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IN SITU RECOVERY OF COPPER FROM SULFIDE ORE BODIES
FOLLOWING NUCLEAR FRACTURING

Joe B. Rosenbaumi/ and W. A. McKinneyf-/

ABSTRACT

Leaching now yields about 12 percent of the Nation's annual new copper
production. About 200,000 tons of copper a year is being won by heap and
vat leaching of ore, dump leaching of waste, and in-place leaching of caved
underground workings. Although in-place leaching was practiced as long ago
as the 15th century, it is little used and contributes only a few percent of
the total leach copper production. Current technology in this area is
exemplified by practice at the Miami, Ariz., mine of the Miami Copper Co.

Despite its limited use, the concept of extracting copper by in-place
leaching without physically mining and transporting the ore continues to
present intriguing cost saving possibilities. Project SLOOP has been
proposed as an experiment to test the feasibility of nuclear fracturing and
acid leaching the oxidized portion of a deep ore body near Safford, Ariz.
However, the bulk of the copper in deep ore deposits occurs as sulfide
minerals that are not easily soluble in acid solutions.

This paper explores the concept of in-place leaching of nuclear fractured,,
deeply buried copper sulfide deposits. On the assumption that fracturing of
rock and solution injection and collection would be feasible, an assessment is
made of solution systems that might be employed for the different copper
sulfide minerals in porphyry ore bodies. These include the conventional ferric
sulfate-sulfuric acid systems and combinations of sulfide mineral oxidants
and different acids.
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INTRODUCTION

The feasibility of Project SLOOP,, an experiment to investigate nuclear
fracturing and in-place leaching of copper from a "buried oxide ore body, is
being considered as a joint undertaking of the Kennecott Copper Co., the
Atomic Energy Commission, and the Interior Department's Bureau of Mines. The
project is described in a report issued by the Atomic Energy Commission in
June 1967 (lj^)«^/ A 20-kiloton blast, to be followed by leaching of the
oxidized copper minerals from the chimney and surrounding fractured zone by
sulfuric acid solution, is contemplated.

The Safford, Ariz., copper ore body contains about 900 million tons of
oxidized ore overlying an equal or greater tonnage of ore in mixed oxide-
sulfide, and sulfide ore zones. Oxidized copper minerals, such as those in
the Safford deposit, are soluble in dilute sulfuric acid solution. Vat
leaching tests by Kennecott of oxide ore from underground development showed
70 to 80 percent of the copper was extracted in 7 days from ore crushed to
pass a 3/Q-lnch screen. Although about half of the copper in the Safford
deposit occurs as readily acid soluble, oxidized minerals, the copper in most
deep U. S. deposits that might be fractured by a nuclear explosion is present
as relatively acid insoluble sulfide minerals.

Dilute sulfuric acid solution alone is not an effective solvent for copper
sulfide minerals; oxidation of the sulfides to copper oxide or sulfate must
first take place. Air and ferric iron are the oxidants used in leaching
sulfide copper from waste dumps and caved mine workings. Bacteria present
in all dumps and mines accelerate the oxidation of sulfides by air. They are
most effective at temperatures of 35° C and a solution pH of 2.0 to 2.5
(8, 13.). When utilizing conventional dump and caved ore leaching practice,
the sulfide minerals are dissolved at a rate 100- to 1,000-fold slower than
the oxide minerals. The slowness with which sulfide minerals dissolve must
be seriously considered in assessing the feasibility of underground fracturing
and in-place leaching of copper deposits. In the absence of directly
applicable field experience in leaching copper from broken and fractured
in-place sulfide minerals, some useful guidance in projecting copper recovery
from a nuclear experiment may be derived from waste dump and caved mine
leaching technology.

This paper presents a capsule review of current copper leaching technology
and knowledge with emphasis on those aspects that appear relevant to in-place
leaching of sulfide copper minerals.

COPPER LEACHING PRACTICE

Leaching of copper, followed by cementation on iron, direct electrolysis, or
solvent extraction in conjunction with electrolysis, now yields about 200,000
tons of copper a year in the Western United States. One or more leaching
methods--vat, heap, dump, or in-place--are practiced at about 20 locations.

Vat leaching comprises the percolating of dilute sulfuric acid through
crushed and sized oxidized ore that is bedded in rectangular tanks with a
filter bottom. Slimes made in crushing may be agglomerated and leached with
the coarse material or leached separately by agitation. The leach cycle is
hours in the agitator and 1 to 2 weeks in the vats.

3/ Underlined numbers in parentheses refer to items in the list of
references at the end of this report.
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Heap leaching is used principally for dilute sulfuric acid leaching of copper
from uncrushed porous, oxidized ore that has been piled on prepared drainage
pads. The leach cycle duration is in months.

Dump leaching is used to extract copper from low tenor uncrushed strip waste
material that must be moved during mining. Both oxide and sulfide minerals
in the waste rock may dissolve during years of exposure to oxidizing
solutions of dilute sulfuric acid.

In-place leaching is employed to extract copper from broken low grade rock
in and overlying a now abandoned copper mine. As with dump leaching, the
cycle duration is in years. There is thus time for the oxidation and
dissolution of sulfide minerals.

Of the leaching methods currently employed, only dump and in-place leaching
are used to dissolve copper sulfides. These methods rely on air for the
requisite oxidation reactions.

Waste dumps are roughly analagous to the rubble chimney from a nuclear
explosive in that both contain masses of broken rock ranging in size from
dust to large boulders. An essential difference is that the dump has free
access to air at all exposed surfaces, whereas the latter is enclosed in an
underground tomb. Current in-place leaching sites also"contain rubble like
that in a chimney; furthermore, the broken rock is essentially buried. Such
sites differ from the chimney in that large surface areas and extensive
underground workings are exposed to air. Neither dumps nor present in-place
mine sites bear significant resemblance to the fractured zone that surrounds
the chimney and contains most of the ore to be leached in a nuclear
experiment.

Individual dumps range in size from about 5 million tons in Duval's Mineral
Park operation, to over a billion tons in the largest dump at Kennecott's
Bingham Canyon mine. Sulfide mineralization in U. S. dumps ranges from
predominantly chalcocite to predominantly chalcopyrite. The former is the
easiest and the latter the most difficult copper mineral to dissolve.

In conventional dump leaching, the solution used is a dilute sulfuric acid
containing iron sulfates. After passage through the dump, the copper is
cemented on iron and the solution then reacidified, if necessary, and recycled
to the dump. The solution is introduced on or into dumps by spraying, by
flooding, or by using vertical perforated pipes. Solution flow rates vary
with the dump height, permeability, and copper mineral content, but are
ordinarily adjusted to yield a copper concentration of about 1 gram per liter
or 8 pounds per 1,000 gallons in the dump effluent. After several weeks or
months of continuous leaching and declining copper yield, leaching is recessed
and the dump or section of dump rested for several months. The dump remains
moist and oxidation of sulfide minerals continues during the rest period.

Dumps settle and compact on aging. Acid leaching has been likened to an
accelerated weathering process and clays that are formed along with the
hydrolysis products of ferric and aluminum sulfates tend to plug the dump.
Permeability rates have been reported to range from 2hO gallons per square
foot per day in a new dump to JO gallons per square foot per day after years
of leaching (9_)«

Although solution composition data from operating dumps are widely variable,
the analyses in table I generally characterizes precipitation plant barren,
dump influent, and dump effluent solutions.
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TABLE I. - Analysis of dump solutions

Chalcocite mineralization Chalcopyrite mineralization
grams per liter grams per liter

pH Cu Fe+2 Fe+3 pH Cu

Precipitation
plant barren

Dump influent
Dump effluent

3.
2 .

k
0

k

0 .

1.

01
01
2

2
2
0 . 1

0
0
1

3-
2 .
2 .

0
8
k

0 .

1 .

05
05
2

7
7
3

0
0
1.5

Of significance is the showing that ferrous iron is oxidized and acid
generated concurrent with copper dissolution as the solution flows through
the dump. This is indicative of widespread air penetration into the dump
to effect the oxidation of sulfides and ferrous ion. Oxygen dissolved in
the solution entering the dump is too low to be of importance in the
oxidation reactions. Over a pound of iron goes into solution for each pound
of'copper cemented. Unless holding tanks or reservoirs are provided on the
surface for oxidation, precipitation, and removal of the added iron,
hydrolysis with precipitation of the added iron occurs in the dump.

In-place leaching was formerly practiced in caved stopes at the Ohio mine,
Bingham Canyon, Utah, and in worked-out areas of the Ray mines in Arizona.
The only current example of in-place leaching is the Miami mine in Arizona.
At Miami, acid solution from the copper cementation plant is distributed by
sprays on the subsided surface overlying the block caved area. Leach
solution percolates through 600 feet of broken rock to a collection reservoir
in the old mine. From there it is pumped to a surface plant for cementation
of the copper on shredded iron cans.

Most of the copper, in the form of mixed oxides and sulfides, occurs in the
lower 150 feet of the rubble column. More acid is added to the precipitation
plant effluent than is customary in dump leaching. The resultant pH of liquor
to the rubble is l.k. Liquor from the rubble is at pH 2.k. and contains about
2 grams per liter copper and 1 gram per liter each of ferrous and ferric iron.
As in dump leaching, oxidation by air plays a dominant role. Also, as in dump
leaching, over a pound of iron is precipitated in the rubble column for each
pound of copper removed.

Copper leaching practices in the Western United States are comprehensively
described in a recent Bureau of Mines publication (ll).

AIR AND FERRIC SULFATE OXIDATION OF SULFIDES

In addition to the principal copper sulfides, chalcocite, and chalcopyrite,
copper sulfide deposits contain minor amounts of bornite and covellite.
Also, the iron sulfide, pyrite, or the related form pyrrhotite, almost
always occurs in copper sulfide mineral deposits. The chemical formulas for
these minerals are shown in table II.

Inspection of the chemical formula for these minerals shows that chalcocite
and bornite are deficient in sulfur for the formation of cupric sulfate.
This means that pyrite or added sulfuric acid must be present for the
complete dissolution of chalcocite and bornite. Both "bornite and covellite
are less soluble than chalcocite and more soluble than chalcopyrite in
typical dump leach solution. This discussion of chemical reactions and rates
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will "be confined, therefore, to the principal copper sulfide minerals,
chalcocite and chalcopyrite with brief mention of pyrite, which has an
accessory role in copper sulfide mineral dissolution.

TABLE II. - Chemical composition of copper and iron sulfides

Pyrite
Pyrrhotite
Chalcocite
Bornite
Covellite
Chalcopyrite

FeS 2

Fen_j|_Sn
Cu2S
Cu5FeS4

CuS
CuFeS2

Cu

_

-
80
63
66
35

Analysis, percent
Fe

Variable
_

11
-
30

S

53
Variable

20
26
3̂
35

As mentioned previously, air is the oxidizing media in conventional dump and
caved mine leaching. In addition to the direct oxidation of sulfides,
oxygen from the air converts ferrous to ferric ion, and the ferric sulfate
in turn oxidizes copper sulfide minerals. Oxidation by injection of liquid
oxygen into dumps has been tried experimentally but has not been adopted in
practice.

The classic early work on reactions involving copper sulfides was by Sullivan
(12) in 1933* I n recent years, numerous investigators, including Forward and
Warren (_5), Woodcock (l6_f 17)J Thomas (l^), and Dutrizac (2_), have explored
and explained the dissolution of sulfide minerals.

To minimize problems in duplicating test data that arise from the
heterogeneity of mineral deposits and diversity of behavior of ostensibly
identical mineral species, synthetic copper minerals were used in some of
the laboratory studies. Tables III, IV, and V show the principal reactions
that are believed to occur in dilute sulfuric acid leaching of pyrite,
chalcocite, and chalcopyrite with air and ferric iron as oxidants. Actual
mechanisms probably involve other intermediate and side reactions.

TABLE III. - Oxygen and ferric sulfate leaching of pyri~be

FeS2 + 3-1/2 0 2 + H20 ?• FeS04 + H2S04 (l)

2FeS04 + 1/2 0 2 + H2SO4 > Fe2(S04)3 + H20 (2)

FeS2 + Fe2(S04)3 * 3FeS04 + 2S (3)

2S + 302 + 2H20 ^ 2H2S04 {k)

Fe2(S04)3 + 6H20 > 2Fe(0H)3 + 3H2S04 (5)
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TABLE IV. - Acid and ferric sulfate leaching of chalcocite

^Cu2S + 0 2 ^ ^CuS + 2Cu2O (6)

Cu2S + 202 => CuSO4 + Cu (7)

Cu2O + H2SO4 > CuSO4 + Cu + H20 (8)

Cu + 1/2 0 2 + H2SO4 3* CuSO4 + H20 (9)

Cu2S + Fe(SO4)3 » CuS + CuSO4 + 2FeS04 (lO)

CuS + Fe2(SO4)3 * CuSO4 + 2FeSO4 + S (ll)

TABLE V. - Acid and ferric sulfate leaching of chalcopyrite

CuFeS2 + kO2 » CuSO4 + FeSO4 (12)

CuFeS2 + 2Fe2(SO4)3 > CuSO4 + 5FeS04 + 2S (13)

Equations 1 through 5_, respectively, show (l) oxidation of pyrite by oxygen
to form ferrous sulfate and sulfuric acid, (2) oxygenation of ferrous sulfate
to ferric sulfate,, (3) attack of pyrite by ferric sulfate to yield'ferrous
sulfate and elemental sulfur, (4) oxygenation of sulfur to make sulfuric acid,
and (5) hydrolysis of ferric sulfate to precipitate iron hydroxide and
liberate sulfuric acid. The net result of pyrite oxidation is to furnish
acid and ferric sulfate for dissolution of copper minerals. All the reactions
are speeded by increasing temperature. The precipitation of ferric hydroxide
(reaction 5) occurs at pH of about 2.8 or higher. Once the ferric hydroxide
dehydrates in a dump, it resists resolution even at a pH as low as 2.

The equations in table IV shows chalcocite reacts in stages with either oxygen
or ferric sulfate. Equation 9 shows the oxygenation and dissolution of
elemental copper formed in reactions 7 a^d 8. Ferric sulfate solution also
oxidizes and dissolves elemental copper as shown by Wadsworth (3-5). Covellite
if formed in the first stage reaction of chalcocite with ferric sulfate. The
second stage reaction is slower as ferric ion must diffuse in and cupric and
ferrous ions out through a thickening layer of sulfur on the covellite surface.
The system is further complicated by slow oxidation of the sulfur film to
sulfuric acid. Significantly, covellite freshly formed in the first stage
oxidation of chalcocite is much easier to oxidize and dissolve than natural
covellite.

Despite the apparent simplicity of equations 12 and 13 in table V, the attack
of oxygen and ferric sulfate on chalcopyrite is much slower than on chalcocite.
As with the covellite oxidation (reaction 11), the speed appears to be limited-
by diffusion through a thickening film of sulfur on the mineral surface.

Laboratory studies on the dissolution rates of copper sulfides have generally
been conducted on finely ground minerals in vigorously agitated pulps.
Although such laboratory studies do not simulate leaching dump and caved
materials, the results do delineate some of the essential conditions for
leaching copper sulfide mineral. In general, the leach solution should have a
pH of about 2.5 or less, and contain about 2 grams ferric iron per liter.
Maximum aeration is desirable and increasing temperature markedly speeds the
oxidation and leach reaction. Unless precautions are taken to sterilize the
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mineral samples, bacteria that catalyze the air oxidation of sulfides are

always present. The bacteria are destroyed at a temperature over ^5° C and

are feeble workers in the cold.

Only speculative data is available on the rate of copper leaching from dumps

and caved mines. This is because the copper content of mining waste in the

dump or left in a caved area is imperfectly known, and sampling of a dump

to determine its copper content is impractical. During the first year of

leaching, dumps containing some oxides may yield an estimated 20 percent of

the copper. Thereafter, chalcocite dumps may leach at a rate of about 5 to

10 percent a year, and chalcopyrite dumps at 1 to 2 percent a year.

The set-up we used in experimental leaching of waste dump samples is pictured

in figure 1. Rock, in size from powder to 2 feet, was obtained from waste

dumps representative of predominantly chalcocite, predominantly chalcopyrite,

and all chalcopyrite mineralization. Each drum was loaded with 550 to 600

pounds of rock. A head analysis of 0.21 percent copper is being used in

calculating extraction from the chalcocite-type waste, which is still being

leached. Head assays of O.38 percent copper-were calculated for the

chalcopyrite-type samples based on leach residue analysis and amount of copper

dissolved.

Sulfuric acid solutions at pH 2 and containing 2 to k grams per liter ferric

iron were percolated through the rock at a rate of 26 gallons per square foot

per day. The tests were conducted at ambient temperature of about 25° C.

Our microbiologist determined that suitable bacteria were present. When the

copper content of the effluent solution reached 1 gram per liter, a fresh

acid-ferric sulfate solution was substituted. The effluent also contained

k to 9 grams Fe
+ 3
 per liter and 1 to h grams H

2
SO

4
 per liter.

Extraction curves are shown in figure 2. In 205 days of leaching, 53 percent

of the copper was dissolved from the chalcocite-bearing,rock and the extraction

curve was still rising. Leaching for 3^0 days dissolved Iβ percent of the

copper from predominantly chalcopyrite-bearing rock and the extraction curve

had nearly flattened. In 500 days, only 9 percent of the copper was dissolved

from rock containing chalcopyrite as the sole copper mineral. Two-thirds of

the extracted copper was dissolved in the first 250 days.

In a complementary test,, sized fractions of the chalco cite-type waste have

been leached for 205 days and similar fractions of the chalcopyrite-type

wastes were leached for ^>ko days in the same manner as the dump run material.

Rock to the respective leach drums was mine run less l/k inch fines, minus

3 inches with fines, and minus 3 inches without fines. Copper extraction from

each size fraction was generally about the same as obtained from the unsized

dump run material. About 1 percent higher extraction was obtained in

leaching minus 3 inch material containing the fines.

Like the laboratory agitation leaching data, our findings too are only

generally applicable to dump and caved mine leaching. Aeration was probably

better and solution channeling less of a problem than in commercial dumps.

But, temperatures 20° C or more higher than in our drums are often attained

in commercial dumps, and this would materially accelerate oxidation and

leaching.

Pressure oxidation leaching using air or oxygen at an oxygen partial pressure

of about 100 pounds per square inch and temperatures of 200° C or more

dissolves even chalcopyrite in a few hours. The mineral must be finely

ground and vigorous agitation is needed to distribute the oxygen. This is

much easier to do in laboratory than in commercial-sized equipment as
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FIGURE 1. - Percolation Leaching of Copper Waste Dump
Rock in Stainless Steel Drums.
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FIGURE 2 -Rate of Copper Extraction During Percolation
Leaching of Three Dump Samples.
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indicated by several abortive attempts at commercial acid pressure leaching
of sulfides in this country. Most acid pressure leaching in the laboratory
and plant has been done in autoclaves on high value concentrate containing
20 percent or more of sulfide sulfur. This much sulfur is needed to provide
fuel for autogenous heating by the oxidation reaction. If a feasible way
could be found to heat and oxygen pressurize the leach solution in a
fractured ore body, the dissolution of sulfide minerals would be greatly
accelerated. Agitation for distribution of oxygen and finely ground mineral
would be lacking underground and, therefore, leach rates would still be
much slower than in the laboratory experiments.

Cyanide, Nitric Acid and Chlorine Leach Systems

Chalcocite, but not chalcopyrite, is soluble in strong cyanide solution.
Subsequently, CU2S can be precipitated by acidulating the solution. The HCN
evolved is absorbed in lime water to form Ca(CN)2' for reuse (̂ , 10). A
tight formation with absolute assurance that cyanide could not get into
ground water supplies would be requisite for its use underground. This is
true also about leaching with sulfuric acid as copper itself cannot be
tolerated in ground water sources. However, retention of sulfates in the
leached rock is of little economic importance, whereas foreseeable
difficulty in adequate recovery of cyanide from a nuclear chimney or fracture
zone precludes the use of so expensive a reagent.

Nitric acid is an active solvent for copper sulfides (j). However, its cost
is high enough so that recovery of the acid and of nitrous oxide which forms
in the reaction with sulfides is essential. Like cyanide, nitrates are toxic
and must be rigorously excluded from ground water. These reasons appear to
preclude the use of nitric acid for in-place leaching of low-grade copper ore.

Application of chlorides and chlorine in dissolution of sulfides has been
discussed by Forward and Warren (j>). Although hydrochloric acid does not
dissolve copper sulfides, an acid ferric chloride solution appears superior
to ferric sulfate for oxidation and dissolution of chalcocite. Such a
solution can be conveniently made by addition of sodium chloride to a sulfuric
acid-ferric sulfate solution. Although numerous patents have been issued
for ferric, chloride leaching processes, these are not employed in dump
leaching because the slight advantage over ferric sulfate in leaching of
chalcocite does not compensate for the major corrosion problems that use of
chlorides engenders.

Chlorine was used in the l88Os in Spain for the oxidation of ferrous to ferric
ion for leaching low-grade copper sulfide ore. Chlorine, even at .ambient
temperatures, also is a powerful oxidant for sulfide minerals {6). A test
in our laboratory in which chalcopyrite ore was percolation leached, using
acid-ferric sulfate solution with added chlorine, dissolved Î - percent of
the copper in l^ days. Without chlorine, a year's leaching was required to
dissolve this much copper. After 4 5 days leaching with added chlorine, 46
percent of the copper had been extracted. However, chlorine consumption
was 10 pounds per pound of copper dissolved, a possibly prohibitive reagent
cost. In commercial practice, chlorides formed by oxidation of the sulfides
would magnify corrosion problems.
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SUMMARY

For evaluating its leachability, a nuclear chimney of copper sulfide ore
reduced to rubble may be considered as roughly analgous to a copper mine
waste dump. No operating parallel is known for guiding copper extraction
projections from the fractured zone that surrounds the chimney. Acid-ferric
sulfate solution conventionally used in waste dump leaching may be employed
for leaching a chimney. At temperatures of about 30° C, bacteria might serve
to catalyze the air oxidation of ferrous to ferric iron either in the
chimney with forced ventilation or on the surface. Oxidation with chlorine
or other oxidants also may be used to convert ferrous ion to the ferric
form for leaching. At temperatures of 20° to +̂0° C, the dissolution of
chalcocite may take years and dissolution of chalcopyrite takes decades.
Heating of the solution offers a possible means of markedly accelerating
the leaching rate. Chlorine, if available at low cost, also might be used
to speed copper dissolution by direct attack on the sulfide minerals.
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