

SO 
99 

C 

IFCIRUN .EQ. 1 .AND. NSEN .GT. l' GO TO 50 
CALL SORTCDCf,NSIM' 
IFCNSEN .GT. l' GO TO 63 
IF CNFIN .EQ. l' WRITECIPT,77' 
IFCNFIN .EQ. 2' WRITECIPT,7e, 
FORMATC1H1," RISK ANALYSIS RESULTS FOR SXEW OPERATION"' 
FORMATC1Hl," RISK ANALYSIS RESULTS FOR CEMENT CU OPERATION"' 
GO TO 62 
WRITECIPT,64' NSIM 
FORMATC1H1,5X," SORTED OCFROI FDR",I5," SIMULATIONS",/' 
WRITECfPT,19' CI,DCFCI"I·1,NSIM' 
FORMAT 30X,I5,10X,f6.1' 
CALL DISTRIBCDCF,2,NSIH,NPLOT, 
CONTINUE 
CONTINUE 
CUNTINUE 

STOP 
END 
SUBROUTINE READI 
COHHON ISYSTI fCR,IPT,ITT 
COMMON ISVRII SPT,NCC30"NSC30',SVARC30,5"SNAMEC210"IPPT, 

1PROBC10,9',NCODEC30"TSVARC30,35' 
caMMON IYVRII IYPT,NYC15"YVARC15,3",YNAMECI05' 
COMMUN INAMEI NAHE1C20'lNAHEZC20',HISCCZOO',UNDC25' 
COHMON ITIMEI IYBR,KLIFt,NPRE,IYEARC35"KSPDC35' 

481 

COMMON 10PTII NOUT,NDEC,NBUG,NFIN,NSEN,NDPR,NPLOT,NSIM 
COHHON IRATEll RRATe,fTAXR,FDPLR,SDPLR,CHILR,ROYLM,BONUS 
COMMON IHINEI NEMP,OPDAy,PRODR 

DIMENSION IDUHMYCe"KIc",TMPC5' c... DOUBLE PRECISION IDUMMY 
~ ..........................•............................................ 
C 
C 

~ 
C 
C 

~ 
~ 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

SVAR 
NS 
ISPT 
NC 

NCODE 

YVAR 
NY 
IYPT 
IPPT 

• ARRAY FOR STOCHASTIC VARIABLES 
• ARRAY CONTAINING THE STOCHASTIC VARIABLE NUMBERS 
• ~~~~T~~ 5~~~ul~Tla~SSTOCHASTIC VARIABLE STACK. 
• CODE USED TO SPECIFY A GIVEN PROBABILITY DIStRIBUTION 

FOR EACH STOCHAST C VARIABLE. o • NON-STOCHASTIC VARIABLE "YVAR". HENCE, HOT YSED. 
1 • CONSTANT. CVALUE ,NOT USED,NOT USED,NO USED' 

3
2 • NORMAL DIST. IMEAN ,MINIMUM, MAXIMUM, STD. DEV I ' 

• TRIANGULAR CMODE ,MINIMUM, HAXIHUM, NOT USED 
4 • RECTANGULAR CMINIMUM,MAXIMUM,- HOT USED, NOT USED' 
5 • POISSON CMEAN-MIN,MINIMU", MAXIMUM,NOT USED' 
6 • ERLANG CBETA ,MINIMUM, MAXIMUM, ALPHA' 
7 • GAMMA IBETA ,MINIMUM, MAXIMUM, ALPHA' 
S • NOT USED. . 
9 • HISTOGRAM (MINIMUM,CLASS INTERVAL,NO. OF INTERVALS 

,NOT USED' 
• CODE USED TO SPECIFY WHETHER STOCHASTIC VARIABLE 

IS TO BE SAMPLED ONCE AT THE START OF EACH SIMULATION 
OR ANNUALLY DURING THE SIMULATION 

• 0, FOR SAMPLING ONCE AT THE START OF SIMULATION. 
• 1, FOR SAMPLING ANNUALLY DURING SIMULATION. 
• OETERMINISTIC VARIABLE REQUIRING YEARLY INPUT DATA 
• IDENTIFICATION NUMBER OF "YVAR" USED IN COMPUTATIONS 
• POINTER FOR DETERMINISTIC VARIABLE STACK 
• POINTER FOR PROBABILITY STACK. 
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c ••••••••••••• •••••••••••••••••••••••••••••••••••••••• •••••••••••••••••• 29 REAO llCR,25) IDUMMY 
25 FORMATlBAlO) 
C IFlEOFlICR» 47,Z6 

Zb DECODECBO,30,lDUMMY) NCYAR 
C WRITECIPT,45) NCYAR,ISPT,IPPT 
C WRITElITT,4~) NCVAR,ISPT,lPPT 
45 FORMATC3X,"CODE AND INDICES OF VARIABLE ARE ",315) 
30 FORMATlIl) 

IFlNCVAR. EO. 0) GO TO 35 
IFCNCYAR .EO. 8) GO TO 47 

ISPT • ISPT + 1 
IF (ISPT. GT. 301 CALL ERRORll,ISPT) 
I~EG • ISPT • 7 - 6 
lEND • IBEG + 6 
DECODElBO,31,IDUMHY) NClISPT"NCODElISPT',NSlISPT), 

llSVARlNSllSPT),KS"KS-Z,5'llSNAHECIS"IS-IBEG,IEND' 
C WRITElITT,36' NCCISPT"N~lISPT',lSVARCNSCISPT',KS"KS-Z,5', 
C lCSNAHElIS',lS-lBEG,lEND' 
31 FORHATC2Il,IZ,lX,4F10.0,3X,7A4,ZX,IZ' 
36 FORHATCIX,I4,lX,lZ,1X,4F13.3,3X,7A4) 

IF CNSCISPT).LE.0.OR.NSCISPT).GT.30) CALL ERROR C4,NSCISPT" 
IF INCVAR.LT.QI GO TD 29 

C ••••• READ N PROBA8IL TIES FOR HISTOGRAHS 
IPPT - IPPT + 1 
IF (IPPT. GT. 10' CALL ERROR(2,IPPT' 

C 
33 

READ CICR,33' CPROBCIPPT,KS),KS-l,9J 
WRITE CIPT,33' CPROBCIPPT,KS',KS-1,Q, 
FORHATC5X,9F5.0' . 
GD TO 29 

C •••• READ IN YEAR BY YEAR VARIABLES. 
35 IYPT - IYPT +1 

IFCIYPT. GT. 15' CALL ERRORC3,IYPT' 
I~EG - IYPT.7 - 6 
lEND - IBEG + 6 
DECODECBO,34,IDUHHY' NYCIYPT',ICHEK,CYNAHECIS', IS-IBEG,IEND' 
WRITECITT,34, NYIIYPT',ICHEK,IYNAHECIS', IS-IBEG,IEND' 
FORHATCZX,IZ,lX,A4,3bX,3X,7A4, 
IF CNYCIYPT,.LE.O.DR.NYC1YPT,.GT.15' CALL ERROR C5,NYCIYPT" 

C •••• NO~ READ IN YEAR BY YEAR DATA. 

C 
34 

C •••• ZERO THE SWITCHES FOR PERIODS 
DO 46 I - 1,KLIFE 

46 KSPDlI' - 0 C 
41 
40 

44 
C 
43 
47 

4Z 

READ CICR,40' IDITl IKICII,THPCI',1-1,5' 
FOR"ATlA3,ZX,5CIS,fl0.0" 

IFCEOFCICR'I 47,4Z 
IFCIDIT.Eo."END"' GO TO 43 

DD 44 1 - 1,5 
IFCKICII.EO.OI GO TO 44 
KPD - KICI' - IYBR + 1 IFCKPD.LE.O.OR.KPD.GT.KLIFE' CALL ERRORC6,KPDI 
YV&RCNYlIYPT"KPDI - THPCl) 
KSPDCKPD' - 1 
CDNTINUE 
GO TO 41 
IFCICHEK.EO."FILL") CALL FILLCNYCIYPT'I 
GD TO Z9 
CDNTINUE 
RETURN 
END 



C 

~ 

C 

SUBROUTINE FILLlN' 
THIS ROUTINE IS USED TO FILL NOH-INPUT DATA OF DETERMINISTIC 
VAlUABLES. 

COMMON ISYSTI ICR,IPT,ITT 
COMMON IYVRII IYPT,NYI15"YVARl15,35"YNAHEll05' 
CoHMON ITIMEI IYBR,KLIFE,NPRE,IYEARl35"KSPDI35' 

C •••• FIND FIRST NONZERO INPUT PERIOD 
C 
C 
15 

10 

C 

WRITE lIPT,15"KSPDlf'fI-l,KLIFE' 
FORHATl" ---DEBUG PR N OUT---"/(lX,10I5)) 
DO 10 KPD • ltKLIFE 
IFlKSPOlKPD).tO.l) GO TO 20 
YVARIN,KPD) • 0.0 
CONTINUE . 
CALL ERRoR17,O) 

lO K • KPD 
C •••• FIND NEXT ZERO ENTRY IN KSPD 

DO 30 KD-K,KLIFE 
IFlKSPDlKD,.EO.l) GO TO 30 
KF • KD 

30 
ItO 

50 

C 

GO TO ItO 
.CONT INUE 
GO TO 99 
DO 50 K-KD,KLIFE 
IFlKSPDlK,.EO.O) GO TO 50 
KL • K - 1 
GiJ TO 65 
CONTINue 
KL • KLIFE 

C •••• FILL IN MISSING VALUES 
65 DO 70 J - KF,KL 

YVARIN,J' - YVARlN,KF-l' 
70 CONTINUE 

99 

g 
C 
C 

E 
E 
8 
€ 
C 
C 
C 
C 
C 
C 
C 

KPD - KL + 1 
IF(KPD.LT.KLIFE' GO TO 20 
RETURN 
END 
SUBROUTINE ERRORliCODE,IVAL' 

THIS ROUTINE TERMINATES THE RUN, AFTER PRINTING OUT APPROPRIATE 
ERROR MESSAGES. ERROR CODES 1 THRU 6 ARE CALLED FROM 
READI, 7 FROH FILL, AND 8 FROM LOCAL 

CODE 1 - TOTAL NUMBER OF STOCHASTIC VARIABLES INPUT EXCEEDS 
THE MAXIMUM ALLOWED. 

CODE 2 - TOTAL NUHBER OF PROBABILITIES FOR HISTOGRAM EXCEEDS 
THE MAXIMUM ALLOWED. 

CODE 3 - TOTAL NUMBER OF DETERMINISTIC VARIABLES INPUT EXCEEDS 
THE MAXIMUM ALLOWED. 

CODE" - THE VARIABLE NUMBER FOR A STOCHASTIC VARIABLE DOES NOT 
LIE WIT~IN THE ALLOWABLE RANGE FOR INDEXING PURPOSES. 

CODE 5 - THE VARIABLE NUHBER FOR A DETERMINISTIC VARIABLE DOES 
LIE WITHIN THE ALLOWABLE RANGE FOR INDEXING PURPOSES. 

CODE 6 - ERROR IN YEAR DESIGNATION. 
CODE 7 - ERROR IN FILLING THE NOH INPUT VALUES FOR YVAR. 
CODE B - ERROR IN URANIUM PRICE 
COHMON ISYSTI ICR,IPT,ITT 
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c 

C 
C 

110 
C 

GO TO l10, 20,30, ~O, 50, bO, 70, 80,bO, bO' , ICODE 
10 WRITElITT, 11' ICODEt IVAL 
11 FORKATl/5X,"----PROGRAK TERHINATED DUE TO ERROR CODE NO.", 

1/5X,"VALUES OF lCODE,IVAL ARE", 215' 
GO TO 99 

20 WRITElITT, 211 ICODE, IVAL 
21 FORMATl/5X,"----PROGRAH TERHINATED DUE TO ERROR CODE NO.", 

1/5Xt"VALUES DF lCDDE,IVAL ARE", 2151 
GO TD 99 

30 ~RITElITT, 311 lCODE, IVAL 
31 FORHATl/5X,"----PROGRAH TERHINATED DUE TD ERROR CODE NO.", 

1/5Xt"VALUES DF ICDDE,IVAL ARE", 2151 
GO 10 99 

40 WRITElITT, ~11 ICDDE, IVAL 
~1 FORKAT(/5X,"----PROGRAM TERMINATED DUE TO ERROR CODE NO.", 

1/5Xf"VALUES DF ICODE,IVAL ARE", Z151 
GO 0 99 

50 WRITElITT, 511 ICODE, IVAL 
51 FORMATl/5X'"----PROGRAM TERMINATED DUE TO ERROR CODE NO.", 

1/5Xt"VALUES DF lCODE,IVAL ARE", 215' 
GD TO 99 

bO WRITElITT, 61) ICODE, IVAL 
b1 FDRMAT(/5X,"----PROGRAM TERMINATED DUE TD ERROR CODE NO.", 

1/5Xt"~ALUES DF ICODE,IVAL ARE", Z15' 
GD 10 99 

70 WRITECITT, 711 ICDDEl IVAL 
71 FORMATI/5X,"----PROGRAM TERMINATED DUE TD ERROR CODE NO.", 

1/5Xt"VALUES DF ICODE,IVAL ARE", 215' 
GO TD 99 

80 WRITEIITT,81. ICDDE,IVAL 
81 FDRMATI/5X,"----PROGRAM TERHINATED DUE TO ERROR CODE NO.", 

115,1,5X,"U308 PRICE MUST BE WITHIN RANGE OF 30 - 50S.", 
215," WAS VALUE ENCOUNTERED IN suaR. LOCAL.", 

99 CALL EXIT 
RETURN 
END 
SUBROUTINE INDUT 
THIS SUBROUTINE PRINTS OUT THE INPUT DATA USED FDR ECONOMIC 
EVALUATION 
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CDMHDN ISYSTI ICR,IPT,ITT 
CDKHON ISVRII ISPT,NCI30',NSC30"SVARl30,5',SNAHEC210',IPPT, 

1PKOBlIO,9"NCDDEC30"TSVARI30,35' 
CDHHON IYVRII IYPT,NYl\5"YVARI15,35',YNAHEl1051 
CDHHON INAKEI NAHEll20 tNAHEZI201,HlSCCZOO',UNOCZ51 
COHMDN IOEP IREVNU,GROS~,CF'351 
COHKON ITIMEI lYBR,KLIFE,NPRE, YEARC35"KSPDC35' 
COHHON IDPTII NOUTtNDEC,NBUG6NflN,NSEN,NDPRtNPLOT,NSIH 
COMHON IRATE11 RRATE,FTAXR,F PLR,SDPLR,CHILR,ROYLM,BONUS 
COHHON IHINEI NEHP,OPDAy,PRODR 
wRITeCIPT, 5' CUNDIID'tID-I,4' 

5 FORKATIIH1,25X,"--INPUT DATA--"'25X,~A~II' 
WRITECIPT,llO' NAME1,NAMEZ 
FORHATCI1X,20A4/11X,ZOA411' 
WRITElIPT, lZ1' CUNDCIU',IU-1,9', NOUT,NDEC,NBUG,NFIN,NSEN,NDPR, 

INPLOT 
121 FORMATCIIX, "1. OPTION SWITCHES USED FOR THIS RUN. " 111X,9A411 

.Z5X, "INPUT DATA PR NT OPTION ",T65,I3, I 

.Z5X, "DECISION CRITERIA OPTION ",Tb5,I3, I 

.Z5X, "INTE~IH RESULTS PRINT OPTION ",T65,13, I 



C 

C 

C 

C 

3Z 

.25X, "SXEW DR Cy PRECIP OPTION 

.25X, "SENSITIVI Y ANALYSIS OPTION 

.25X, "DEPRECIATION "ETHOD CHOSEN 

.25X, "RESULTS PLOT OPTION 

485 

WRITECIPT, 130) CUNDCIU),IU-I,5), NSI", KLIFE,IYBR, NPRE, NE"P 
130 FOR"ATI//IIX, "2. INTEGER CONSTANTS. "/IIXl~A4/1 

.Z5X, "BASE CASE OPTION ",T65,13, I 

.Z5X, ""AX LIFE OF THE PROJECT ",Tb5,I3, I 

.Z5X, "THE BEGINNING YEAR OF PROJECT ",T60, 18, I 

.25X, "NO. OF PERIODS FOR PRE-PROD. ",T65,I3, I 

.Z5X, "NO. OF SI"ULATIONS ",Tb5,I3, I 

.Z5X, "TOTAL LIFE OF THE PROJECT ",T65,I3, I 

WRITECIPT, 140) CUNDC[U),IU-I,7), RRATE,FTAXR,FDPLR,SDPLR,C"ILR, 
.OPDAY,PROOR,ROYL",BONUS 

140 FOR"ATIII llXl "3. FLOATING POINT CONSTANTS. "/11X,7A411 
.Z5X, "REQUIREO RATE OF RETURN ",T65, F6.3, / 
.Z5X, "FEDERAL INCOKE TAX RATE ",T65, F6.3, / 
.25X, "FED. DEPLETION ALLOWANCE RATE ",T65, F6.3, / 
.Z5X, "STATE DEPLETION ALLOW.RATE ",T65, Fb.3, I 
.Z5X, "NO. OF CELLS 1"N HISTOGRA" ",Tb5, Fb.h I 
.Z5X, "NO. OF OPERATING DAYS I YEAR ",T62, F6.a, , 
.25X, "FLOW RATE IN LITERS/HIN ",T58, FIO.O,I 
.Z5X, "NOT USED ",T~8, FIO.O,I 
.25X, "NOT USED ",T58, FIO.O,I 
WRITECIPT, Zl) CUNOCIU),IU-1,6) 

21 FOR"ATCIIIIX,"4. STOCHASTIC VARIABLES "/I1X,6A411) 
WRITECIPT,3Z) CUNDCIU),IU-It24) 
FORMATC5X," NO. DESCRIPTION ",T3B,"CODE 

1 PARA". 2 PARA". 3 PARAH.4"lbX,25A4) 
DO 40 K-1,ISPT 

IBEG - K • 7 - 6 
lEND - nEG + 6 
WRITECIPT,)I) NSCK),CSHAHECIS),IS-IBEG,IEND),NCCK', 

lCSVAR CNS IK ),KS "KS-2, 5) 
31 FORMATlbX,IZ,lX,7A4,lX,IZ,lX,4FI5.3) 

40 CONTINUE 

ZZ 

33 

35 

lit 
4b 
42 
C 
45 

IFCIYPT.EQ.O) GO TO 45 
WRITEIIPT,2Z) lUNDCIU),IU-1,7) 
FORMATlIIIIX,"5. DETERHINISTIC VARIABLES "/IIX,7A4/) 
DO 42 K- 1, IVPT 
18EG - K • 7 - b 
lEND - IBEG + b 
WRITECfPT,))) NYCK),CYNAHECIS),IS-IBEG,IEND) 
FORHAT IbX,lZ,lX,7A4) 
WR lTE lIP T, 35) 
FORHATllbX,5lZX,"YEAR VALUE 
DO 46 KK-l,KLIFE,5 
KEND • KK + 4 
WRITEIIPT,34' IIYEARlKP"VVARlNYCK"KP),KP • KK,KEND) 
FORHATllbX,5lZX,I4,FI0.3,3X» 
CONTINUE 
CONTINUE 
WRITElIPT, 51) 

51 FORHATl/" END OF 
RE TURN 
END 

SUBROUTINE SENSI 

INPUT DATA") 



E 
C 
C 
C 

10 

THIS ROUTINE IS USED TO REINITIALIZE STOCHASTIC VARIABLES 
AfTER EACH SENSITIVITY ANALYSIS RUN. THIS ROUTINE ALSO READS 
IN NEM DATA FOR THE CURRENT SENSITIVITY ANALYSIS. 

DO 10 I • 1,ISPT 
N • NSCI' NCCN' • NCSAVlN' 
DO 10 J • l,~ 

~
VARCN'J+l' • STORCN,J' 
ONTINUE 
T • 0 

C IPP • 0 
C •••• READ IN STOCHASTIC VARIABLES. 
C THERE KUST BE AN END Of fILE CARD AT THE END OF EACH SET OF 
C SENSITIVITY ANALYSIS DATA. 
Z9 READ CICR,Z" IDUKKV 
Z5 fORKATCSA101 

IfCEOFlICR" 3Z,Z6 
Zb DECOOEC80,30,IDUMMY' NCVAR 

30 FORMATlIl) 
IFlNCVAR. EQ. 0' CALL ERRORle,lT' 
IT • IT + 1 

31 

IF CIT. GT. 30' CALL ERRORC1,IT' 
fBEG • IT • 7 - 6 END. BEG + 6 
OECOOEl80,31,IDUM"V, SNC,SNS,CSSVARCKS"KS·l,~', 

1CSSNAMECKS);~S·1,7' 
FORKATCll,1X,IZ,IX,~fl0.0,3X,7A~' 

NCCSNS) • SNe 
NSCSNS' • SNS 
00 Z10 KS·l,~ 

Z10 SVARCSNS,KS+l) • SSVARCKS' 
IBEG • SNS • 7 - b 
OU Z11 KS-l,7 
SNAKECIBEG) • SSNAMECKS) 

ZII IBEG • IBEG + 1 
IBEG - SNS • 7 - 6 
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lEND - I8EG • 6 
WRITECIPT,3b) NSCSNS),CSNA"ECIS',IS-IBEG,IEND),NCCSNS', 

ICSVARCNSlSHS),KSI,KS-Z,5) 
36 FOR"ATl6X,IZ,IX,7A~,lX,I2,lX,~F15.3) 

IF CNCVAR.LT.9) GO TO 29 
C ••••• READ IN PROBABILITIES FOR HISTOGRAftS 

IPP • IPP • 1 
IF CIPP. GT. 10) CALL ERRORC2,lPP) 

C 
33 

3Z 

C 

READ CICR,33' lPR08CIPP,KS),KS·l,9) 
WRITE C1PT,33' lPROBlIPP,KSI,KS-1,9) 
FORIUTCH .. 9F5.0' 
GO TO Z~ 
RETURN 
END 

SUBROUTINE DISTRIBCCRIT,ft,NSlft,NPLOT) 
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~ THIS SUBROUTINE CO"PUTES AND PRINTS THE PROBABILITY DISTRIBUTION 
OF THE GIVEN DECISION CRITERIA. 

C 

C 

CO"ftON ISYSTI ICR,IPT,ITT 
COftftON ISVRII ISPT,NCC30"NS(30',SVAR(30,5),SNA"EC210),IPPT, 

IPROBCI0,91,NCODE(30),TSVARC30,35) 
COft"ON ITVRII ITPT,NY(15"YYARCI5,35"YHA"ECI05) 
CO"ftON INAftEI NA"EICZOI,NA"EZCZOI,ftISCCZOO),UNDCZ5' 
COftftON IRATEII RRATEtFTAXR,FDPLR,SDPLR,C"ILR,ROYLft,BONUS 
C~ftftOH ISENSI IRUN,I ,IPP,HEAD(20),STORC30,~),NCSAVC301 
OIftENSION CRITC5001,BASDCZ5',PROSACZ3),CPRCZ3',PRGRCZ3) 
DIftENSION JJCELC~O . 
DO 120 I - 1,~0 

1Z0 JJCELCIJ - 0 
WRITECIPT,110' "A"El,HEAO 

110 FOR"ATC1Hl,lOX!ZOA~",10X,ZOA~,'I' 
IFCft.EQ.Z' GO TO 50 
WRITEClPT, ~Z) 

~Z FUR"AT(8X'----------------------------------------+-----------1------------------, WRITEUPT, ltll 
~1 FOR"ATC11X,"PROBABILITY OF ACHIEVING AT LEAST 

lSHOWN",IZX,"I",7X,"NET PRESENT VALUE 1"' 
I"/ZOX,"THE VALUE 

~3 ~~~~ilfC~;"!:!------------------------------------.---------------1--------------. GO TO 5 
50 WRITECIPT, 42' 

C 

c 
C 

C 

C 

C 

WRITECfPT,51) 
51 FOR"AT IIX,"PROBABILITY OF ACHIEVING AT LEAST 

lLUF. SHQWN",lZX,"I",BX,"OCFROI VALUE I" , 
WRlTEllPT, ~3' 

5 AINT - (CRITCNSI"' - CRIT(I)"20.0 
DO 10 I - 1,Z3 
BASDCI) - tRITC11 • (1-2'.AINT 
K - 0 
DO 20 IS - 1,NSI" IHI.EQ.lI 3,lt 



C 

C 

C 
C 
C 

C 

C 
C 
C 
C 

C 
C 
C 

C 

3 CPRU' - 0.0 &0 TO 23 
It IFII.EQ.23' 15,25 

15 CPRIlI - 1.0 
Gil TO 23 

25 IFll.EQ.2' 718 
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7 IFICRITIIS).EQ.BASDCII' 11,12 
8 IFICRITIIS'.GT.BASDIl-11.AND.CRITIISI.LE.aASDII" 11,20 

111(-1(+1 
20 CONTINUE 
12 PROBAII' - FLOATIK'/FLOATINSIM' 

IFII.EQ.lI 21,22 
21 CPRII' - PRoaAII' 

GO TO Z3 
22 CPRIII - CPRll-l1 + PROBAII' 
23 PRGRIIJ - 1.0- CPRII) 

PRINT PROBABILITY DISTRIBUTION OF THE SPECIFIED DECISION CRITE~IA 

WRITEIIPT, 70'PRGRII'lBASDII) 
70 FORMATIF30.3,17X,"I",F20.3," 1"1 
10 CONTINUE 

WRITEIIPT, 1t3' 
CALCULATE "EAN AND Si~ DEY OF DCF YALUES. CALL SUBR. BCSTC 
CALL BCSTCICRIT,NSIM,XBAR,YAR,SDEY' 
WRITEIIPT,71' XBAR,SDEV 

71 FOR"ATIII,5X,""EAH OCF. VALUE -",Fb.2,11,5X,"STAHDARD DEV. -", 
lF7.3' 

CHECK IF THE PROBABILITY DISTRIBUTIONS ARE REQUIRED TO BE PLOTED, 
IF YES, CALL SUBROUTINE GRAPH 
IFINPLOT.GT.O' 75,76 

75 HCELL - CKlLR 
XLOII - CRITll' 
HHWID -ICRITIMSI"' - CRITe1" I C"ILR 
DO 79 I - Il.NSIM 
fPOS - ICRITIII - XLOW'/HHWID + 1 

FIIPOS .GT. NCELL' IPOS - NCELL 
lFlIPIlS .LT. 11 IPOS - 1 
JJCELIIPOS' - JJCELIIPOS' + 1 

79 CONT IHUE 
XLOII • XLOW + HHWID 
CALL GRAPHIJJCEL,HCELL,XLOW,HHWID' 

76 RETURN 
END 
SUBROUTINE SORTeX,H' 
THIS SUBROUTINE SORTS YALUES IN ASCENDING ORDER 
DIKENSION XUOO, 
INTEGER B, S 

B II N ~ 1 
10 S • 1 DO 20 I • 1,B 

IFIXII' - XII + II' 20,20,15 
15T-XII' 

XII' • XII + 11 XII + l' • T 



C 
C 
C 

C 

C 
C 
C 

~ 
C 

C 

ZO ~oNdNUE 
IF(S - 1) Z5,30,Z5 

Z5 B • S - 1 
GO TO 10 

30 RETURN 
END 
SUBROUTINE RATE(CASH,RR,"PV,NPRE,NSI",LSI") 
fOR CALCULATING THE RATE OF RETURN USING THE BISECTION "ETHOD 
DI"ENSION CASH(35) 
CO""ON ISYST' ICR,IPT,ITT 
DO bOO 1 D 1,35 

bOO CASH'I) • CASHel) • 1000. 

10 
ZO 
30 
.. 0 

50 

bO 

70 

. 80 

90 

100 
110 

lZ0 

130 
litO 

NY • NPRE +"PY 
RR •• 00001 
HOLD • 0.0 
PREY • 0.0 
IfLAG • 0 
Z • 0.0 If(RR-l.18) "0, .. 0,20 
WRITE(IPT, 30) 
FORKAT(10X,3 .. HRATE Of RETURN EXCEEDS 118 PERCENT) 
GO TO litO 
DO 50 JJ • 1,NY 
Z • Z + CASHCJJ)*CEXPCRR)-l.)'CRR*eXPCRR*JJ» 
Z • Z • CaSHCJJ)/CC1.0 • RR) •• JJ) 
CONTINUE 
If C Z) 60,140,100 
RATE ESTI"ATE HIGH 
IFCIFLAG .EQ. 1) GO TO 80 
IFCHOLDi 70,70,BO 
HOLD • RR 
RR· RR- 1. 
1FLAG • 1 
GO TO 10 
PREY • HOLD 
HOLD • RR 
AVL • ABSCRR - PREY) 
IF(AVL - .0005) 1~0,1"0,90 
RR • RR - AVL/Z.O 
GO TO 10 
RATE ESTI"ATE LOW 
IFCIFLA; .EQ. 1) GO TO 120 
IFCPREVI 110,110,120 
HOLD • RR 
RR • RR + 1. 
IfLAG • 1 
GO TO 10 
PREY • HOLD 
HOLD • RR 
AVL • ABSCRR - PREVI 
IFCAVL - .0005) 1~0,1"0,130 
Rit • RR • AVL/Z. 
GO TO 10 
RR • RR • 100.0 
lFCNSlK.GT.ll GO TO 51 
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C 

C 

C 
C 
~ 

C 
10 
20 
30 
40 
50 
bO 

70 
80 
C 

lFCLSIH tGT. 41 GO TO 51 
WRITE'IP , ~91 RR 

49 FORMAT'III0X,"DCFROI • ",F10.ll 
51 RETURN 

END 
SUBROUTINE NETPRVCHPY,PVI 
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THIS SUB~OUTINE COMPUTES'NET PRESENT VALUE FOR A DESIRED RATE 
OF RETURN 
COH"ON ISYSTI fCR,IPT,ITT 
CO"MO~ ISVRII SPT,NCC301,NSC30I,SVARC30,51,SNA"ECZIOI,IPPT, 

IPROBIIO,9J,NCODEC30J,TSVARC30,35J 
COMMON IYVRII IYPT,NYC15I,YVAR'15,351,YNAHECI05J 
COM"ON INAMEI NA"EICZOJ1NAHE2C20J,"ISCC200J,UNDC251 
COM"ON IDEP IREVNU,GROSS,CFC35J 
CUMMON ITIMEI IYBR,KLIFE,NPRE,IYEARC351,KSPDC35J 
COMMON 10PTII NOUT,NDEC,NBUG,NFIN,NSEN,NDPR,NPLOT,NSI~ 
COMMON IRATEll RRATE,FTAXR,FDPLR,SDPLR,C"lLR,ROYLH,BONUS 
COMMON IHINEI NE"P,OPDAy,PRODR 
PV • 0.0 
NO • NPRE + MPY 
00 10 IY • 1,ND 
PV • PV + CfCIYI • Cl./CC1.+ RRATEI --IYII 

10 CONTINUE 
IFCNSIM.'T.ll GO TO 30 
WRITECIPT, 201 PV 

20 FORMATCIIIOX,"NET PRESENT VALUE. ",F15.0t 
30 RETURN 

END 
SUBROUTINE RANDOMCN,NCOI 
THIS SUBROUTINE DIRECTS THE VARIABLE VALUES TO DIFFERENT SUBROUTI 
NES TO SAMPLE A VALUE ACCORDING TO THE PROBABILITY OISTRIBUTION. 

DI"ENSION PROBAC91 
COMMON ISYSTI lCRtIPT,ITT 
COMMON ISVRII ISPT,NCC30l,NS(301,SVARf30,5J,SNAHEC210J,IPPT, 

lPROS'10,9J,NCODEC30',TSVARC30,35J 
CO"MON IOPTII NOUT,NDEC,NBUG,NFIN,NSEN,~DPR,NPLOT,NSI~ 
CU""ON ISENSI IRUN,IT,IPP,HEAD'20J,STORC30,~J,NCSAVC30J 
ISTRM • 54321 . 
M • NCO GO TO'10,lO,30,40,50,bO,70,BO,901 H 

VALUE. SVARCN,2' 
GO TO 99 
VALUE. RNORHCN,ISTRMI 
GO TO 99 
VALUE. TRIAGCN,ISTRM' 
GO TO 99 
VALUE. UNfR"CN,ISTRMI 
GO TO 99 
VALUE. NPSSNCN,ISTRMJ 
GO TO 99 
VALUE. ERLNGCN,ISTRM' 
GO TO 99 
VALUE • GAMA CN,ISTRM' 
GO TO 99 



E 
C 
C 

95 
C 

C 

C 

90 AH - SVARCN,Z' 
BH - SVARlN,3) 
THE FOLLO~lHG LOGIC ONLY WORKS WHfN ONE HISTOGRAM IS PRESENT 

IFCNSEN .LE. l' IPLA - IPPT 
F'NSEN .GT. 1) IPLA - IPP 

DO 9~ I - 1,9 
PROBA'I' - PROBCIPLA,I' 
CALL HlSTOCAH,SH,PROBA,VAlUE' 

99 SV~RCN,l' • VALUE 
RETURN 
~~~CiION RNOR"CN,ISTRM' 
COM~ON ISVRll lSPT,NCC30',HSC30',SVARC30,5),SNAMEC210),IPPT, 

IPROB(10,9),NCODfC30),TSVARC30,35) 
SU"80.0 
DO 101 I-1I1Z 

101 SUM-SUIt+ORANDCISTRM' 
V-SUIt-b.O 
RNORIt-V*SVAR(N,5J+SVARCN,2' 
IF CRNORIt-SVARCN,3" 10Z,105,103 

10Z RNORIt-SVAR(N,3J 
103 
104 
105 

GO TO 105 
If CRNDRIt-SVARCN,~" 105,105,104 
RNORIt-SVUlN,4' 
RHURN 
END 
FUNCTION TRIA'CH,ISTR"J 
CO"ltON ISYSTI ICR,IPT,ITT 
COltltON ISVRII ISPT,NC(30),HSC30"SVARC30,5',SNAMEC210',IPPT, 

IPROa(lO,91,NCOOEC30',TSVAR(30,35) 
RN-DRANOC STR"' 

104 BltA-SVARCN,Z,-SVARCN,3J 
CltA-SVARCN,4)-SVARlN,3' 
IF (RN-BltA/CltA) 101,101,102 

101 TRIAG-SVARCN,3'+SQRTlBltA*CHA*RN' . 
GO TO 103 

102 TRIAG-SVARlN,~'-SQRTCCltA*C1.-RN'·CSVARCN,4'-SVARCH,Z" 
1) 

103 RETURN 

101 

END 
fUNCTION UNFR"CN,ISTRIt' 
CO"ltON ISVRII ISPT,NC(30),HSC30"SVARC30,5),SHAltECZ10"IPPT, 
1PROall0~9),NCODEl30',TSVARC30,35' 

ULO - SVU'N,Z)· 
UH I - S V U ,,41< ;; , 
UNFRR-ULO+CUHI-ULO'·ORANOCISTRIt' 
RHURN 
fND 
FUNCTION NPSSN'N,ISTRIt' 
COMMON JSVRII ISPT,NCC30"NS(30),SVARC30,5',SNAHECZ10',IPPT, 

1PROBCIO,9"NCODEC30"TSVARl30,35' 
NPSSN-O 
P-SVARlN,Z' 
IF (P-9.0) 101,101,104 
Y-EXPC-P' 
X-I.O 
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C 

C 

102 
103 
lOt, 

105 

lOb 
107 

101 
102 
103 

10~ 

105 
lOb 
107 

X-UDRAND C ISTRM' 
IF CX-Y) 105,103,103 
NPSSN-NPSSN+1 
GO TO 102 
TEHP-SVARCN,5' 
S~AR(N,5)-SQRTCSV'R!N,2') 
NPSSN-RNORMCN,ISTRH'+.5 
SVAR(N,5)-TEHP 
IF (NPSSN' 10~,105,105 
KK-SVAR(N,3) 
KKK-SIIAR(N,4' 
NPSSN-KK+NPSSN 
IF (NPSSN-KKK' 107,107,10b 
NPSSN-SVUCN,It) 
RETURN 
END 
FUNCTION ERLNGCN,ISTRM) 
COMMON ISVRII ISPT,NCC30"HSC30',SVARC30,5),SNAMECZI0),IPPT, 

1PKOBCI0,9),NCODEC30),TSVARC30,35' 
K-SIIAR(N,5) 
IF CK-1) 101,102,102 
CALL ERRO~ C7~U 
R-1 
00 103 I-t,K 
R-R.DRAND ISTRM) 
ERLNG--SVAR(Nt2'.'LOG(R) 
IF CERLNG-SVAR(N,3)' 104,107,105 
ERLNG-SVUCN,3) 
GO TO 107 
IF CERLNG-SVARCN,~') 107,107,~Ob 
ERLNG-SVAR(N,~' 
RETURN 
END 
FUNCTION GAMACN,ISTRM' 
COMMON ISIIRII ISPT,NCC30',NSC30',SVARC30,5),SNAMECZI0"IPPT, 

1PROBCI0,9),NCODEC30),TSVAR(30,35) 
A-SVAR(N,5) 

C... GAMA-GAHCA,ISTRM'.SVARCN,2' 
C GAMHA FUNCTION IS NOT USED. 

C 

IF CGAMA-SVARCN,3" 101,10~,102 
101 GAMA-SVARCN,3' 

GO TO 10ft 
102 IF CGAHA-SVARCN,It» 10~,101t,103 
103 GAMA-SVARCN,4) 
10" RETURN 

END 
fUNCTION DRANDCISTR") 
DRAND-RANFCO.O) 

C 
C ••••• T~E ABOVE RANDOM NUMBER GENERArING ROUTINE MUST BE CHANGED 
C WHEN DIFFERENT MACHINE IS USED. 
C r~E CURRENT VERSION IS FOR UNIV. OF ARIZ. DEC-10 SYSTEM. 
C 

RETURN 
END 

SUBROUTINE HISTOCAH,BH,PROBA,VALUE) 

4·92 

THIS SUBROUTINE RANDOMLY GENERATES ONE VALUE FROM A GIVEN HISTOGR
AM HAVING BEGINING CLASS LIMIT OF AH,lNTERVAL BETWEEN THE CLASSES 



~ 
C 
C 

C 

OF BH AND PROBABILITY OF I TH CLASS OF PROBlI' 
CAUTION - THERE CAN BE "AXIHU" OF NINE CLASS INTERVAL 
DIMENSION PROBAC9),CUPROBC9',CLASSCq, 

DO 10 t· • 1,9 
CUPROB I' • 0.0 
CLASSll' • 0.0 

10 CONTINUE 
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~ ESTABLISH VALUES CU""ULATIVE PROBABILITY FOR EACH CLASS 
C 

C 

C 

C 

c 
~ 

c 
C 

DO 15 I • 119 
N • 1 
CLASSeI' • AH • N * BH 
IF (1-11 tb, U" 17 

16 CUP~Daei • PROBAeI' 
GO TO 1.5 

17 CUPROalI' • CUPROBeI-l'+PROBACI' 
15 CONTINUE 

'GENERATE A RANDO" NUMBER AND VALUE ASSOSIATED WITH THIS NUHBER. 
X • RANflO.' 
DO 20 I • 1,9 
" • I IFCX - CUPROB CIt' 30,30,20 

20 CONTINUE 
30 IFeH-l' 31,31,32 
31 VALUE • AH + X/CUPROBeH,*BH 

GO TO ~O 

32 VALUE. CLASSe"-I' • eX-CUPROBeH-l"/eCUPROBel't'-CUPROBe"-1". BH 
ItO RETURN 

END 
SUBROUTINE ECONOlteltPY,ISII't,CSSIIt,IROY,AT,A' 
THIS SUBROUTINE COI'tPUTES CASH FLOWS FOR PRE-PRODUCTION AND 
PRODUCTION YEARS. 
OIMENSION DEPSTe35"RNVTCC3~',SALVGe35"WKCAPC35"A(25), 

lAT l2~' 
COHHON ISYSTI ICRtIPT,ITT 
COMMON ISVRII SPT,NC(30),Nse30"SVARC30,5),SNAMEC210"IPPT, 

IPROBlI0,9"NCODEC30"TSVARC30,35' 
COMMON IYVRII IYPT,NYlI5',YVARlI5,35',YNAHECI05' 
CO"MON INAMEI NA"EIC20"NAME2(20,,~ISC(200',UND(25) 
COM"ON ITIMEI IYBR,KLIFE,NPRE,IYEAR(35"KSPDC35' 
COMMON IDEP IREVN¥,GROSS,CFl3~' 
CUMMON IOPTII NOU ,NDEC,NBUG,NFIN,NSEN,NDPR,NPLOT,NSII't 
CUMMON IRATEll RRATE,FTAXR,FDPLR,SDPLR,CHILR,ROYLH,BDNUS 
COMMON '"INE' NEHP,OPDAY,PRODR,LIFE 
COH"ON ISENSI IRUN, IT,IPP,HEADl20',STORl30,~"NCSAVC30' 
COMHON/STATE/ISTAT,ASEST,CLVAL,NE"PI,NEHP2,AVSAL 
REAL NETPR. 
COHPUTE CASHFLOWS FOR PRE-PRODUCTION YEARS 
DO ZOO I • 1,35 
CFCU • 0.0 

200 W~CAPlI' • 0.0 



E 
c 

101 

115 
110 
C 

~ 
~ 

lZO 

CO"PUTE CASH FLOWS FOR PRODUCTION YEARS 
IF 'NBUG. EQ. 0 I GO TO 5 
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IF'ISI" IGT. 41 GO TO 5 
wRITE' PT,IOII 151" 

fOR"AT' IH1,---DEBUG PRINTOUT--SA"PlED VAlUES--SI". NOo",I3,111 
DO 110 I a 1,ISPT 

tBEG • f.7 - fI END. BEG + 6 
WRITE(IPT,t151 NSCIIl'SHA"E'lSI,ISaIBEG,lENO),SVAR'NSrII,ll 
fOR"ATIIX, Z,lX,7A~,F15.3) 
CONTINUE 

OETER"INE NU"BER OF PRODUCTION YEARS 
PRINT HEADING 



C 

C 

E 

C 
C 
C 

C 
C 

CAPEX • 0.0 
CALL STAAITCISI",oEPST,ANVTC,SAlVG) 
IFCNP~E .EO. 01 GO TO 11 
DO 10 J • 1,NPRE 
CAPEX • YVARC1,Jt • YVARC2~JJ + YVARC3,JI 
IFCIYEARCJ' .EO. 19811 CAPEX • CAPEX +CSVARl13,1' • 

lSVARC1~,11/1000.1 
CFlJI • -CAPEX 
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IFCISI" .GT. ~I GO TO 10 
IFCNFIN .EO. II WRITECIPT,75J IYEARlJI,REVNU,PTAX,TRANS,GIF", 

lCAClO,COA~N,CELEC,CGA,OCOST,OEPR,BFIT,FEOTAX,NETPR,CAPEX,CFlJJ 
IFlNFIN .EO. ZI WRITElIPT,75J IYEARlJI,REVNU,SRCHR,PTAX,TRANS, 

IGIF"t lCAC10,CSCRAP,CELEC,C;"OCOST,oEPR,BFIT,FEoTAX,NETPR,CAPEX,CFCJJ 
10 CONTINUE 
11 CALL RATEONlAT,AJ 

"PY • KLIFE - NPRE 
00 20 I • 1, "PY 
00 21 J • I,ISPT 
J2 • NCOoElJ) 
IFCJ2 .EO. 0' GO TO 21 
NL • NSCJ) 
NCO. NCCJJ 
SVARCNl,11 • 0.0 
CALL RANDO"CNL,NCOJ 
12 • f + NPRE TSVAR NL,I2) • SYARCNl,l) 

21 CONTINUE 
lTV • I + NPRE 
REVNU • CACll/JOOO •• SVARC~,lJ' I 1000. 
IFCNFIN .EO. 2 GO TO 12 
~11~s·.CI~lo~ :EX~Yl/l000000 •• SYARl12,lJ' I 1000. 
~IF" • REVNU - PTAX - TRANS 
CO"PUTE COSTS 
CACIo • 1120000000 • SVARC5,lJ • SVARC7,1'J I 1000. 
CURGN. SYARllb,lJ. SYARCI7,1') I 1000. 
CELEC. CCSVARC6,1) • SYARC15,1' • AC1"1000.' • SVARC9,lJ"1000. 
CGA • SVARll~,11 11000. 
OCOST • CACIO + CORGN • CELEC + CGA 
GO TO 13 

12 SACHR • CACII/I000 •• SYARC21,1'1 I 1000. 
PTAX •• 07 • CREVNU - SRCHR, 
TRANS D llbO •• All"1000000 •• 2 • SYARl12,lJ' 11000. 
GIF" • REVNU - SRCHR - PTAX - TRANS 
CO"PUTE COSTS FOR PRECIP "ODEl 
CACIo. 112000000 •• SYARl5,1) + .11'/1000000 •• SVARlb,l" • 

lSYARC7,11 I 1000. 
CSCRAP • lSYARCIO,l' • ACI"I000.' • SYARlll,1'/1000. 
CELEC • SVARC20,1' • SVARl9,1) I 1000. 
CGA • SVARC19,1) I 1000. . 
OCOST • CACID • CSCRAP • CELEC + CGA 

13 IFCOCOST .GT. 'IF") GO TO 400 

GROSS. GIF" - aCOST 
OEPR • oEPSTlITYJ 



20 
C 
10 
C 

60 
!;O 
C 

DO 10 K • 1,ISPT 
N • NS(K) 
I BEG • K • 7 -6 

fEND • lBEG + 6 
X • 1 

DO 20 L • IBEG,IEND 
SVID(N,IX) • SNA"E(L) 
IX • IX + 1 CONTINUE 
CONTINUE 
DO 50 K • 1,lYPT 
N • NYlK) 
I BEG • K • 7 - 6 
lEND • lBEG + 6 
Ix • 1 DO 60 L • IBEG,IEND 
YVIO(N,IX •• YNA"E (L. 
IX • IX + 1 CONTINUE 
CONTINUE 
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~.~ •• SET UP INDICES FOR PAGE NUMBERS. 

C 

110 
115 
C 
120 
121 
C 

125 
100 
C 
C 

127 
C 
C 
C 
130 

C 
70 
90 

C 
~ 
~ 
E 
C 
C 
C 

HCOl - 6 IeOl - 1 
JeOl - NeOl 
P'GE - FlO'TCKlIFE"FlO'TCNCOL' 
NP.G - PAGE 
PAG - NP.G 
fFCJCOl.GT.KLIFE' JCOl - KLIFE 

FCPAG.lT.P'GEJ NP'G - NPAG + 1 
DO 70 IPAG - 1, NP'G 
WRITECfPT,110' N.ME1,NAMEZ 
FORM.T lHl,ZX,ZOA4/3X,ZOA41IJ 
IFCIRUN.GT.1J WRITECIPT,115' IRUN, HEAD 
FORMATC5X," ••••• RUN NUMBER ",I3,ZX'" ••••• "2X,20.41,' 

WRITECIPT,120' CIYEARCKP',KP-ICOL,JColJ 
FORMATC25X," YE.R"tT33,6(9X,I4,2X', 
WRITE(IPT,121' CUNoCIUJ,IU e 1,Z4, 
FoRMATCZ6X,.4,T33,23A4/' 

PRINT OUT THE HAMES .NO YE.RLY V'lUES OF THE STOCHASTIC V.RI.BLES. 
00 125 1 - 1,ISPT 
WRITE(IPT,100'CSVIDCHSCIJ,LJ,l-1,7',CTSVARCHSCI"KP" 

1KP-ICOl,JCOl' 
FORM.TC5X,7A4,6F15.3' 

PRINT OUT THE HAMES AHD YEARLY VALUES FOR THE DETERMINISTIC 
VARIABLES. 
DO 127 I - 1,IYPT wRITECIPT,100J CYVIDCHYCIJ,lJ,l-1,7',CYV.RCNYCI',KP"KP-ICoL,JCol' 

WRITECIPT,130'HPAG, fPAG,KlIFE 
FORMATC" ---DEBUG PR NTOUT--",3I5' 
ICOl - JCOl • 1 
JCUl - JCOl • NCol 
IFCJCOl.GT.KLtFE' JCOL - KLIFE 
IFCIPAG.~T.ZO GO TO 90 
CONTINUE 
RETURH 
END 

SUBROUTINE LoCALCCSlTX,REVHU,GIFM,PoUND' 
THIS SUBROUTINE COMPUTES APPLICABl STATE AND lOCAL TAXES FOR 
A URANIUM MINE IH HEW MEXICO. 

TAXES CONSIDERED' 1. RESOURCES AND PROCESSORS TAX BASED ON 
GROSS S.LES REVENUE. 

2. SEVERANCE TAX BASED ON LBS. U308 PROD. 
AND PRICE. 

3. PROPERTY AND PRODUCTION TAX BASED ON 
ASSESSED VALUATION. 

COMMON ISYSTI ICR,IPT,ITT 
CUHMON ISVRII ISPT,NC(30',NSC30',SVARC30""SHAMECZI0',IPPT, 

1PROB(10,91,NCoDEC30"TSV.RC30,35' 
COMMON IYVRII fYPT,NYC151,YV.RC15,351,YH.ME(105' 
COMMON ITIMEI YBR,KLIFE,NPRE,IYEARC351,KSPDC351 
COMMON lOPTII NOUTtNDEC,NBUG,NFJN,NSEN,NDPR,NPLOT,NSIM 
COMMON IR.TE11 RRATE,FTAXR,FDPlR,SDPLR,CMIlR,ROYlM,BONUS 
COMMON IMINEI HEMP,OPDAy,PRODR 
COHMON/STATE/ISTAT,ASEST,ClVAl,NEHP1,NEMPZ,.VSAl 



C 
C 

C 
C 

C 
C 
C 

C 

C 
C 

C 
C 

C 

C 
C 

COHPUTE RESOURCES' PROCESSORS TAX 
RPTAX • ASEST/100 •• REVNU 

COMPUTE SEVERANCE TAX 
PRICE. SVAR(25,1) 
fPRCE • PRICE 
~(PRICE .GE. 30.0 .AND. PRICE .LE. 40.0) AVSAL • 1.09 + 

1 .09 • CPRICE - 30.0' 
IFIPRICE .GT.~O.O cAND; paICE .LE. 50.0)AVSAL - 1.99 + 

1 .12~. (PRICE - 40.0 
IFCPRICE .LT. 30.0 .0R. PRICE .GT. 50.0'CALL ERRORC8,IPRCE' 
STAX - POUND • AVSAL 
COHPUTE PROPERTY AND PRODUCTION TAX 

PPTAX - REVNU •• 5 •• 5 • CLVAL/1000. 

TOTAL UP STATE , LOCAL TAXES 
CSLTX • RPTAX + STAX + PPTAX 
RETURN 
END 
SU8ROUTINE DEPLN(POUND,GIFM,DfPR,DEPLF,I,ITY,PREF' 

~OMHON ISYSTI ICR,IPT'ITT 
. COHMON ISVRII ISPT,NCC30'lNSC30',SVARC30,5',SNAHEC210"IPPT, 

1P ROB no, 9', NCODE (30', TSV AI( 130,35' 
COMMON IYVRII IYPT,NYI15"YVARI15,35),YNAHEI105' 
CUMHON IDEP IREVNU,GROSS,CFC35' 
COM"ON ITIHEI IYBR,KLIFE,NPRE,IYEARC35"KSPDl35' 
COHMON 10PTII NDUT,NDEC,NBUG,NFIN,NSEN,NDPRtNPLOT.NSIH 
COHHON IRATEll RRATE,FTAXR,FDPLR,SDPLR,CHI1R,ROYLH,BONUS 
COHMON IHINEI NEHP,OPDAY,PRODR 
CO"HON/STATE/ISTAT,ASEST,CLVAL,NEHP1,NEHP2,AVSAL 
PERDEP • GIFH • FDPLR 
FIFDEP -lGROSS - DEPR). 0.5 
DEPLETION CANNOT BE NEGATIVE. 
IFlFIFDEP .LT. 0.0' FIFDEP - 0.0 
IF(PERDEP.GE.FIFDEP' 12,13 

12 DEPLF • FIFDEP 
Gil TO 15 

13 DEPLF • PERDEP 
CALCULATE COST DEPLETION 

15 IFII .GT.1' GO TO 30 
BASIS • 0.0 
DO 20 J • 1 .. NPRE 

20 8ASIS • BASIS + YVARl11,J' 
RESRV • POUND. 12. 

30 PREF • DEPLF - BASIS 
IF (PREF .LT. 0.0' PREF • 0.0 
IFIBASIS .LE. 0.0 .OR. RESRV .LE. 0.0' GO TO 50 
CDPLT. IPDUND/RESRV'. BASIS 
IFCCOPLT .GT. DEPLF) OEPLF - CDPLT 
BASIS. BASIS - DEPLF 
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C 
C 

E 
C 

IFCBASIS tLT. 0.0' BASIS • 0.0 
RESRY • RtSRY - POUND 

50 RETURN 
END 
SUBROUTINE STRAITlfSIH,OEPST,RNVTC,SALVG' 
CUMMON/SYST/ICR,IP , TT 

COHMON /SVRII fSPT,NCC30',NSI30',SVARC30,5"SNA"ECZIO', 
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1 LPPT,PROBCIO,9 ,NCOOEI30',TSVAAI30,35' 
COHHON IYVRII IYPT,NYI15'lYVARC15,35"YNAME 
COMMON 10PTl1 NOUT,NOEC,NSUG~NFIN,NSEN,NOPR,NPLOT,NSI" 
CUMMON ISENSI IRUN,IT,IPP,HEAOC20',STORC30,~',NCSAVI30' 
DIMENSION DNAHEI210'LIYOIC30',AMOUC30',LIFEol30"PCSALC30', 

1IOUM"YlB',IYOSI30',ITCSWI30',DEPSTC35"RNVTCC35"SALVGC35' 
1,OEPI35' 

i~vfcfit'!50.0 
SALVGCI' • 0.0 
DEPCI' m 0.0 

2 oEPSTII' • 0.0 
IFlIRUN .GT. l' GO TO ZO 
IFCISIH .GT. l' GO TO 20 
IDPT - 0 

5 REAolICR,10' IOUHHY 
10 FOR"ATlBA1~' 

IFCEOFIICR"20,30 
30 10PT • IOPT + 1 

IBEG • lOPT • 7 - 6 
lEND • 18EG • 6 
DECOOElBO,~O,IDUH"Y'IYOIIIDPT"AHOUIIDPT',LIFEOIIDPT', 

IPCSALCIoPT',ITCSWCIOPT',IYOSCIoPT',IONA"EIIS',IS-IBEG,lEND' 
~O FORMATI15,FI0.0,I5,F5.0,215,13X,7A~' 

~O TO 5 
20 DO 50 I • 1,IoPT 

IFCI .Eg. 4' AHOUII' • AHOUII' + ISVARI13,1' • SVARI14,1"I000.' 
DAMOU - AHOUlI' - lPCSALCI"100 •• AMOUlI" 
DPYR • OAMOU/FLOATCLIFEOlI)' 
IBEG - IYOSCI) lEND. 18EG + LIFEOlI) -1 
TAKe SALVAGE VALUE IN LAST YEAR OF LIFE .ALSo 
SALVGIIENO' • SALVGlIENDJ + lPCSALIIJ/100. ~ A"OUII •• 
IFCIENO .GT. 35' IEND-35 
GO TO 'ZI,ZZ',NDPR 

21 DO 60 J • IBEG,IEND 
bO DEPSTlJ' • DEPSTIJ. + OPYR 

GO TO 23 
22 DO 61 J m IBEG,IEND 

RLIFE • IEND-J + 1 
DPYR - DAMOU I RLIFE 
OoCL • oAMOU/FLOATILIFED(I.'. 2. 
IFCoP1R .GE. oOCL) oEPIJ •• oPYR 
IFIoPYR .LT. DoCL) DEPIJ' • DoCL 
oAMOU • oAHOU - OEPlJ' 
OEPSTIJ) • DEPSTlJ' • DEPIJ' 

61 CONTINUE 
23 LNTC • IYOIII' 

IFIITCSWII' .Eg. l' RNVTCllNTC' • RNVTCllNTC' + .0333 • 'MoUII' 
IFCITCSWlI) .Eg. 2' RNVTCCLNTC' • RNVTClLNTC' + .08 • A"OUII' 

50 CONTINUE 



C 
C 
C 
C 

C 
C 
C 
C 
C 

C 
C 
C 

C 
C 
C 
C 

AMOUC~J • AMOUC~I - CSVARC13,11 • SVARC14,11/1000.J 
RETUR~ 
END 
SUBROUTINE OBLDECCNPY,TDEPR,IYR) 
THIS SUBROUTINE COMPUTES DEPRECIATION FOR EACH YEAR OF MINE LIFE 
USING DOUBLE DECLINING BALANCE METHOD. 
DIKENSION DEPALC35J,TDEPRC35J,DEPR2C35! 
COKMON ISYSTI ICR,IPT,ITT . 
COMMON ISVRII ISPT,NCC30I,NS(30),SVARC30,5J,SNAKEC2101,IPPT, 

IPROBCIO,91,HCODE(30),TSVARC30,351 
COKMON IYVRII IYPT,NYI151,YVARCI5,35ItYNAKECI051 
COKMON ITIHEI IYBR,KL FE,NPRE,IYEARC3",KSPDC35 
COKKON IOPTII NOUTtNDEC,NBUG,NFINtNSEN,NDP~'NPLOT,NSIM 
COMhON IRATEll RRATE,FTAXR,FDPLR,5DPLR,CHILR,ROYLK,BONUS 
COKHON IKINEI NEHP,OPDAy,PRODR,LIFE 

FIRST CoKPUTE THE DEPREe. FOR THE EOUIPMENT BOUGHT 
DURING THE PRE-PRODUCTION PERIOD. 
IFCIYR .GT. 11 GO TO 20 
DO 5 I • 1,NPY 

5 TDEPRCII· 0.0 
TDV • 0.0 
DO 10 I • 1,NPRE 

10 TOV. TOV + CYVARC2,IJ • 1000.0) 
BASE • TDV DO 15 I • 1,LIFE 
TOEPRCIJ • CBASE , LIFEJ • 2.0 
BASE • BASE - TDEPRCIJ 

15 CONTINUE 
GO TO 100 

NOW COMPUTE THE DEPREC. FOR EO¥IPKENT BOUGHT LATER 
DURING THE KINE LIFE AND ADD I IN. 

20 

2~ 
100 

ITY • IYR +NPRE 
BASE2 • YVARC4,ITYJ • 1000.0 
11 • IYR + LIFE 
IFCII .GT. NPYi II • NPY 
00 25 I • IYR, 1 
IFCI .EO. IYRJ GO TO 25 
DEPR2CI) • CBASE2 , LfFEJ • Z.O 
BASE2 • BASE2 - DEPR2 II 
TDEPRCll • TDEPRCll + DEPRZCII 
CONTINUE 
RETURN 
END 
SUBROUTINE SUKYRCKPy,TDEPR,IYRI 
THIS SUBROUTINE COKPUTES DEPRECIATION FOR EACH YEAR OF KINE LIFE 
USING SUM OF THE YEARS METHOD. 
DIMENSION OEPALC35J,TDEPRC35J,DEPR2C351 
COMKoN ISYSTI ICR,IPT,ITT 
COMMON ISVRII ISPT,NCC30J,NSC301,SVARC30,5J,SNAKEC2101,IPPT, 

1PROBIIO,91,NCODE(30),TSVARI30,351 
COKMoN IYVRII IYPT,NY(15),YVARl15,351,YNAKECI051 
COMKON ITIMEI IYBR,KLIFE,NPRE,IYEARC351,KSPDC351 
COMHON 10PTII NOUT,NDEC,NBUG,NFIN,NSEN,NOPR,NPLDT,NSIM 
COMMON IRAT~l' RRATE,FTAXR,FOPLR,SDPLR,CHILR,ROYLK,BONUS 
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C 
C 

C 
C 

~ 

C 
C 

C 
C 
C 
C 
C 

C 
C 
C 

C 
C 
C 
C 

C 
C 
C 

COHHON IHINEI NEHP,OPDAy,PRODR,LIFE 
SUM THE YEARS 
IF(IYR .GT. I) GO TO ZO 
NSUM • 0 
DO 5 I Ii 1,LIFE 
NSUM • NSUH +1 

5 CONTINUE 
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COMPUTE TOTAL INVESTMENT AND DEPRECIATION BASE FOR THE EQUIPMENT 
BOUGHT DURING THE PRE-PRODUCTION PERIOD. 
00 10 I • 1,NPRE 

10 TOV. TDV + (VVARCZ,I' • 1000.0' 
BASE • TDV 
DO 12 I • 1,MPY 

12 TOEPR(I'. 0.0 
DO 15 I • 1,LIFE 
RATE • FLOAT(LIFE • 1 - I' I FLOATCNSUM' 

15 TDEPRCI' u BAse. RATE 
GO TO 100 

NOW COMPUTE THE DEPREC. fOR EQUIPMENT BOUGHT LATER DURING 
THE HINE LIFE. 

ZO lTV· IVR • NPRE 
8ASE2 • YVARC4tITY, • 1000.0 
11 • IYR • LIFt 
IFCIl lGr. HPY' II • MPY DO 25 • IYR,11 
IfCI .E~. IYR) GO TO 25 
RATE. rLOATCLIFE • 1 -I' I FLOATCNSUM' 
DEPRZCI' • BASEZ • RATE 
TDEPR( , • TDEPRCI' • DEPRZeI' 

25 CONTINUE 
100 . RETURN 

END 
SUBROUTINE ROyeREVNUfGIfH,GROSS,ROVAL,IROY' 
COHMON ISYSTI ICR,IP ,ITT 
CuHMON ISVRII ISPT,NCC30',NSC30',SVARC30,5',SNAHECZ10),IPPT, 

lPROB(10,9),NCODEe30"TSVARC30,35) 
COHHON IYVRII IYPT,NYCl5),YVARCl5,35"YNAMEII05) 
GO TO REQUESTED ROYALTY SCHEME . 
SVARC18,1' • 1.0 IMPLIES l OF NOI BASIS 
SYARC18,1' • Z.O IMPLIES l OF GROSS REVENUE BASIS 
S~ARC18,1' • 3.0 IMPLIES S PER YEAR BASIS 
IFCSVAR(18,1' .LE. 1.0' GO TO 10 
IFCSVARe18,1) .LE. 2.0' GO TO 20 
S PER YEAR BASIS 
ROYAL • YVARel~,IROY' 
RETURN 

l OF NOI BASIS 
10 ROYAL • GROSS • YVARC1~,IROY' 

RETURN 
l OF GROSS REVENU~'BASIS 



C 

20 ROlAL • REVNU • YVAR'l~,IROY) 
RE URN 

116 

117 
118 

119 

120 
121 
122 
12.3 

12~ 
125 

END 
SUBROUTINE GRAPHCJJCELtNCELL,XLOW,HHWID) 
COMMON ISYSTI ICR,IPT,ITT 
COMMON INAMEI NA"EI1Z0),NAHE2(ZO),HISCIZOO),UND(Z5) 
COMMON ISENSI IRUN,IT,IPP,HEADIZO),STORI30,~),NCSAVl30) 
DIMENSION JJCEL(1),NOUTI50) 
DATA IPLUS,IBLNK,IAST,ICEE/IH+,IH ,IH.,lHCI 
N'OT • 0 
DO 116 K • 1,NCELL 
NTOT • NTOT + JJCELIK) 
XTOT • NTOT WRITEIIPT,lZ9) NAME1,HEAD 
IFINTOT) 117,t17,118 
WiU TE CI PT, 130 
RETURN 
CUML • O. 
DO 125 J • 1,NCELL 
RELA • FLOATIJJCELCJ,"XTOT 
CUML • CU"L + RELA 
MR • RELA • 50. + .5 
HC • CUHL • 50 ••• 5 
DO IB N • 1,50 
NOUTCN) • IBLNK 
NOUTl50' • IPLUS 
iF (HC .GE. I) NOUTI"C, • ICEE 

F IHR, 12Z,122,IZ0 
DO lZ1 N • I,HR 
NOUTCN' • lAST 
IFIJ - NCELL' 123l124,125 wR TEIIPT,13Z' JJ~ELIJ1.RELA,CUHL,XLDW,NOUT 
XLOW • XLOW + HHWID 
GO TO 125 
WRITECIPT,131' JJCELIJ),RELA,CUHL,NOUT 
CONTlNUE 
WRITelIPT,133' NTOT 
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C 
C 
C 
C 
C g 
C 
C 
C 
C 
C 

GMU2SQ • GMU2.GMUZ 
XBAR • SUM'I'/AN 
VAR • GMUZ/,AN.,AN-l." 
SDEV • SQRT'YAR) 
R~TURN 
END 
SUBROUTINE RAIEQNIAT,A' 
COMMON/SYST/ CR, PT,ITT 
COMMON/SYRI/ ISPT,NC'30J,NS'30J,SVAR'30,5',SNAHE'Z10',IPPT, 

IPROB'10,9',NCODE(30),TSVAR'30,35' 
COMMON/MINEI NEMP,OPDAy,PRODR,LIFE 
DIMENSION .CZ5"A"Z5' 

CALCULATE GRAMS OF CU PRODUCED PER YEAR USING INPUT VARIABLES' 
SYAR'l,l' • E • TOTAL RESERVE IN KG OF CU 
SVAR'Z,l' • RECOVERY IN PER CENT 
SYARC3,1' • XO • INIT AL CU CINC IN GRAMS/LITER 
PRODR • F • FLOW RATE IN LITERS / HIN 
OPDAY • OPERATING DAYS / YR 
SVAR,18,1' • OPERATING "INUTES / DAY 

GRSRV • SVARC1,1' • SVARCZ,l' • 10. 
YEARF • SVARC3,l' • PRODR • SVAR'18,1' • OPDAY 
RESF • (GRSRV - YEARF) / GRSRV 
DO 10 1 • 1,Z5 

10 ATCI' • CYEARF • C1-RESF •• I') I (1-RESF) 
'11' • AT'I) 
00 ZO 1 • 2,Z5 

ZO A'I) • ATCI) - ATe 1-1) 
RETURN 
END 
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