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ABSTRACT 

Copper recovery using nuclear rubblization and in situ leaching has 

been studied to estimate the economic feasibility and to identify problem 

areas for future research and development. A plan for commercializing 

this chemical mining process was built around a detonation schedule of 10 

chimneys every 3 years, a leaching cycle of six years, and an annual 

copper production of 40,000 tons (metric). The results show that recovery 

using this method is profitable for a type of deposit that would be unprofitable 

by any conventional method. 

The release of radioactivity from the chimney during re-entry and 

leaching operations, and the contamination of ground water and copper 

product were studied. A-careful estimate of expected radiological exposures 

to plant workers and to the public indicates that all exposures will be below 

established guidelines. 
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INTRODUCTION 

Historically man has developed the high-grade near-surface deposits 

of copper. In the past few decades modern technology (introduction of large 

earth moving equipment and improvements in ore processing methods) .ave 

made it economical to recover copper from low-grade near-surface deposits. 

Future supplies would be greatly increased if economic methods were 

available for developing deeper deposits not suitable for massive mining 

methods. With this in mind, we would like to discuss one relatively new 

idea in mining, with particular attention directed to the economics and 

safety aspects of this method. 

One potentially important technique for the future is in situ leaching of 
12 3 ores rubblized by nuclear explosives. ' ' This relatively new technique 

promises to be an excellent approach for deep low-grade deposits that cannot 

be economically recovered by other methods. If this approach is successful, 

an enormous untapped potential source of metals will become available. 

Chemical mining is defined as a process whereby metals are chemically-

extracted without removing the ores from their original location. This 

process consists of the following steps: 

* Preparation of the ore for subsequent in-place leaching. 

* Flow of leaching solutions throughout the broken ore. 

* Chemical dissolution of the minerals. 

Regeneration of the leaching solution. 

Removal of metals from the metal-bearing liquors. 
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Chemical mining offers some important and unique advantages for 

developing deep, low-grade deposits both from an economic and an 

environmental standpoint. 

First, in the category of economics, chemical mining in general will 

require a lower capital investment and lower operating costs. Thus, chemical 

mining may make it possible to recover metals from deposits which cannot 

be economically worked with conventional techniques. Consequently, a 

viable chemical mining technique would greatly increase proved 

resources. 

Second, environmental pollution would be considerably reduced. For 

example the SO„ problem associated with smelting would be eliminated. 

Other pollution problems such as waste rock disposal and tailings ponds 

would also be eliminated. In the long run, this advantage may be extremely 

important because recovery from low-grade deposits by conventional 

processes really compound the waste problem. 

A RECOVERY METHOD 
FOR A PORPHYRY COPPER DEPOSIT 

Now, let 's look at one chemical mining proposal for recovering 

copper from a deep-lying porphyry ore body. The Lawrence Livermore 

7^*6GSZ£*z^*^'*a>™*'™™™ w i i i i h i j i d y o 
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Laboratory (LLL) has worked on this proposal extensively. More 

recently LLL, with AFC sponsorship, has joined with the Kennecott 

Copper Company (KCC) to consider the feasibility of commercializing this 

process. In this method, copper minerals are rapidly dissolved in a 

rubblized ore column by operating the column at elevated temperatures 

and at relatively high oxygen concentrations. 

First, a large nibble column is created well below the water table. 

Either conventional mining methods or a nuclear explosive can be used; 

however, all conventional approaches are estimated to be more expensive. 

The rubble column, or chimney, is now filled with water, either 

artificially or by natural Inflow. 

When the chimney is full, oxygen Is introduced into the bottom of 

the chimney at pressures slightly above hydrostatic pressure. As the gas 

bubbles rise up through the chimney, part of the oxygen dissolves and 

becomes available as an oxidant for the leaching process (Fig. 1). 

The undissolved oxygen, as it rises through the chimney, provides 

a lifting force that induces a circulation cell within the chimney. As the 

liquids circulate within this ceil, they i?arry the dissolved oxygen to all 

parts of the chimney. 

The dissolved oxygen oxidizes the primary sulfide minerals to 

produce sulfuric acid and heat, which lowers the pH and raises the 

temperature. The net result is a relatively rapid dissolution of the 

copper minerals. 

Leach solution is continuously pumped to the surface where it is 

split into two streams. One stream is taken to the process plant for 

_ ^ | ; StUAY'S^ ZSSMmm 



copper removal. The second stream is combined with the barren solution 

from the process plant and reintroduced into the chimney along with the 

oxygen. This very large amount of circulating solution is a requirement 

of the oxygen injection system. 

The solution diverted to the process plant is passed through a heat 

exchanger to lower its temperature to approximately 50°C. A solvent 

extraction process is now used to strip the copper from the cooled leach 

soi-ation. Electrowlnnirg is used to recover copper from the electrolyte 

generated by the final stage of the solvent extraction process. Although 

at this point in the process other extraction methods may be available, 

the solvent extraction process with subsequent etectrowinning is probably 

the best approach. 

Chemistry 
A 

A few words about the leaching chemistry are in order. 

The net chemical reaction of the sulfide minerals (pyrite/ 

chalcopyrite mole ratio of 2> is 

CuFeS 2 + 2FeS, + ^ O, + ^ H,0 = C u + 2 + 

F e 3 ( S 0 4 ) 0 (OH)3 • 2H,0 + 1 S° + iL SO*2 + ̂ . H +. 

The hydrogen ions produced in this reaction are mostly consumed either 

by a reaction with calcite to produce a calcium sulfate precipitate or by a 

reaction with other gangue minerals to release equivalent amounts of 
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other cations, principally Mg and Ax . The system is buffered at a 

quenched pK of about 2, representing a steady-state balance between the 

sulfide minerals and H dependent reactions with gangue constituents. 

This buffering effect i s an important feature of the leaching system since 

a quenched pH of 2 i s low enough to prevent Cu from precipitating as 

basic copper sulfate and high enough to avoid complete decrepitation of 

the ore. Moreover, if small quantities of acid are added (as in the 

raffinate returning from the solvent extraction plant), the buffering 

capacity of the system i s great enough to prevent a pH excursion. 

For ores containing a pyrite/chalcopyrite mole ratio of 1, the net 

chemical reaction is 

C u F e S 2 + F e S 2 + - ^ 0 2 + -y- HgO = 

C u + 2 + | F e 3 ( S 0 4 ) 2 ( O H ) 5 • 2 H 2 0 + j S° + \ SO"4

2 + | H + . 

In this reaction, both the oxygen consumption and the acid production are 

lower. However, the acid production i s sti l l sufficient to provide enough 

H for reaction with the normally encountered quantities of calcite and 

other reactive gangue minerals . As can be seen, specific ore mineralogy 

is important in these considerations. Ores with a relative abundance of 

very reactive gangue constituents will require smail additions of acid to 
+2 maintain the pH at the low value needed to keep the dissolved Cu in 

solution. 
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ADVANTAGES OF CHEMICAL MINING 

At this point in the presentation, we should stop and emphasize 

some pertinent points: 

Shallow, low-grade deposits are in the process of being used up. 

Deep deposits of low- and moderate-grade ores have not been 

developed or even sought because of the high cost of mining. 

Future conventional mining will be limited to deep, low-grade 

ores because in general those are the ones unused and because 

they are the deposits capable of producing largo quantities of 

metal. 

* Large volumes of ore must be processed either by conventional 

methods or new methods must be developed for these deep ores. 

For these reasons, nuclear explosions and chemical mining 

combine to give an attractive recovery method for these deep, 

low- and moderate-grade deposits. 

To determine the feasibility of commercializing this process, LLL, 

KCC and the AEC undertook in a joint effort to carefully evaluate this 

method of recovery. The purpose wa? to determine if such a method, 

assuming technical success, could be economical, and to identify problem 

areas so that researcli and development could be properly directed. The 

study began in March 1973 and was completed in August 1974. For this 

study, specialists in reaction chemistry, hydrology, radioactivity transport, 

and economics and environmental safety evaluated all of the various aspects 

of this process. Their findings and results will be published shortly in a 
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feasibility report. Two aspects of this work will be presented here; 

namely, economics and safety. 

Before beginning the economics and safety discussion, it 's 

appropriate to give some of the operational details used for the study. 

BLASTING PLAN 

Before the economic and safety studies can be made, there must be 

a plan for rubblizing and leaching the ore. A good plan should insure 

efficient and continuous operation of the mine and processing plant. To do 

this, it must provide a schedule for detonating explosives, a plan for 

bringing chimneys into service, a schedule for leaching each chimney, 

and a program for removinfi copper from the leach solution. 

hi ,-iiMili«in !>• lln' n::n.il lutr.i"!!'!!'!-:: i-iii'itiiiiliTi-il for rt>nvi'f>i'"fMi 

blasting, nuclear explosives present some unique ones because of the 

extraordinary magnitude of the shock wave and the ever-present 

radioactivity. All of these parameters must be considered before these 

plans and schedules can be blended into a realistic operational plan. For 

this study, the following parameters were considered while the blasting 

plan was being formulated: 

• A detonation schedule that efficiently utilizes the ore-body 

geometry and still allows good use of partially leached chimneys. 

• Maximum volume or rubble created for minimum blasting costs. 

• Provision for a constant (as nearly as possible) supply of loaded \ 

leach solution to the processing plant. 

• Minimum replacement costs for underground plumbing. 

• Possible chimney asymmetries due to spacing between a detonation and 
i 

r carby chimneys. j 
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Detonation Schedule 

The detonation schedule is dictated by the shape of the ore body, the 

desired annual production rate, the leaching schedule, provision for 

underground plumbing survival, and assurance of existing chimney 

survival. A list of pertinent data is given in Table 1. 

A detonation schedule that considers these restrictions is shown in 

Fig. 2. Chimneys are arranged in rows of 10 each, and all the chimneys 

in a row are blasted at about the same time. Individual rows are blasted 

every three years as described in the following schedule: 

• At time zero, row 1 is blasted. 

• After three years, row 2 is blasted. 

• Six years after row 1 is blasted, it is abandoned and row 3 

is blasted. 

• At nine years, row 2 is abandoned and row 4 is blasted. 

This sequence is continued until the ore body is exhausted. 

Chimney Production Schedule 

The following production schedule was used for each chimney. The 

chimney is first allow d̂ to cool and settle for 135 days following the 

detonation of the explosion. At this time, the chimney is filled with water. 

After the chimney is filled (35 da;s), it is ready for oxygen injection. 

The copper loading is zero initially and no solution is sent to the 

processing plant during a batch lead period that lasts through the 

remainder of the first year. 
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The injection of oxygen is interrupted for a 35-day period at the 

start of the third year when a new row of chimneys is blasted; leaching is 

assumed to cease when oxygen injection ceases. At other times, the 

injection of oxygen may be interrupted for maintenance of equipment, joth 

planned and unplanned. For the feasibility study, these shutdowns are 

assumed to be as follows: 15 days per year for planned maintenance and 

an effective 20 days per year for unplanned maintenance. Taking into 

account all shutdowns, the effective leaching time over the six-year life 

of the chimney is 1815 days. 

Leaching Rate 

The most important requirement for a good leaching rate is a 

relatively high dissolved oxygen content throughout the chimney solution. 

Achieving this condition is important because regions of the chimney 

having a low concentrations of dissolved oxygen not only will have a low 

rate of dissolution of chalcopyrite but may also have undesirable side 

effects such as depletion of the copper already in solution. 

The problem of bringing dissolved oxygen into contact with all parts 

of the chimney would be solved if it were feasible to achieve a widespread 

dispersion of rising oxygen bubbles throughout the entire chimney. For 

economic reasons, gas cannot be introduced uniformly across the bottom 

of the chimney. For this study, the gas inlet system was limited to three 

perforated, semiljorizontal gas inlet lines extending across the bottom of 

the chimney. 



- I I -

With this inlet system, oxygen gas is intrcluced in*o the bottom of 

the chimney at pressures slightly above the hydrostatic pressure. As the 

oxygen bubbles rise through the liquid they partially dissolve, and they 

undergo lateral displacements as they move around the ore fragments. 

Since the resulting dispersion colu. .• of bubbles and liquid (the "bubble 

region") is less dense than the fluid in the surrounding nonbubble region, 

a convective flow within the chimney is induced: solution in the bubble 

region flows upward and solution in the nonbubble region flows downward. 

The proposed method of injecting this oxygen requires circulating 

large amounts of leach solution. To do this, leach solution is continuously 

brought up from the top of the chimney at a rate of 1400 gprn. All of this 

solution is then flashed down to atmospheric pressure which releases 

essentially all of the dissolved CO, and oxygen. Part of this solution is 

sent to the process plant for copper removal: the remainder is mixed with 

barren solution returning from the process plant. Oxygen is mixed into 

this combined solution and the mixture is then pumped back down to the 

bottom of the chimney. 

The length of time spent in leaching each chimney is also a critical 

item. Generally, shorter leaching times give shorter payback periods, 

and therefore, they are more economical. However, there is a critical 

interaction between leaching time., maximum oxygen supply, reaction 

chemistry, and recovery percentages. Such an involved interaction could 

not be carefully evaluated in the short period of time allotted to the 

feasibility study. Consequently, many of the decisions defining the 

leaching schedule were arbitrary. 

The leaching rates for each region o( the chimney are shown in 

Fig. 3 along with the average leaching rate for the whole chimney. 
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Annual Production Rate 

The surface plant must be designed to process liquids at the 

maximum production rate. Consequently, production rates which 

fluctuate do not use the equipment efficiently. Furthermore, the surface 

plant is a substantial portion of the total capital investment, and it must 

be used efficiently to give favorable economics. Therefore, all 

schedules must fit together to produce a constant number of tons of 

copper each year of operation. 

The annual production rate is determined by the final copper 

loading in the chimney, the life of the chimney, and the cumulative tons of 

copper that can be leached over the chimney life. If final copper loading 

is set at 4.6 gpl, the production rate at the Liquid Ion Exchange (LIX) 

plant will be 42,800 tons/yr. This requires a new flow to the process 

plant of 4500 gal/min. 

ECONOMICS 

Economic studies of in situ leaching of nuclear rubblized deposits 

have two principal goals: 

• To ascertain if this process is economically viable for deep deposits. 

• To determine the economic sensitivity of this technology to the 

principal parameters of geology, processes and cost. 

Profitability 

The modern way of expressing profitability is based on the concept 

of cash flow, i.e., the money that flows back to the investor after all 
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expenditures have been paid. Cash flow is defined as after-tax profit 

minus investment plus depreciation. The two latter terms are really two 

sides of the same coin — first you invest (negative value), then you 

gradually write off your investment as depreciation (positive value). Cash 

flow is negative during all or most of the investment years. In a 

profitable venture, this must be made up by positive cash flows during the 

remaining years. Figure 4 is a plot of annual cash flows for a typical 

in situ leaching project. 

To determine the overall economic effect, cash flows are added 

after having been discounted to the same base year, usually the first year 

of the project. The sum of the discounted cash tlows over the entire 

project life is called the net present value (NPV) of the venture. For a 

project to be profitable, the NPV must not be negative. This obviously 

depends on the discount rate. If a 15% discount rate is required to 

achieve a zero NPV, the venture is said to have a discounted-cash-flow 

rate of return (DCF ROR) of 15%. 

Let us now look at the economics of the in site leaching venture 

used as the reference case in our study. All costs are based on May 1974 

dollars. Table 2 is a summary of investment outlays. Expense is 

nondepreciable investment such as nuclear devices, well drilling, and 

piping replacements. Note the difference between the straight total and 

the discounted total. 

Table 3 shows sales, selling price, operating costs, components 

and income taxes for a mature year and profitability of the total project. 

Taxes are based on a 15% depletion allowance. The DCF iiOR of 18% is 
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rather low for a new high-risk technology and a set of conditions more 

favorable than the reference case would have to exist in order to make the 

venture attractive, to most mining companies. Nevertheless, for an ore 

body of this overburden and grade, this profit is greatly superior to that for 

conventional mining methods. Further work will reduce uncertainties and 

make more precise estimates possible. 

Economic Sensitivity 

What are the conditions that could considerably improve nuclear 

rubblization economics? Sensitivity analysis is the tool that identifies 

parameters with a major impact on profitability. 

The sensitivity to 22 parameters was investigated, and the results 

for eight selected parameters are shown in Table 4. One parameter was 

varied at a time and the corresponding DCF ROR was calculated. The 

variations are arbitrary, but within technical credibility. 

As process development is in an early stage, there are many 

technical uncertainties and problems to be resolved. An economic 

sensitivity analysis helps to identify the most crucial uncertainties. Let 

us consider two examples, the final copper loading and the methods of 

particle-size averaging. On the surface, it would appear that the final 

copper loading of the solution left behind in an abandoned chimney should 

be as low as practical because we certainly want to recover as much 

copper as possible from the amount that already has been dissolved. 

Surprisingly enough, however, decreasing the final loading by 35% has 

almost no effect on profitability. The increased recovery is just about 

cancelled by the higher investment required to process the larger 

volumes of copper solutions. 
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On the other hand the drag coefficient, which is derived from the 

particle size distribution, is extremely important in calculating the cost 

of circulating oxygen. The technical uncertainty in deriving the average 

particle size is large and it has a large effect on cost. It is therefore an 

important economic factor. The practical conclusion to be drawn from 

this result is that thorough experiments are required to determine the 

truly representative averaging method. 

The assessment of the effect of geological parameters, such as 

copper grade or pyrite content, enables us to evaluate potential ore 

bodies. For example, as will be shown later, increasing the pyrite-to-

chalcopyrite ratio two-fold for a particular set of conditions decreases 

profitability by a factor of 1.25 because the extra pyrite uses up additional 

oxygen without producing more copper. Consequently, if a mining company 

has two deposits available with 1 and 2 kg of pyrite per kilogram of 

chalcopyrite, respectively, it should plan to exploit the former rather than 

the latter unless there are other predominant factors involved. 

The parameter with the greatest impact on profitability is copper 

price. Fixed capital is another economic parameter to which the DCF 

ROB is very sensitive. The effect of investment expense and operating 

cost on DCF ROR is of the same order of magnitude but smaller than that 

of fixed capital. Among the lower ranking parameters in Table 4, there 

are three process engineering variables that can be controlled by the 

process developer if the size and location of the copper deposit is favorable. 

These are production rate, device yield and final copper loading. On the 
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other hand, the geological parameters (pyrite to chalcopyrite ratio and ore 

grade) are not affected by process design. 

RADIOLOGICAL SAFETY 

A nuclear explosion, like any other explosion, presents a potential 

hazard to the public and to the environment. A similar statement can be 

made for solution mining. This process, like any other mineral recovery 

process, presents a potential pollution threat to the environment. 

Appropriate precautions, however, can reduce these risks to a manageable 

level, and in some instances the risks can be reduced to an insignificant 

level. 

In this paper, the following safety-related topics will be examined: 

• Radioactivity containment during the nuclear explosion. 

• Seismic damage to nearby structures. 

• Releases of radioactivity during reentry and filling of the chimney. 

• Radioactivity in the leach solution. 

• Radioactivity in the copper product. 

• Subsurface solution control during and after the leaching process. 

Containment and Seismic Effects 

The risk during rubblization is failure to contain radioactivity and 

to prevent seismic damage. A nuclear device is detonated safely when it 

is accomplished without injury to people and domestic animals, and 
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without unacceptable damage to ecological systems, to natural features, 

or to man-made structures. This goal is easy to achieve for remote 

locations; however, locations near large populations, are much less suitable. 

Regardless of the location, detonations must be planned 

for depths that provide positive assurance of radioactivity containment. In 

fact, more to the point, if the site did not meet this condition, the process 

would not be feasible 

Seismic damage considerations are much more flexible. For instance, 

ground motion will not be a safety problem to people except possibly very near 

ground zero. On the other hand, seismically induced architectural damage to 

local structures is a distinct possibility. Such specialty structures as 

mines, wells, and high-rise structures within a 10-mile radius must be 

given individual attention. Often when the risk to these structures is 

acceptable, it can be reduced by providing special protection. 

Another seismic problem created by nuclear explosions is possible 

damage to off-site structures such as homes, commercial structures, 

bridges and dams. For this study, site locations have been assumed to be 

sufficiently remote no that all large residential center.; would be beyond 

the seismic damage range. However, if a population center is 

located within a 15-mile radius, a thorough seismic-effects analysis will be 

required. 
7 

The following rough guidelines can be used to estimate the risk to 

residential structures. The guidelines are based o'.i a prediction 

capability for seismic damage developed over the past several years. 

For example, consider a 100-kt explosion In hard rock, burled at a depth 
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of 3000 feet, and 20 miles from the nearest structure. Damage would be 

nil. However, if the town were located at a distance of ten miles, $50,000 

of claims would be expected for every 1000 single-level structures. At 

five miles, damage would be unacceptable. These predictions, it is hoped, 

will give a general idea of what can be expected in the seismic damage 

regime, but it should be emphasized that each individual site will have 

to be separately evaluated. 

Radioactivity 

If a nuclear explosive is used to break rock, we will have to 
o 

contend with radioactivity in any material (gas, liquid, or solid 

particulate) that is brought to the surface. The kind of radionuclides 

encountered are essentially independent of the kind of explosive used, i.e., 

thermonuclear or fission, although a thermonuclear device will produce 

much more tritium than will a fission explosive. For this application, we 

think that an explosive producing a minimum amount of tritium ( H) is the 

best choice. Therefore, our radioactivity discussions will be based on a 

100-kt low tritium explosive that produces 2000 Ci of tritium. 

Most of the radioactivity, both fission and activation products, is 

trapped when the liquid rock freezes to glass soon after detonation. This 

glassy material is only very slightly soluble in water, and radioactivity 

trapped here should not be a problem. 

The remaining radioactivity occurs as gas in the chimney or as 

solid material absorbed on the rubble, and it is available for possible 

incorporation in the leach solutions. Recently at LLL, the radionuclide 

concentrations expected in these leach liquors have been investigated 
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under chemical conditions as close as possible to those expected in a 

nuclear chimney. For details of these calculations, s>-urce terms, etc., 

see Ref. 8. 

The results of this study show that with proper controls and 

procedures, radioactivity should not be a significant environmental problem. 

It will, however, be encountered in all phases of plant operation, and 

operating procedures must assure that exposures to workers and to the 

public are below established safety standards. 

Potential Radiation Exposures 

Plant Workers 

Radiation exposure to plant workers would in general be through a 

different process than for off-site residents. The plant worker could be 

exposed to the gamma radiation fields which surround the processing 

equipment containing radioactive materials. Also, he could possibly 

inhale small amounts of airborne radioactive substances, and thus re.eive 

internal radiation exposure. In addition, the worker would be effectively 

immersed in the airborne substances and thus be exposed to the radiation 

emitted from this cloud of radioactivity. It should be emphasized, however, 

that all of these potential exposure modes can be minimized and controlled 

by proper engineering design of the copper refining plant. 

Off-Site Populations 

Members of the general public could also be exposed to small amounts 

of gaseous radioactivity from the processing plant. The exposure process is 
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similar to that discussed for plant workers exposed to airborne radioactivity, 

but the concentrations of radioactivity are much lower. 

Although it is extremely unlikely that a nuclear chemical mining and 

refining operation would be located where the groundwater regime would 

permit radioactive solutions to enter drinking or agricultural water 

supplies, the potential exposure path involving ingestion of radioactivity 

in drinking water must be examined. 

Finally, it is possible that radioactivity could enter some food chains 

in the vicinity of the mining/refining operations; however, this method of 

exposure is so site-specific that it will not be discussed in this paper. As 

specific cases are evaluated, this potential exposure pathway should be 

considered. 

Exposure Guidelines 

In evaluating the consequences of exposure to radiation fields or to 

low concentrations of radioactivity in air or water, the guidelines 
o 

published by the AEC will be used for reference. (These are generally 

in accordance with those put forth by the EPA and other radiological 

protection organizations.) The so-called MPC (maximum permissible 

concentration) values given in Ref. 9 are computed for individual 

radioactive nuclides. It should be emphasized that these MPC values 

apply to a chronic exposure situation that presumably persists over a 

period of one year, and not to a short-term "pulse" of radioactivity. 

With this background, then, it is possible to examine the various 

potential exposures to occupational workers and to individual members of 
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the public. The following mechanisms leading to possible radiation 

exposure as a result of nuclear chemical copper mining and refining were 

considered: 

1. Bleed-off of chimney gases at reentry and during chimney 

flooding, 

2. Off-gasing of excess oxygen during dissolution of ore. 

3. In-plant radiation fields, inhalation and ingestion. 

4. Radionuclides present in the product copper. 

5. Transport of soluble radionuclides out of the chimney area 

and into groundwater. 

Chimney Reentry and Cavity Flooding 

For this analysis, we will assume that the gas contained in the 

chimney shortly after the nuclear detonation does not disperse into the 

fractured rock surrounding the chimney. As a consequence of this 

assumption, this gas will all be released when the chimney is reentered 

about six months after the detonation. Thus, the concentrations of 

gaseous radioactivity shown in Column 4 of Table 5 are appropriate for 

use as the "source term" for radioactivity introduced into the atmosphere. 

If these concentrations are divided by the appropriate MPC values for 

members of the public (obtained from Ref, 9 and given in Column 6 of 

Table 5), then the relative biological effects of each of these radioactive 

species can be assessed. It can be seen that when a fission explosive is 

used, Kr is the "limiting" radionuclide. Should a thermonuclear 

explosive be employed, tritium would be the principal isotope of concern. 
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The "dilution factors" given in Table 5 indicate the number of 

volumes of air with which the cavity gas would have to be diluted before 

the nuclide under consideration would be present in a concentration no 

greater than the MPC. In practice, this dilution of cavity gas would take 

place as the gas diffuses into the air from the wellhead release point. 

Even if below-normal atmospheric diffusivity is assumed, the factor-of-

3000 dilution required for Kr should be attained before the gas moves 
1112 1 km away from the wellhead. ' 

Several factors render the factor-of-3000 dilution requirement 

unrealistic ally conservative. It has been assumed that none of the 

"chimney gas" has been dispersed into the fractured rock surrounding the 

chimney. Such dispersal could effect as much as a tenfold reduction in 

the amount of gas (and radioactivity) which would actually be released to 

the atmosphere upon chimney reentry. A second conservative aspect 

implicit in this approach lies in the calculation of the potential exposure 

to a member of the public living in the vicinity of the wellhead. The 

calculation assumes continuous exposure to the radioactive gas; however, 

normal shifts in wind direction would certainly indicate intermittent 

rather than continuous exposure. Finally, MPC values are prtdieted on 

continuous exposure of a member of the public over long periods of time. 

Since the chimney "bleed down" would actually require only a few days, 

the radiation exposure is transient in nature, and the postulated dilution 

requirements are unnecessarily stringent. 

In summary, it can be concluded that the time-integrated potential 

exposures to the public from chimney-gas releases will be well below the 

applicable guidelines. 
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Emiss ions During Release of Oxygen 
from the Nuclear Chimney and from P lan t Operat ion 

As noted e a r l i e r , copper dissolution by this chemical mining 

p r o c e s s involves the introduction of oxygen into the water-f i l led chimney. 

Oxygen in excess of the s to ichiometr ic amount needed for the copper and 

i ron oxidation reac t ions must be supplied to the sy s t em: the excess 

oxygen will accumulate at the top of the chimney and can be e i ther 

recycled o r allowed to escape to the a tmosphere . If the l a t t e r a l t e rna t ive 

i s chosen, the radioact iv i ty in this "off-gas" mus t be considered from the 

standpoint of potential population exposure downwind from the effluent 

r e l e a s e . 

Nuclides which could be p resen t in the r e l eased gas include only 

those which would p e r s i s t a f ter chimney flooding, and which would be 

volati le under the oxidizing conditions prevai l ing in the chimney. 

Cer ta in ly , t r i t ia ted water would be p resen t in the chimney, and 

p resumably would appea r as water vapor in the oxygen r e l e a s e s . With 

r ega rd to those elemental spec ies which have volati le oxides , perhaps the 

most impor tant i s ruthenium, with the compound RuO. displaying a boiling 

point of approximate ly 40°C. 

H e r e , i t i s a s sumed that the oxygen gas is a t 30°C and 1 a tm 

p r e s s u r e . The calculated concentra t ions a r e compared with the s tandards 

for m e m b e r s of the publ ic . 

Calculated concentrat ion 
in off-gas (/uCi/ml) MPC fcCi/ml) 

1 0 3 R u 3.7 X 10~ 9 2 X 10" 8 

1 0 6 R u 1.4 X 10"° 3 X 10" 9 
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Thus, it can be seen that no dilution of the oxygen off-gas stream is 

required to meet the established standards. 

The simple approach to the effects of possible volatility of 

ruthenium or its compounds presented in this paper is only intended to 

serve as an example; laboratory experiments are required to verify this 

treatment. Also, other elements such as antimony, tellurium and cesium 

display tendencies toward volatility, depending upon the chemical and 

physical conditions to which they are exposed. Consequently, the 

behavior of these and ether elements should be carefully examined in 

connection with a thorough safety evaluation of nuclear chemical copper 

mining. 

Radioactivity Present in Leach Solutions 

Since it seems highly unlikely that an occupational worker will ingest 

any of the radioactivity present in these solutions (other than by inhalation, 

which can be greatly mitigated by good industrial safety design), the only 

method of exposure would be from gamma radiation from the radionuclides 

in the solutions contained in the process equipment. Since processing of 

leach liquor will probably not begin earlier than one year after the 

construction of the nuclear chimney, maximum potential worker exposures 

will be calculated for that time after the detonation. The results show that 

a worker standing 3 ft from a tank containing leach solution would receive 

about 4 mrem/hr. Approximately 60% of this exposure would be due to the 
137 radiation from Cs-Ba. Thus, two years following the detonation, the 

radiation field at this point would have decreased only to about 3 mrem/hr. 

It should be emphasized that this calculation does not assume any shielding 
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by the materials from which such a tank would be constructed. Therefore, 

with appropriate plant design, incorporating either equipn.^nt shielding or 

process design obviating the need for close approach of the operator to the 

equipment, radiation exposure to plant personnel could be kept well within 

the appropriate safety standards. 

Use of a thermonuclear explosive could decrease the 

radiation field surrounding the processing plant equipment hy a factor of 

about 20, but increase potential HTO exposures by a factor of 1000. Thus, 

while less attention might be required for equipment shielding,ventilation 

of working areas would have to be carefully evaluated. 

This radiological safety analysis has been made only for an aqueous 

leach solution with the same composition as that prevailing in the nuclear 

chimney. Studies reported in Ref. 13 indicate that the amount of 

radioactivity following the copper purification process through the 

extraction and electrowinning steps is small; hence, radiation fields 

existing around tanks containing these solutions would be smaller than 

those indicated earlier (Table 3); certainly less than 1 mrem/hr. As 

noted earlier, this estimate is based on no shielding by the tank wall. A 

more realistic evaluation, taking such shielding into account, would 

reduce the calculated radiation field by a factor of between 2 and 10. 

The only mechanism whereby members of the population could be 

exposed to radioactivity from the chemical mining leach solution would be 

by the introduction of a portion of this solution into some aquifer in the 

vicinity of the nuclear chimney. However, development of a nuclear 

chemical copper mining/refining operation in an area where contaminants 

could eventually enter drinking or irrigation water would in all likelihood 
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neither be proposed nor approved. However, for the sake of completeness, 

the consequences of introducing radioactivity into groundwater in the 

vicinity of the nuclear chimney will be considered later in this section. 

Radioactivity in the Product Copper 

Analysis of the product copper subsequent to an extraction-

electrowinning-refining process indicated the presence of a small portion 

of the Ru which had been introduced initially into the simulated leacn 
infi liquor (Ref. 13). If it is assumed that the amount of Ru present in the 

product copper is proportional to the concentration of this radionuclide in 
i ftfi the leach liquor, then the concentration of Ru in copper recovered from 

the radioactive solution would be about 2 X 10 juCi per gram of metal. 

Of course, this represents an extreme-upper-limit estimate, inasmuch as 

optimization of the copper refining process should prevent the 
i nfi incorporation of Ru in the product copper. Also, the co-precipitation 

] OR 

of Ru with the breakdown products of rock minerals could significantly 

reduce the concentration of this radionuclide in the leach liquor. However, 

even in the unlikely case that copper containing 2X10 /jC i/g were the 

end product of the copper refining process, the exposure rate (from (3 

particles to bare skin) to an individual would be about 0.002 mrem/hr. 

Perhaps more significantly, if such copper were assumed to be in contact 

with drinking water supplies and were dissolved to the extent allowed by 
pure watev standards (1 ppm of copper in the water), the concentration of 

Ru in the water would be 2 X 10" /uCi/ml. An adult drinking this 

water over a period of one year would receive a total radiation dose of 

\ 
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about 0.0003 mrem. This represents about two ten-millionths of the RPG 

for a member of the public. 

Solution Control 

14 

Leakage into or out of the chimneys during leaching operations 

will depend on the permeability of the surrounding rock and the magnitude 

of the difference between the pressure in the chimney and the pressure 

outside. By maintaining the chimney pressure in close balance with the 

surrounding hydraulic pressure, leakage is expected to be very small. 

For the expected permeabilities of 0.1 to 10 millidarcy and operating 

pressure differences of few tens of psi, leakage will be limited to a few 

1000 gallons per day. 

In fact, we feel that the chimney could be operated at a positive 

pressure for a few days and then at a negative pressure for a few days, 

and thus have no net loss or net gain of liquid from or into the chimney. 

A nonnegligible fluid loss is possible, however, with a high cross 

field water flow. Movement would be very slow for small gradients and 

for permeabilities of 0.1 to 10 millidarcies. For instance, gradients of 

hundreds of feet per mile would be expected to produce movements of tens 

of feet per year depending on the porosity. Unfortunately, unusual 

situations involving high gradients and high flow rates would change the 

situation drastically. Consequently, unusual situations would need to be 

investigated at a particular property. 

Even if a prospective ore body does have a particular hydrology 

problem (a large permeable fault in the ore zone, for example), there are 

still some possible solutions. One of the more promising ones is to drill 
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water wells in appropriate places, and by pumping water, change the local 

hydrologic gradients to produce a stationary water zone. This again would 

restrict the contents of the chimney to the vicinity of the ore body. 

Method of Calculating Chimney Leakage 

Beginning with D'Arcy's law, one-dimensional equations were 

developed to describe leakage from a row of chimneys (Fig. 5). The 

details of this development are given in Ref. 14. With these equations, 

estimates of the outflow can be made for a row of nuclear chimneys in a 

region containing a sloping water table. Thus, for a row of ten chimneys 

oriented perpendicular to an overall native hydraulic gradient of 5%, the 

flow from the row is given in Table 6. 

The data in Table 6 indicate that after a few days of operation, the 

chimneys will receive inflow through their up-gradient margins while 

continuing to pass outflow through their down-gradient margins. Inflow 

through up-gradient margins occurs when the hydraulic gradient away 

from the chimneys, induced by the initial chimney heads, decays to a 

value less than the native gradient toward the chimneys. Values of total 

inflow and total outflow show converging trends through the five-year 

operating period. Eventually, of course, steady through-flow would be 

established with inflow rates being balanced by outflow rates. 

The effect of the native hydraulic gradient can be seen in Table 6. 

For example, at one year the total outflow from a row in an area of 

negligible native hydraulic gradient is 0.23 l i ter /s . For the same row, 

where the overall native hydraulic gradient is 5%, total outflow will be 
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0.64 l i ter /s and total inflow will be 0.41 l i ter /s . As expected, nuclear 

chemical copper mining operations should be placed in areas with a low 

native hydraulic gradient. 

Rates of flow into and out of rows of nuclear chimneys under steady 

and unsteady conditions are equal or nearly the same for rows perpendicular 

and,,parallel to a natural hydraulic gradient. No real advantage of one 

alignment over the other is identified in terms of flow in and out. 

Preference is given to chimney row alignment perpendicular to native 

hydraulic gradient because the chimneys in the row will be under nearly 

equal heads, and any required manipulation of water table configuration by 

pumping or injecting should be more easily managed. 

Radionuclide Transport by Ground-Water Flow 
from a Row of Nuclear Chimneys 

A portion of the radioactive contaminants introduced into the 

groundwater environment by the underground detonation of nuclear 

explosives will eventually migrate away from the point of introduction 

under the influence of natural groundwater flow. A number of phenomena 

determine the distribution of contaminant concentration with time and 

distance away from the point of introduction. Among these phenomena are 

radioactive decay, sorption of solved radioactive species by solid rock 

materials, advection, and dispersion. Dispersion is the mixing that takes 

place between adjacent miscible fluids as a result of hydrodynamic 

convection and molecular diffusion. The mixing of contaminated and 

uncontaminated waters by dispersion results in reduction of contaminant 

concentration. 
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Again, Ref. 8 should be consulted for details of this analysis. 

Radioactive decay alone will reduce the concentrations of most 

species to a level below the guideline levels given in Ref. 12; the only 
3 00 106 125 

nuclides which remain in significant amounts are H, Sr, Ru, So. 
1 3 4 C s , and 1 3 7 C s . Or these species, only 3 H and 9 0 S r have small values 

of k d in groundwater, and hence would travel at greater than 1% of the 

groundwater flow rate. For example, the "limiting" radionuclide is Sr, 

which would not decay tc the guideline level for about 250 years. Adopting 

the approach used in Ref. 8 to ascertain the potential effect of dissolved 

radioactivity on groundwater quality, a calculation can be made of the 

distance over which the water would have to travel before the "limiting" 

radionuclide had decayed to an acceptable level (according to current 

radiation protection guides). For the purposes of this illustrative example, 
on 

we will assume that the average ground water flow rate is 50 ft/yr. Sr 
(the "limiting" nuclide) would move at a velocity of only about 8% of that of 

the groundwater flow, or less than 4 ft/yr in this instance. Thus, the 

water would move less than 1000 ft before reaching the concentration 
90 specified by the Radiation Protection Guide (RPG) for Sr. 

Thus, while radioactivity in groundwater does not appear to compromise 

the inherent radiological safety of nuclear chemical copper mining, it does 

represent an aspect of the technique which must be carefully evaluated for 

each proposed experiment or application. 
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SIMMARV Or' RADIOLOGICAL ASPECTS 

A large amount of data has been obtained pertaining to the 
radiological safety aspects of copper production using nuclear-chemical 
mining and refining techniques. The exitiing information allows us to 
make a conservative ("worst case") safely assessment of the process. 
This assessment of potential radiation exposures to both occupational 
workers and members of the public as a result of nuclear-chemical 
copper mining indicates that such exposures are well within existing 
radiation protection guides. These results are summarised in Table 7. 

A more accurate radiological safety evaluation would, in all 
likelihood, result only in the prediction of still lower radiation exposures 
to workers and to members of the public. However, much of the data 
required for the preparation of such a realistic evaluation is also required 
for optimal recovery plant design. Hence, it Is recommended that the 
appropriate calculatlonal and/or experimental programs required to 
obtain these data be carried out In order that plant design questions may 
be speedily addressed and a more realistic radiological safety analysis 
may be prepared. 

CONCLUSIONS 

The purpose of this paper has been to present some results of a study 
of the safety and economic questions that could affect the feasibility of 
recovering copper by in situ leaching of ore deposits rubblized by nuclear 
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explosives. The necessary isolation to prevent unacceptable damage from 

ground motion was described; this restriction should still allow the method 

to be applied to many (but not all) deposits. We studied radioactivity releases 

during re-entry and leaching operation, and radioactivity entrainment in 

groundwater and in the copper product. A preliminary estimate of 

possible radiological exposures to plant workers and members of the 

public indicates that all exposures should be well below established guidelines. 

In its present state of development, the profitability of this method 

cannot be determined. Our studies and estimates do identify important 

economic factors, point out critical areas for further work, and permit 

evaluation of ore bodies for possible applications of this method. If 

further work is done and successfully concluded, economic recovery of 

copper will be possible from deposits that are not profitable to work by 

any other method. Environmental advantages such as reduction in SO„ 

emission and elimination of waste dumps and tailings ponds are further 

incentives for continued vork on this concept. 
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Table 1. Reference case data . 

Chimney dimensions 
Explosive yield 
Diameter 
He igh t 3 

Volume 
Mass of rubble 
Cavity volume 
Spall zone radius 

100 kt 
265 ft 
1135 ft 
6.5 X 10 7 f t 3 

4.48 X 10 6 tons 
9.85 X 10 6 f t 3 

2 mi 

Ore-body dimensions 
Width 9(D + 10)+D + (D + 10) /2 D 2880 ft 
Length 7(D + 100)+D 2820 ft 
Thickness 1268 ft 
Depth to top of chimney 1500 ft 
Depth to bottom of chimney 2768 ft 
Depth to shot point 2636 ft 
Depth to wate r table 300 ft 
Depth of alluvium 100 ft 
O r e g rade 0.5% 
Ore type Chalcopyri te 
Py r i t e - to -cha lcopyr i t e ra t io 1 
Wt% of H 2 0 2 
Matr ix permeabi l i ty 1 mi l l ida rey 
Overburden density 162 l b / f t 3 

Mineral ized rock densi ty 162 l b / f t 3 

Distance measu red from detonation point to top o f chimney. 
D = d iamete r of chimney. 
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Table 2. Investment cost (reference case). 

$ million 

Initial expense 29 

Fixed capital 76 

Working capital 8 

Subtotal — initial investment 113 

Additional expense ($22 million every 3 years) 132 

Last year expense 2 

Total investment 247 

Discounted investment at 15% 137 

Investment per annual ton (discounted) $3,200 
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Table 3. Economic summary (reference case). 

Sales and price (42,800 tons/year) 

Startup cost (every 3 years) 

Avg. oper. cost excl. depreciation 

Avg. depreciation 

Avg. income taxes 

Discounted cash flow rate of return 18% 

Allocated annually 

$ million/year </lb C\ 

59 70 

0.5 0 . 6 a 

20 23 

6 7 

12 14 

¥ 
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Table 4. Sensitivity. 

Unit 
Paramete r value DCF ROR a 

Parameter Unit Reference Variation (%) 

Copper price <7lb 70 80 22 

Avg. particle diam cm 18 3.6 2 

Fixed capital $ million 76 60 22 

Pyrite / chalc opyrite - 1 2 13 

Production rate 1000 tons/yr 42 85 22 

Ore grade % 0.5 1 19 

Device yield kt 100 200 19 

Final Cu loading gal /liter 4.9 3 18 

Discounted-cash-flow rate of return. 
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Table 5. Fission-product and rock-activation radionuclides present in 

cavity. 

Half-life CKD + 180) 

Concentra t ion in 
cavi ty gas 
duCi/ml) 

(MPC) 
<A<Ci/ml) Nuclide Half-life CKD + 180) 

Downhole 
conditions STP 

(MPC) 
<A<Ci/ml) 

Dilution 
n e c e s s a r y 

3 H 12 y r <2,000 7 X 10" 6 1 X 10" 6 2 X 10" 7 5 

1 4 C 3730 y r 7 2.4 X 10" 5 3 X 10" 6 1 X 10" 7 30 
3 7 A r 35 da 7,200 2.5 X 10~ 2 3 X 10" 3 1 X 10" 4 30 
3 9 A r 270 y r 8 2.8 X 1 0 ' 5 4 X 10" 6 - -
8 5 K r 10.8 y r 2,200 8 X 10" 3 1 X 10~3 3 X 10" 7 3000 
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Table 6. Calculated r a t e s of net outflow, total outflow, and total inflow for a 

row of ten c lose ly spaced nuc lear chimneys located in a native flow 

field perpendicular to a 5"5> gradient at t imes after chimney head is 

inc reased 2% over hydrostat ic head. 

Rate of flow 
( l i t e r / s ) (gpm) 

Time Net Net 
y r (da) In Out outflow In Out outflow 

0.01 (4) — 2,20 2.20 - 35.02 35.02 

0.05 (18) - 1.04 1.04 - 16.52 16.52 

0.1 (36) 0.03 0.76 0.73 0.51 12.20 11.69 

0.25 (91) 0.15 0.61 0.46 2.4b 9.82 7.33 

0.5 (182) 0.21 0.54 0.32 3.46 8.66 5.19 

1.0 0.26 0.49 0.22 4.16 7.82 3.65 

1.5 0.28 0.46 0.18 4.46 7.46 3.00 

2.0 0.29 0.45 0.10 4.64 7.23 2.59 

3.0 0.30 0.43 0.13 4.86 6.98 2.12 

4.0 0.31 0.42 0.11 4.99 6.82 1.83 

5.0 0.32 0.42 0.10 5.08 6.71 1.63 



Table 7. Comparison of the relative importance of various radiation exposure paths. 

Time 
during which principal 

legitimated radiation exposure 
Time 

during which principal 
individual <!Sroup exposure 

Potential 
Time 

during which principal Applicable exposure 
source of exposure population Kxposure Exposure RPG Total per ton of Cv 
exposure occurs exposed path (R 'yr ) (R yr) (man™rem/yr) (man-rern/yr) 

U> Bleed-off Starting si- Residents of the Inhalation 0.000013 0.5 0.13 0.000013 
of chimney months after a rea downwind of gaseotis 
gases at detonation; from tin pro;"ct radioactivity. 
reentry and/ duration is a (workers woulci 
or during few weeks at receive negligi
chimney most . ble exposure), 
flooding. 

(2kOfr-fcassing Starting Residents ni the Inhalation 0.0000001 0.5 0.001 0.0000001 
of excess about one a rea downwind of gaseous 
oxygen dur year after from the pro|t;ct radioactivity. 
ing dissolu detonation /workers would 
tion of o r e . and lasting 

lor five 
y e a r s . 

receive negligi
ble exposure). 

CI) Transport Kxposutv Residents of the Ingestion <o.n(>ouunr)Qnfjn(>o!i o.r> <o.0000000005 <o.oitooooooooooori 
«»f soluble could start a r ea using of Soluble 
radionu many years contaminated radionuclides 
clides *Hlt "1 a l te r groundwater 
the chimney detonation. Cor drinking 
area and into or i r r igat ion. 
groundwater. 

(4) Radio Kxposure Population Ingestion 0.001)0003 1.5 O.fi O.O0O0EJ 
nuclides could start using copper of Soluble 
present in when copper products . radionuclides. 
the product reaches the 
copper . market (ahoul 

1-1 2 yrs after 
detonation), 
Ki'fertive dura
tion is no more 
than 1-1/2 y r s . 

(5) In-plant Starting Plant personnel K sternal 2 "i 20 0.002 
radiation about one gamma 
fields. yea r after 

detonatio-. 
and lasting 
tor five 
y e a r s . 

exposure; 
inhalation 
of t r i t i a t ' d 
water eapor. 
e tc . 

Five yea r s is the t ime interval during which the copper leaching/recovery operation is assumed to take place. 
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Fig. 1. Flow diagram for chemical mining process. 
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Fig. 3. Leaching rate for a nuclear chimney. 
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Fig. 5. Hydraulic flow for a row of chimneys. 


